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Abstract
The removal of additional carbon dioxide from the atmosphere is indispensable for controlling global warming. This study proposed the concept of ‘biopump’, as plants capable of significantly transferring carbon into the soil. The Carbon Storage in Arable land and Anthropogenic Products (CSAAP) relates to the cultivation of ‘biopumps’ on marginal arable lands poor in soil organic carbon (SOC) and their conversion into long-lived anthropogenic products. Based on a list of twenty-seven biopumps assembled from a literature review, this study proposed a method for the regional prioritization of biopumps, considering among others their ability to increase SOC and adaptation. A list with eight woody and eight herbaceous biopumps was recommended for France. To illustrate the potential of the CSAAP strategy for products encompassing a variety of lifetimes, carbon flows, from biopump cultivation to biomaterial manufacturing and end-of-life, were tracked in time to calculate their influence on global mean temperature change. An illustration was performed on the basis of a French case study, where Miscanthus is grown on spatially identified marginal lands quantified as 11,187- 24,007 km2. Planting biopumps on these lands could increase by 0.23 to 0.49 Mt carbon stocked as SOC annually, which represents 0.19%- 0.41% of the annual French carbon budget during 2015-2018. If the carbon contained in the biomass is indefinitely kept in anthropogenic products, it could represent 13.07% of the same carbon budget. We concluded that biopumps could induce negative emission by 2100, with efficiency strongly depending upon carbon’ residence time in the anthroposphere. Keywords
Biopump; soil organic carbon; climate change mitigation; dynamic carbon flow; global mean temperature change




1. Introduction 
        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(Sanderson et al., 2016). 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(Hilaire et al., 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(Shukla et al., 2019); in comparison, China’s net emission was 12 Gt CO2-eq in 2018(Climate watch, 2021)). For example, Bastin et al. (2019) estimated a total of 0.9 billion ha of marginal land suited for reforestation worldwide, which could store 98 Gt C in total. Similarly,Poeplau and Don(2015) estimated, from their meta-analysis results, that through implementing cover crop on bare fallow land on 25% of the global cropland area, a soil organic carbon (SOC) increase corresponding to 0.21-0.26 Mg ha-1 year-1 (0.44 Gt CO2-eq year-1 in total) could be observed after 50 years, which could compensate ca. 8% of direct annual greenhouse gas (GHG) from agriculture. According to Zomer et al (2017), croplands worldwide could sequester an additional 0.9-1.85 Pg C per year, which represents 3.3 to 6.8 Gt CO2-eq (Zomer et al., 2017). The review of (Paustian et al., 2019) highlights that a near complete adoption of ‘best management practices’ for building soil carbon on current agricultural lands could lead to an upper limit of 4-5 Gt CO2-eq year-1. Minasny et al. (2017) suggest, considering global fossil carbon (C) emissions of 8.9 Gt C year-1 and a global SOC stock estimate of 2400 Gt (2m depth) (Batjes, 1996), an annual global SOC increase of 4‰ per year in order to offset anthropogenic C emissions. For example, estimations performed for France revealed that there are ca. 28,500 ha lands which could be subject to an increase of 4‰, with as much as 2.9-5.7 Tg C stored per year in the future 30 years(Rodrigues et al., 2021). 
	SOC changes are mainly due to changes in the balance between the input and output of carbon to soils (Amundson, 2001). 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(Karan and Hamelin, 2021), and may be subjected to external C amendments (e.g. manure, compost, biochars)(Paustian et al., 2019). While part of the C in the above- and below-ground biomass residues is, through microbial activity, humified to SOC by microbes, a significant share is emitted back as carbon dioxide (CO2) to the atmosphere through mineralization(Gross and Harrison, 2019), which is highly governed by climatic factors (soil temperature and moisture). Any changes in this input-output balance induces a temporary perturbation to the long-term SOC stock  that will result in either SOC losses or gain, until a new equilibrium is reached. 
        The second challenge implied by the Paris Agreement target is to transit towards a low fossil carbon economy. Fossil CO2 represented more than 65% of global GHG emissions(2016 data; World Resources Institute, 2020). While some products and services can be supplied without any carbon (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 with lower readiness level is possible (e.g. direct air carbon capture with use of the carbon). 
        The carbon contained in the biomass and then in antropogenic products represents another potential carbon pool. Carbon storage in wood-based products was by far the most studied bio-based pool. A carbon inventory was estimated for construction materials, from post-harvest wood to product manufacturing and final landfilling (Ingerson, 2011). The resulting carbon pool depends on the product’s lifetime but also on the GHG emissions from manufacturing, which can offset the benefit. More recently, the potential for climate mitigation of wood-based products was assessed through dynamic life cycle assessment (DLCA) (Head et al., 2020; Ingerson, 2011), including carbon capture by trees, product manufacturing and end of life, through diferent time horizons. The temporality of such scenarios (i.e. when the diferent processes emit/capture CO2) is a key parameter: the benfit of carbon capture by trees will be lost sooner or later, depending on the product’s lifetime. 
This study aims to demonstrate a new concept simultaneously addressing these two challenges of CDR and emissions mitigation. We refer to this concept as CSAAP: Carbon Storage in Arable land and Anthropogenic Products. In a nutshell, it consists of inducing a 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 allowing to meet, in a given geographical context, this double challenge is here referred to as biopumps. To qualify as sustainable CSAAP, 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 CSAAP on a territory, we propose a methodology with several steps: identification of suitable plants and selection of adapted biopumps, assessment of the marginal land with potential for SOC increase, and assessment of the climate mitigation potential of the whole chain, from CO2 capture by plants to bio-based products in technosphere and their end-of-life. 
[bookmark: _GoBack]        This concept is, to authors’ knowledge, novel; no such comprehensive methodology has been proposed for systematic investigation and assessment of coupled carbon pools, from soil to plant and products in the technosphere, as demonstrated herein. Further, it still 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 carbon 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 indicator for climate change.   .
2. Materials and methods
         The CSAAP concept is built in four steps: (1) identifying suitable biopump candidates; (2) ranking these candidates through a semi-quantitative matrix; (3) quantifying the land areas that could be converted to biopumps cultivation, and (4) estimating the mitigation potential. The CSAAP was evaluated through carbon flow tracking in function of time for a selected biopump in the case of France.
2.1 Identification and ranking of biopump candidates
2.1.1. Assessing the specie-dependent potential to enhance SOC
        The key determinant for labeling a plant as a “biopump” is its ability to induce net carbon sequestration in agricultural soils, reflected here by its ability to increase SOC over a long period, typically considered as 100 years in related studies(de Jong et al., 2019; 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 meta-analysis investigating 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 due to 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 Sanderman et al.(Sanderman et al., 2018) (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 upon the study of Ledo et al(Ledo et al., 2020, 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) were 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 land), considering the reported duration between the current and previous land use. This is summarized in table S1&S2, along with additional parameters extracted from Ledo et al (Ledo et al., 2019) database (available online), 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, collecting from a selection of 38 articles from recent literature (2005 - 2019).
2.1.2. 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. Accordingly, five specific criteria were defined in table 1. Each criterion was associated with a score ranging from 0 to 3, where each score corresponds to a quantitative/qualititative value like plant yields <2 t DM ha-1 year-1 is assigned a score of 0. The SOC increase capacity is based on the screening work of section 2.1.1, the capacity of the different biopumps for SOC enhancement was divided into four classes, ranging from 0 to 1 g kg-1 or Mg ha-1. If a candidate has scored in both SOC concentration and stock, the higher value will be chosen in ranking. 
        The rationale used for 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 mentioned in the introduction), which roughly translates in a global average sequestration rate of 0.6 t C ha-1 annually(Minasny et al., 2017). If we treat this sequestration rate as the target (4‰), with plant’s anabolism and C content around 15% and 45% respectively (i.e. 15% of biomass containing 45% C will enter the soil  (Hamelin et al., 2012; Nguyen, 2003)), 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). Data recorded in commercial scales were considered, data from private gardens, potted plantations or greenhouses were not used. It should be noticed that not only the plants as binomial names recorded in table S3 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(Michalska and Łysiak, 2015).
        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 mean value of the three sub-criteria was used as the score for ‘agricultural intensity’. The risk of invasiveness of the biopump candidates was also assessed on the basis of a qualitative scoring. The invasion risk was judged based on databases like Invasive Species Compendium(CABI, 2021), Global invasive species database(Invasive Species Specialist Group (ISSG), 2000), 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. 
2.1.3. Possible utilization of biopumps
        The aboveground biomass can be transformed into bioeconomy products depending on the plant 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 possible product categories are 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 carbon 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(Bataille, 2020). As an illustration, a non-exhaustive inventory of 29 plant-to-bioeconomy products is presented in the SI (table S6), including the main transformation process, product lifetime, and replaced conventional product.   

	[bookmark: _Toc84864073]Table 1 Semi-quantitative criteria matrix used to select the biopumps potentially adapted for France. 

	Overall criteria 

	Sub-criteria
	
0
	Score
1
	
2
	
3

	Yield (harvestable)
	
	<2 t DM ha-1 year-1
	2~5 t DM ha-1 year-1
	5~10 t DM ha-1 year-1
	>10 t DM ha-1 year-1

	SOC increase capacity
	
	<0 g kg-1
or <0 Mg ha-1
	0~0.1 g kg-1
or 0~0.35 Mg ha-1
	0.1~0.3 g kg-1
or 0.35~1 Mg ha-1
	>0.3 g kg-1 or 
>1 Mg ha-1


	Agricultural intensity 
	Water
	Need irrigation regularly
	Need irrigation in a certain period
	Could live without irrigation but water would prompt the yield.
	Survives with rainwater only in the region of origin, tolerant to drought

	
	Fertilizer
	>180 kg N ha-1 year-1 
	 120-180 kg N ha-1 year-1
	60-120 kg N ha-1 year-1
	<60 kg N ha-1 year-1

	
	Pesticides
	Susceptible to get pest/weed problem;
Pesticides necessary.
	There is at least one pest or weed problem that would cause a serious disease;
Pesticides typically used.
	There is at least one pest or weed problem but not serious;
Pesticides sometimes used.
	Great resistance against the pest;
Pesticides seldom used.


	Suitability to grow in France 
	
	Not currently growing in France or countries with similar conditions.  
	Grows in countries in other continents but have a similar environment to France (altitude, climate, latitude)  
	Grows in European countries with similar conditions 
	Already grows in France 

	Invasion risk
	
	Invasive and difficult to control
	Invasive but can be contained 

	No information about the invasion, judged to be non-invasive / the species in table s3 is not invasive but subspecies and varieties would be.
	Proved to be non-invasive



2.2 Scaling up the potential to a country
        The scale of biopump cultivation is important in order to estimate the mitigation potential. Additional SOC sequestration is governed by a long-term equilibrium reflecting a balance between the C input rate to soils and the rate of losses via decomposition (CO2) (Paustian et al., 2019). Albeit mineral soils with high organic matter levels may still be suitable for further C gains (defined as >5% C by mass by Paustian et al.) (Paustian et al., 2019), the C loss during land conversion of such soils can take decades to a century to be compensated (Harper et al., 2018). The vision of CSAAP is therefore 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 treshold can then be selected for ‘carbon-rich’ soils. 
         Not all kinds of land covers are suitable to be converted, thus the land use types need to be identified, and screened which suit biopump cultivation. The definition from (Inglada et al., 2017) was adopted for identifying the land use types. According to the principle that C removal should not endanger food security, only the lands whose use was not foreseen to lead to the demand for additional arable land could be envisaged for biopump cultivation. The lands which might be converted are called marginal lands, as their values under present usages are less than ideal, may be better lands available in another context (Richards et al., 2014). The context in this study is climate change mitigation. Learning from previous experience of marginal land selection (Guénon et al., 2016; Thomas et al., 2021; Zhang et al., 2020), the principles in screening marginal lands focused on three aspects: 
1) to minimize disruption to existing activities; 
2) to avoid competition with crops; 
3) to exclude unsuitable areas. 
        Some studies tried to fully use the urban abandoned land, while the feasibility is controversial because of the high urban land value and labor cost(Saha and Eckelman, 2015). Converting 1 ha of urban land to farm would cost €4,3000, and this price would be even higher in the present metropolis(Chin et al., 2013). Besides economic cost, getting land access and ownership would be tough, since 85% of potential urban marginal lands are in private hands(Ackerman, 2012). Thus in this study, urban lands were not considered. Then, areas like glaciers, that are obviously not suitable for biopump growing and SOC stock plan are excluded. To protect food security, lands cultivating crops like cereal are totally excluded. Finally, because of the existing high C stock, and potential high GHG emission in land use change, forest lands would not be converted for biopump cultivation(Müller-Wenk and Brandão, 2010). Another aspect is the biodiversity, not evaluated as the purpose here is the C sequestration(Searchinger et al., 2018). The biodiversity or other ecosystem values need to be analyzed separately, which is out of the scope here.
 
2.3 Demonstrating CSAAP – 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, carbon flows are tracked from biopump cultivation through producing biobased products, to the disposal. The potential benefit of biopump cultivation and utilization is ultimately determined by the net carbon 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 carbon can be released into the atmosphere in different amounts depending on the anthropogenic products manufacturing and use. The global biogenic carbon balance can be written as:
                                                                                             (1)
        where  are the variation of carbon quantity in compartment i, and the carbon flow (t year-1) from compartment i to compartment j, respectively. Finally, the biogenic carbon stored  is given by:  
                                                                                                 (2)
With:				                                                     (3)
                                                                                   (4)
                                                                                      (5)
The carbon released into the atmosphere:  
With:				                                              (6)
‘tech’=technosphere, ‘plant’= the entire plant, ‘air’=atmosphere, ‘soil’ =soil and subsoil, ‘air, plant’ =C captured from the atmosphere by photosynthesis. ‘plant,air’=C released by bio-based product at end-of-life. ‘soil,air’=C released from the soil. ‘plant,soil’= part of the plant remained on/in the soil. ‘tech,soil’=biogenic C from the technosphere possibly added in the soil, e.g., a waste biomass used as fertilizer (manure). ‘plant,tech’=biogenic C harvested (fraction of the biopump), transformed and used in the technosphere.
        Carbon flow accounting allows further analysis on climate change impacts, for example by calculating climate parameters like the Global Mean Temperature Change, which is an estimate of the surface mean temperature variation with respect to the pre-industrial era (Stocker et al, 2013). 

3 Result and discussion
3.1 Selected biopumps
3.1.1. Identified candidates
        The identified biopump candidates were grouped as woody and herbaceous and are provided in tables S1 and S2 (Appendix I). The SOC was extrapolated from Ledo et al.’s dataset as the difference from the SOC level in the same land before and after plant growth(Hamelin et al., 2012). Here, we report SOC both as concentration (e.g. g C kg-1 ) and stock (e.g. Mg C ha-1), as stated in the original meta-study of Ledo et al.(Ledo et al., 2019), since the depth and bulk density of the parcels were not always available to compile SOC changes as either concentration or stocks. 
        Tables S1 and S2 report both the minimum, maximum, and average SOC changes observed for a given biopump candidate, along with additional information on the number of measurements reported, their duration, location, and associated soil depth, as well as the expected plantation lifetime. Although SOC changes are intrinsically tight to site-specific physical and managerial conditions(Sanderman et al., 2018), tables S1 and S2 nevertheless provide indications of which biopumps may inherently lead to greater transfers of carbon from the atmosphere to the soil than others. For instance, it can be noticed from table S1 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 (table S1), while hemp (Cannabis sativa L.), ryegrass (Lolium perenne L.), and opuntia ficus-indica (Opuntia ficus-indica (L.) Mill) outstand from the herbaceous species (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. It should be noticed that SOC situations could differ a lot due to the climate, soil moisture, considered depth, etc., thus plants that could increase the SOC in this area might not suit another area, this explained why some plants identified in two tables have SOC decrease records. An on-site investigation is recommended when applying biopump in a specific region. Therefore, France was chosen to illustrate the CSAAP application. 
3.1.2 Selected biopumps for France
        The results of the semi-quantitative selection criteria matrix (table 1) applied to France and on the basis of biopumps presented in table S1-S2, are presented in table 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 2, the mean score for all woody and herbaceous candidates is similar, with 11.2 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 the 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(POWO, 2021). 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; 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; 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 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, most in Latin America(CABI, 2021). Ramie (Boehmeria nivea L.) and bungeana grow in East Asia, but they suit the hardy environment well, therefore might be able to live in France too(Xu et al., 2019; Yu et al., 2009). Woody and herbaceous candidates are similar according to the invasion risk; some wood species miss this kind of information. Poplar (Populus spp)and alder (Alnus glutinosa) grow in France, but korshinsk peashrub does not, and invasiveness needs to be studied. While grass could become weeds if planted in an inappropriate place(Plants For A Future, 2010).
        In summary, among the fourteen woody and thirteen herbaceous candidates, eight were proposed in each group as potentially suitable biopumps in France. However, 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). In these cases, albeit not reflected in table 2, the risk not to comply with the sustainable boundaries identified herein for agricultural intensity is higher than for the other candidates. 
3.1.3 Bio-based products
        The composition of the selected biopump candidates is presented in table S4. 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 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 (FMCG) such as food and energy) to potentially 100 years (e.g., hemp-based plaster material for walls, often referred to as “hemp concrete”(de Bruijn et al., 2009; Ip and Miller, 2012)).
        Biopumps identified 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. Miscanthus, hemp). More, some traditional ways should not be forgotten though they are not listed in the table S6. For instance, wood could be used as furniture or as chips included in particleboard, which are long-lived products lasting for decades(Couret et al., 2017; Spitzley et al., 2006). 
        Disposal ways of biobased products are similar to the traditional products they replaced, and, notably, they are biodegradable. Recycling technologies are also in development(La Rosa et al., 2013). The short lifetime reduces the carbon stock, but recycling being possible, one feasible compensation is to increase the number of cycles. Notably, whatever bio-based products are used in building or FMCG, what they replace are mainly various fossil based plastics. This replacement reduces the GHG emission indirectly not only through avoiding fossil use but also by solving the long-running problem of waste plastic disposal. Concerning the used fraction of the harvested plant, it is case specific depending on the plant composition and transformation process (e.g. table S7). Possible plant residues (or by-products), obtained in different proportions, can be used in various manners, like back to soil or combustion for energy production. 


	Table 2 Biopump ranking results

	Biopump
	Criteria

	Total score

	
	1)Yield
	2)SOC increase capacity
	3) Agricultural intensity
	4)Suitabilitya
 
	5)Invansion risk
	

	
	
	
	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
	0.623
	0.748
	
	
	
	0.804
	1.030
	0.728
	2.110

	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
	1.026
	0.769
	
	
	
	0.316
	1.146
	0.910
	1.093

	a: Suitability to grow in France on identified land



    
3.2 Quantifying carbon vulnerable arable lands  
	As mentioned in section 2.2, the selection premise in this study is land with low SOC. Soils with SOC > 60 t SOC ha-1 are considered as carbon-rich based on national assessments thus would not be included(Launay et al., 2019). To screen land types with low initial SOC stock, the GSOC map was therefore cross-referenced with French high-resolution land cover maps (year 2018)(Theia, 2021) to identify the suited  areas. SOC values were extracted by masking the global map with the French boundary data obtained from the GADM database(GDAM, 2018). 
        After applying the selection rules (section 2.2), four of twenty-three lands types in French territory were identified, which are rapeseed lands, natural grasslands, woody moorlands, and part of intensive grasslands (table 3). For rapeseed lands, not all harvested rapeseeds are used for cooking, a large percentage of yield is designed for biodiesel production now(Gylling et al., 2016), while its market share is squeezed by vigorous perennial grasses(like Miscanthus used in the later case study). Therefore, in the bioenergy field, rapeseed is a marginal plant in the market, has a high possibility to be replaced by other alternatives come into this market(Ekvall, 2019). Studies estimated if rapeseed lands are replaced by other bioenergy grass, a higher yield could be expected with lower GHG emission(Hamelin et al., 2021; Larsen et al., 2017), from table 2, many biopump could provide the bioenergy function and replace the role of rapeseed. Plus, because most GHG reduction was achieved through avoiding counter fossil fuel by bioenergy, GHG emission from land use change or management is minimal(Larsen et al., 2017). For intensive grasslands, the situation is more complex. Intensive grasslands occupy 14% of all lands that the SOC stocked between 40-50 t ha-1, the vast areas lead to a high potential for biopump strategy. Intensive grasslands are covered by dense grass, but not under a rotation system. Although these lands are covered by dense grass, the SOC stock is still not saturated. Because the herbaceous plants have similar anabolism and C content in the biomass, judging from the low SOC stock, the biomass yield on intensive grasslands may not be very high. Considering relative high biomass yields from vigorous perennial biopumps and extra SOC stock, to some extent, part of intensive grasslands could be converted to grown biopump, while the extent is not sure here, assuming from 0-100%. The natural grasslands are determined by grass, and woody moorlands are covered by spontaneous woody or semi-woody vegetation. The biomass productivity on both these two lands is low, thus they were selected to plant biopump.  
[bookmark: _Toc84864079]Table 3. Land cover types in France.
	Land cover type
	SOC< 40 t/ha
	SOC in 40- 50 t/ha
	SOC in 50- 60 t/ha

	
	km2
	%
	km2
	%
	km2
	%

	Continuous Urban Fabric
	39.71
	0.27%
	47.11
	0.06%
	0.05
	0.06%

	Discontinuous Urban Fabric
	1467.99
	10.05%
	5744.71
	6.88%
	13.81
	16.68%

	Industrial and Commercial Units
	1446.31
	9.91%
	5293.52
	6.34%
	6.24
	7.55%

	Road Surfaces
	64.14
	0.44%
	167.81
	0.20%
	0.29
	0.35%

	Rapeseed lands a
	155.90
	1.07%
	4618.16
	5.53%
	0.76
	0.92%

	Cereal Straw
	1173.59
	8.04%
	17645.57
	21.13%
	8.59
	10.38%

	Legumes and Protein Crops
	79.75
	0.55%
	1073.66
	1.29%
	0.39
	0.48%

	Soybean
	126.47
	0.87%
	657.99
	0.79%
	0.00
	0.00%

	Sunflower
	585.94
	4.01%
	3411.81
	4.09%
	0.07
	0.09%

	Corn/Maize
	425.19
	2.91%
	5123.82
	6.14%
	3.61
	4.36%

	Rice
	6.06
	0.04%
	73.45
	0.09%
	0.00
	0.00%

	Roots and Tubers
	29.44
	0.20%
	1998.12
	2.39%
	3.01
	3.64%

	Intensive Grasslands a
	1023.82
	7.01%
	11796.17
	14.13%
	12.69
	15.33%

	Orchards
	372.83
	2.55%
	641.16
	0.77%
	0.00
	0.00%

	Vineyards
	2790.64
	19.11%
	3112.15
	3.73%
	0.05
	0.07%

	Broad-leaved Forests
	1594.55
	10.92%
	11769.37
	14.09%
	19.78
	23.90%

	Coniferous Forests
	1037.90
	7.11%
	4745.61
	5.68%
	7.91
	9.56%

	Natural Grasslands a
	1505.60
	10.31%
	3170.81
	3.80%
	0.88
	1.07%

	Woody Moorlands a
	384.03
	2.63%
	1352.99
	1.62%
	1.65
	1.99%

	Bare Rock
	32.20
	0.22%
	46.17
	0.06%
	0.21
	0.25%

	Beaches, Dunes and Sand
	22.60
	0.15%
	47.56
	0.06%
	0.69
	0.83%

	Glaciers and perpetual Snow
	0.84
	0.01%
	0.46
	0.00%
	0.00
	0.00%

	Water Bodies
	234.98
	1.61%
	969.26
	1.16%
	2.06
	2.49%

	Total
	14600.48
	100%
	83507.43
	100%
	82.76
	100.00%


a : chosen as carbon vulnerable land
  
      From the SOC map, it was obtained that the areas with SOC <40, 40-50, and 50-60 t ha-1 represent approximately 14,600 km2, 83,507 km2, and 83 km2, respectively (table 3). The areas of intensive grasslands and natural grasslands are several times higher than rapeseed lands and woody moorlands, which indicates the priority of the herbaceous biopump cultivation due to a reduction in GHG emissions resulting from the land use change. Furthermore, among the four marginal lands, the cover type intensive grasslands may not be available everywhere, hence, two situations were considered: (i) without intensive grasslands covering, and (ii) including intensive grasslands covering. In situation (i), the lands with SOC < 40, 40-50, 50-60 t ha-1 are 2,045 km2, 9,142 km2, and 3 km2, respectively, while in situation (ii), marginal lands are 3,069 km2, 20,938 km2, and 16 km2, respectively. Given the relatively low carbon stock potential and the small area, marginal lands with a SOC of 50-60 t ha-1 are thus not included. Based on the analysis above, in France, land with SOC below 50 t ha-1 was defined as ‘carbon vulnerable arable land’ (CV-land), ranging from 11,187 km2 (case i) to 24,007 km2 (case ii), equal to 11.4%-24.14% of total areas with SOC< 50 t ha-1 in France. The intensive grasslands occupy around half of CV-lands, thus thir detailed situation is worth further investigation for determining their availability. Comparing case (i) and (ii), intensive grasslands mainly distributed in the center and southwest France. The CV-lands mainly locate in central, southwest, and south of France, biopump adapted to the climate there could be paid special attention to. 


Fig. 1 Carbon vulnerable lands identified as potentially suitable for biopumps implementation in France, without (left) and with (right) intensive grasslands. 

3.3 Dynamic carbon flows and climate mitigation potential
        Hereafter, the example of Miscanthus was considered for ilustrating the mitigation potential of CSAAP. 
3.3.1 Case study of Miscanthus cultivation in a CV-land in France
       Miscanthus, one of the biopumps identified in table 2, is used as an illustrative biopump to illustrate the CSAAP concept, based on the available data on the above- and below-ground carbon 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 (Ben Fradj et al., 2020; France Miscanthus, 2019).
3.3.2 SOC simulation and C sequestration 
Herein a continuous plantation from 2020 to 2100 was assumed with a rotation time of Miscanthus of 20 years, including the first year of land preparation and the second year of establishment (no yield the first two years, 60% yield the third). Thus the land occupation was expected to last from 2020 to 2100, corresponding to four rotations(Hamelin et al., 2012). The evolution of SOC over the chosen time horizon was modeled with the C-TOOL software(Taghizadeh-Toosi et al., 2014). Information for the specific targeted sites were used: i) soil characteristics were considered according to the identified areas in section 3.2, retrived from Harmonized World Soil Database(Nachtergaele et al., 2012), and for a soil depth of 1 m; ii) present and future meteorology data in France from 2020 till 2100, as 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. All inputs are shown in appendix II (in C-TOOL sheet).
        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. This is in accordance with the 4‰ objective(Minasny et al., 2017). Expanding to the identified CV-land, there will be 0.23 to 0.49 Mt C, i.e. 0.83 to 1.78 Mt CO2 ,(over 11,187 km2 and 24,007 km2, respectively) sequestered in France in the soil every year. These amounts 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 team, 2019). This offsetting effect could be one of the CSAAP solutions and would be more important when the whole biopump lifecycle is considered. The combination of soil capacity with the long-term use of bio-based products will significantly increase the overall storage capacity. Assuming that all harvested carbon is embedded in long-life products (e.g. 6.4 t C/ ha for Miscanthus in F100L100 scenario), an additional 6.93 to 14.87 Mt C could be stored in the technosphere, which increases the CO2 offsetting potential substantively to 6.09 -13.07%. This coupled effect of SOC and storage in technosphere is analysed in details hereafter. 
3.3.2 Dynamic C flows accounting
        The case study aims at illustrating the partitioning of biogenic carbon between soil, technosphere and atmosphere, considering 1 ha CV-land, and a 100 years time scope (2020-2120), encompassing the biopump cultivation and the anthropogenic products lifetime, with a 1-year time step. The biogenic fraction of the carbon 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 net 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. Several lifetimes Ly are considered while the L1 means immediate C emission to the atmosphere. All biogenic C is emitted as CO2 at the product end-of-life (e.g. incineration). Several values considered for this example are F70L10/F30L1, F70L20/F30L1, F70L50/F30L1 (other values were used in Appendix I). 
        The year per year flows of biogenic C involved, from/to the atmosphere, were calculated through a mass balance, as detailed in appendix II. The actual year per year effect on global mean temperature change (GMTC) was calculated based on the impulse response function approach recommended by IPCC(Stocker et al., 2013) and using a Python software developed in a previous study (Shimako et al., 2018) and available at https://www.insa-toulouse.fr/fr/recherche/labo/lisbp/outil-de-calcul-changement-climatique.html. 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, etc.) of the narratives illustrated herein. Therefore, the focus is maintained on the differences in biogenic carbon flows induced by different L and F only.  
	The evolution of the annual stocks is shown in fig. 2a as a fraction of the C absorbed i.e. , 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 break between 2 rotations (land preparation). One should note the variety of behaviors and the difficulty of qualifying the mitigation potential of each case.   
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Fig. 2 Carbon flows analysis (a) fraction of biogenic carbon stored per year, (b) global mean temperature change


        The behaviors vary between two extreme situations: F100L100, i.e. all the harvested carbon is embedded in a product with a very long lifespan, and F100L1, i.e. all the harvested carbon is released to the atmosphere due to the end of life of very short-lived products. While the former has significant stocks over the entire time horizon (except the inter-rotations period), the latter, on the contrary, retains few carbon and even offsets a part of the SOC formed after two rotations. For the other three situations, we observe a reduction of stock formation in time. 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 when 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. According to the balance equations, the CO2 flows follow the same shapes (fig. S2), with emissions associated with negative stocks and with capture associated with positive stocks. 
        Fig. 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 in less than 1 year (e.g. F100L1) have few 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 an optimal period with 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 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 a trade-off situation between parameters L, L’, F, and F’ can occur (other examples are given in Appendix I, fig. S3). Many other parameters influence the carbon stocks and their evolution in time, therefore detailed analyses are necessary before practical implementation of a biopump. For example, the effect of initial SOC (100 Mg ha-1) and temperature (higher by 2℃) on GMTC results for F100L1 (all biogenic C is released within 1 year) is presented in Appendix I, Fig S4, in these conditions there is no more mitigation potential. 

4. Conclusions 
        In this study, the concept of CSAAP has been demonstrated to meet the challenges of inducing additional CDR and transiting towards the low fossil-C involved economy. It builds up on the biopump concept, i.e. plants able to stock carbon as SOC and long-lived bio-based products in anthroposphere. CSAAP, as general methodology that could be applied on any region, is composed of four steps: i) identification of biopump candidates, ii) selection and ranking of biopumps, iii) identification and selection of lands suitable for biopump plantation, iv) assessment of the mitigation potential.
Switchgrass and black locust could be the most suitable herbaceous and woody plants for France, respectively, as they rank on the top of the biopump candidate list. To cultivate biopumps in France, four among twenty-three land cover types were selected to be converted: rapeseed lands, woody moorlands, natural grasslands, and part of intensive grasslands. Among these four types of lands, the areas with SOC lower than 50 t ha-1 were chosen because of the relatively high potential to store additional SOC. These areas, called CV-lands, occupy up to 24, 007 km2, expecting to stock 0.49 Mt SOC every year. This could represent up to 0.41% of CO2 emissions annually from the 2015-2018 French carbon budget, and up to 13.07% if all produced biomass is stored in the technosphere.
Following the analysis of dynamic C flows from biopump cultivation to biomaterial disposal, biopumps could be efficient solutions in global warming mitigation if the biomass is kept in the technosphere as long as possible (embded in bio-based materials). In these conditions, they contribute to negative GTMC untill at least 2100. In contrast, the biomass use as bio-energy (biogenic carbon released within one year) cannot contribute to carbon removal, but rather will offset the benefice of SOC increase, which demonstrates the need to decarbonize the energy whatever the source of carbon. However, several limitations can be identified and prospected. 
- The results obtained are based on available studies, mainly on Ledo et al., but more data on SOC potential and suitability of biopump growth are needed.
- The equal weight given to the selection criteria could be a bias, which can be alleviated by considering regional cultivation specificities with eventual constraints. 
-Albeit the focus is here on CO2 emissions, other greenhouse gases and emission flows need to be fully considered.
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 conventional product replacements (e.g. fossil-based), by DLCA methodology for instance(Beloin-Saint-Pierre et al., 2020). Also, an on-site experiment of cultivating biopumps on CV-lands could validate the results, and further on other parts of the world. 
        The proposed approach shows that the combination of biopump – anthropogenic products is of great importance if zero or negative GHG emissions are aimed at the target time horizon. This work is the basis for future research to propose concrete, reliable applications for France.
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Fraction of C stored per year




F100L1	2020.5	2021.5	2022.5	2023.5	2024.5	2025.5	2026.5	2027.5	2028.5	2029.5	2030.5	2031.5	2032.5	2033.5	2034.5	2035.5	2036.5	2037.5	2038.5	2039.5	2040.5	2041.5	2042.5	2043.5	2044.5	2045.5	2046.5	2047.5	2048.5	2049.5	2050.5	2051.5	2052.5	2053.5	2054.5	2055.5	2056.5	2057.5	2058.5	2059.5	2060.5	2061.5	2062.5	2063.5	2064.5	2065.5	2066.5	2067.5	2068.5	2069.5	2070.5	2071.5	2072.5	2073.5	2074.5	2075.5	2076.5	2077.5	2078.5	2079.5	2080.5	2081.5	2082.5	2083.5	2084.5	2085.5	2086.5	2087.5	2088.5	2089.5	2090.5	2091.5	2092.5	2093.5	2094.5	2095.5	2096.5	2097.5	2098.5	2099.5	2100.5	2101.5	2102.5	2103.5	2104.5	2105.5	2106.5	2107.5	2108.5	2109.5	2110.5	2111.5	2112.5	2113.5	2114.5	2115.5	2116.5	2117.5	2118.5	2119.5	2.68589102666939E-13	5.2107892495247197E-13	5.23133786378626E-13	8.1617669545593399E-14	-6.5073372887552497E-13	-1.5483893504403899E-12	-2.50799438988788E-12	-3.5217001108413198E-12	-4.5828610256840096E-12	-5.6858362583391702E-12	-6.7677084298180499E-12	-7.7765073030916905E-12	-8.6692529425045006E-12	-9.4907922779600807E-12	-1.0277911399877901E-11	-1.1060836238555899E-11	-1.17899833568563E-11	-1.2424514784833401E-11	-1.2930763226326001E-11	-1.30567835928432E-11	-1.25949860719315E-11	-1.13741724430065E-11	-9.9261741257956693E-12	-8.6889025972708607E-12	-8.0234458348950299E-12	-7.7394737185568395E-12	-7.6809409053260107E-12	-7.7196863784422694E-12	-7.8426969644382307E-12	-8.0392424308697303E-12	-8.3004471837858797E-12	-8.5789455362304702E-12	-8.8356523953756399E-12	-9.0382690421685297E-12	-9.2078717237851494E-12	-9.3617070293738205E-12	-9.5139099048374602E-12	-9.6827997342818297E-12	-9.88344481739752E-12	-1.0128252256885501E-11	-1.0292766575269099E-11	-1.02744666138592E-11	-9.9888036569526599E-12	-9.5650055036001805E-12	-9.1093893035386506E-12	-8.7095605710053193E-12	-8.3243891405793504E-12	-7.9201581284152593E-12	-7.4691910373992195E-12	-6.97682573561879E-12	-6.4474894504098697E-12	-5.8848655577062804E-12	-5.33474758154722E-12	-4.8349017174603498E-12	-4.4165117668969504E-12	-4.0351019089155E-12	-3.6541148646909697E-12	-3.2434559251107902E-12	-2.6671229017340401E-12	-1.8130408030319499E-12	-5.8875912153726303E-13	7.3477674337208303E-13	1.9345089446467801E-12	2.8265488436436502E-12	3.51980984150867E-12	4.1036687725996702E-12	4.6515987365694499E-12	5.1654848650858901E-12	5.6469294486312804E-12	6.0973035483936196E-12	6.5036070671494404E-12	6.8551825345472497E-12	7.1432918455951399E-12	7.4195552650084608E-12	7.72653318052746E-12	8.0993658972455004E-12	8.4971577809705198E-12	8.8863229932731602E-12	9.2392407947362602E-12	9.5482502285514894E-12	9.8070331507860198E-12	1.00103805616356E-11	1.0167681613759099E-11	1.0286677513881099E-11	1.0373767967342901E-11	1.04342580872875E-11	1.04725576616688E-11	1.0492342256058E-11	1.04966837100625E-11	1.0488156058075701E-11	1.04689216901147E-11	1.04408016014619E-11	1.04053328097582E-11	1.03638154046475E-11	1.03173512059582E-11	1.02668756162247E-11	1.0213183941886399E-11	1.01569532086561E-11	1.00987602975809E-11	1.0039097069064401E-11	F70L10/F'30L'1	2020.5	2021.5	2022.5	2023.5	2024.5	2025.5	2026.5	2027.5	2028.5	2029.5	2030.5	2031.5	2032.5	2033.5	2034.5	2035.5	2036.5	2037.5	2038.5	2039.5	2040.5	2041.5	2042.5	2043.5	2044.5	2045.5	2046.5	2047.5	2048.5	2049.5	2050.5	2051.5	2052.5	2053.5	2054.5	2055.5	2056.5	2057.5	2058.5	2059.5	2060.5	2061.5	2062.5	2063.5	2064.5	2065.5	2066.5	2067.5	2068.5	2069.5	2070.5	2071.5	2072.5	2073.5	2074.5	2075.5	2076.5	2077.5	2078.5	2079.5	2080.5	2081.5	2082.5	2083.5	2084.5	2085.5	2086.5	2087.5	2088.5	2089.5	2090.5	2091.5	2092.5	2093.5	2094.5	2095.5	2096.5	2097.5	2098.5	2099.5	2100.5	2101.5	2102.5	2103.5	2104.5	2105.5	2106.5	2107.5	2108.5	2109.5	2110.5	2111.5	2112.5	2113.5	2114.5	2115.5	2116.5	2117.5	2118.5	2119.5	2.6900000000000001E-13	7.7599999999999999E-15	-1.4399999999999999E-12	-4.6200000000000001E-12	-9.1400000000000002E-12	-1.4700000000000002E-11	-2.11E-11	-2.8099999999999999E-11	-3.5599999999999999E-11	-4.3599999999999997E-11	-5.1500000000000003E-11	-5.8800000000000006E-11	-6.5200000000000005E-11	-7.0800000000000004E-11	-7.5600000000000003E-11	-7.9699999999999994E-11	-8.3100000000000003E-11	-8.5899999999999995E-11	-8.8200000000000003E-11	-8.9399999999999996E-11	-8.9099999999999995E-11	-8.68E-11	-8.3799999999999998E-11	-8.0799999999999995E-11	-7.8600000000000005E-11	-7.7000000000000006E-11	-7.5900000000000004E-11	-7.4899999999999995E-11	-7.4699999999999998E-11	-7.5499999999999998E-11	-7.7800000000000005E-11	-8.0700000000000003E-11	-8.3499999999999996E-11	-8.5800000000000004E-11	-8.7700000000000005E-11	-8.92E-11	-9.0300000000000001E-11	-9.0999999999999996E-11	-9.1100000000000001E-11	-9.0400000000000006E-11	-8.92E-11	-8.7400000000000003E-11	-8.5399999999999997E-11	-8.3199999999999994E-11	-8.1200000000000001E-11	-7.9400000000000005E-11	-7.7800000000000005E-11	-7.6299999999999998E-11	-7.5E-11	-7.4000000000000003E-11	-7.3800000000000006E-11	-7.4500000000000001E-11	-7.5699999999999994E-11	-7.6900000000000001E-11	-7.7800000000000005E-11	-7.85E-11	-7.8999999999999999E-11	-7.93E-11	-7.8699999999999997E-11	-7.6799999999999996E-11	-7.3099999999999998E-11	-6.8700000000000006E-11	-6.43E-11	-6.0900000000000004E-11	-5.8E-11	-5.5500000000000002E-11	-5.3399999999999998E-11	-5.1799999999999998E-11	-5.0999999999999998E-11	-5.09E-11	-5.1399999999999998E-11	-5.2199999999999998E-11	-5.3200000000000001E-11	-5.4099999999999999E-11	-5.4899999999999999E-11	-5.5399999999999997E-11	-5.5699999999999999E-11	-5.5900000000000002E-11	-5.6E-11	-5.5500000000000002E-11	-5.4000000000000001E-11	-5.13E-11	-4.7499999999999998E-11	-4.2799999999999997E-11	-3.7400000000000001E-11	-3.1400000000000003E-11	-2.4899999999999999E-11	-1.7999999999999999E-11	-1.1200000000000001E-11	-5.1499999999999997E-12	-1.3799999999999999E-13	3.9999999999999999E-12	7.4100000000000001E-12	1.0199999999999999E-11	1.25E-11	1.44E-11	1.5900000000000001E-11	1.7100000000000001E-11	1.8100000000000001E-11	1.8900000000000001E-11	F70L20/F'30L'1	2020.5	2021.5	2022.5	2023.5	2024.5	2025.5	2026.5	2027.5	2028.5	2029.5	2030.5	2031.5	2032.5	2033.5	2034.5	2035.5	2036.5	2037.5	2038.5	2039.5	2040.5	2041.5	2042.5	2043.5	2044.5	2045.5	2046.5	2047.5	2048.5	2049.5	2050.5	2051.5	2052.5	2053.5	2054.5	2055.5	2056.5	2057.5	2058.5	2059.5	2060.5	2061.5	2062.5	2063.5	2064.5	2065.5	2066.5	2067.5	2068.5	2069.5	2070.5	2071.5	2072.5	2073.5	2074.5	2075.5	2076.5	2077.5	2078.5	2079.5	2080.5	2081.5	2082.5	2083.5	2084.5	2085.5	2086.5	2087.5	2088.5	2089.5	2090.5	2091.5	2092.5	2093.5	2094.5	2095.5	2096.5	2097.5	2098.5	2099.5	2100.5	2101.5	2102.5	2103.5	2104.5	2105.5	2106.5	2107.5	2108.5	2109.5	2110.5	2111.5	2112.5	2113.5	2114.5	2115.5	2116.5	2117.5	2118.5	2119.5	2.68589102666939E-13	7.76126456587018E-15	-1.4396907084051899E-12	-4.6156294730098203E-12	-9.1417978590033093E-12	-1.4707393234800901E-11	-2.1056476461683199E-11	-2.8055217785111499E-11	-3.5592692296651098E-11	-4.3576725603300299E-11	-5.1872414827526201E-11	-6.0367762089380996E-11	-6.8969615468640403E-11	-7.7680795706457903E-11	-8.6502814547342498E-11	-9.5436236240697106E-11	-1.04406494981983E-10	-1.13351682984901E-10	-1.2222034402730801E-10	-1.3023218546216301E-10	-1.3674404266804601E-10	-1.4122525469338301E-10	-1.44424105922922E-10	-1.4695612792344101E-10	-1.4932854837156101E-10	-1.5147160353481799E-10	-1.53328993613285E-10	-1.5485531164417399E-10	-1.5610639765303301E-10	-1.57128972610556E-10	-1.5796223439216E-10	-1.5859915621471001E-10	-1.5903459406502099E-10	-1.5926488246848999E-10	-1.5933531405369799E-10	-1.5928366510662801E-10	-1.5914151361010499E-10	-1.5894202978648699E-10	-1.5871294923402501E-10	-1.58477501573934E-10	-1.58120490745345E-10	-1.5754732684940901E-10	-1.56680260855689E-10	-1.5565435367619001E-10	-1.5458092793196299E-10	-1.53551884309195E-10	-1.52529776926363E-10	-1.51484046767058E-10	-1.50389720769831E-10	-1.49254447321307E-10	-1.4808462395794301E-10	-1.4688560943164801E-10	-1.45704616695179E-10	-1.44580609070593E-10	-1.4354577428058399E-10	-1.42556472432752E-10	-1.41576836070063E-10	-1.40577333227825E-10	-1.39422413954875E-10	-1.38000359437935E-10	-1.3621899190150301E-10	-1.3434945705265501E-10	-1.3261495026246399E-10	-1.3119944334870899E-10	-1.2999405913595601E-10	-1.28909416539502E-10	-1.2787200341174101E-10	-1.2687986575471199E-10	-1.2593130696002599E-10	-1.25024840026453E-10	-1.2417333084692199E-10	-1.23387287366788E-10	-1.2267528542463699E-10	-1.21985532006796E-10	-1.2127528547082599E-10	-1.2050921747967701E-10	-1.1972803036804701E-10	-1.1896511272434601E-10	-1.1824788523460201E-10	-1.1742981169820501E-10	-1.1639014600539501E-10	-1.1502927617357799E-10	-1.1304594459518101E-10	-1.10191779953678E-10	-1.06261849163642E-10	-1.01446308313226E-10	-9.5901525648592701E-11	-8.9756401333065895E-11	-8.3117455307137994E-11	-7.6072929821186196E-11	-6.8696103084510095E-11	-6.1047970627482103E-11	-5.3179419289149298E-11	-4.5132993539352099E-11	-3.6944333788489101E-11	-2.8643350371026699E-11	-2.0255184170764699E-11	-1.20576535502889E-11	-4.2800207697767497E-12	2.1183460409432999E-12	F70L50/F'30L'1	2020.5	2021.5	2022.5	2023.5	2024.5	2025.5	2026.5	2027.5	2028.5	2029.5	2030.5	2031.5	2032.5	2033.5	2034.5	2035.5	2036.5	2037.5	2038.5	2039.5	2040.5	2041.5	2042.5	2043.5	2044.5	2045.5	2046.5	2047.5	2048.5	2049.5	2050.5	2051.5	2052.5	2053.5	2054.5	2055.5	2056.5	2057.5	2058.5	2059.5	2060.5	2061.5	2062.5	2063.5	2064.5	2065.5	2066.5	2067.5	2068.5	2069.5	2070.5	2071.5	2072.5	2073.5	2074.5	2075.5	2076.5	2077.5	2078.5	2079.5	2080.5	2081.5	2082.5	2083.5	2084.5	2085.5	2086.5	2087.5	2088.5	2089.5	2090.5	2091.5	2092.5	2093.5	2094.5	2095.5	2096.5	2097.5	2098.5	2099.5	2100.5	2101.5	2102.5	2103.5	2104.5	2105.5	2106.5	2107.5	2108.5	2109.5	2110.5	2111.5	2112.5	2113.5	2114.5	2115.5	2116.5	2117.5	2118.5	2119.5	1.5375056542825299E-13	-2.3683826699419802E-13	-1.74674433999093E-12	-4.8500666777039301E-12	-9.19076599079444E-12	-1.4476239395035E-11	-2.0465494011808399E-11	-2.70887119593176E-11	-3.4287723617210601E-11	-4.2013892539372602E-11	-5.0105793670117299E-11	-5.84296923270557E-11	-6.6874590106647295E-11	-7.5459583695893597E-11	-8.4199594912250803E-11	-9.3106245331405996E-11	-1.02072184895837E-10	-1.11008507759644E-10	-1.1984149124227501E-10	-1.28185985029751E-10	-1.3572429026074799E-10	-1.4219410600953001E-10	-1.48215546903051E-10	-1.5429893368818501E-10	-1.60864874570021E-10	-1.6780701959544101E-10	-1.7503859286285899E-10	-1.8248866326864401E-10	-1.9008732985417499E-10	-1.9777721723674199E-10	-2.05511161712271E-10	-2.13285084828698E-10	-2.2109562076901999E-10	-2.28939996354904E-10	-2.3679255165193299E-10	-2.4463215924752602E-10	-2.5244141466475301E-10	-2.5981279875540597E-10	-2.66410600739073E-10	-2.7195799559101602E-10	-2.7703387902286999E-10	-2.8211479129212302E-10	-2.87593620887614E-10	-2.9340447773040199E-10	-2.9949395538258701E-10	-3.0581868224405099E-10	-3.1234715391934101E-10	-3.1905371094699398E-10	-3.25917405899751E-10	-3.3270475654159199E-10	-3.3922347784539301E-10	-3.45315028610525E-10	-3.50748366930787E-10	-3.5533291248171802E-10	-3.5891137771250698E-10	-3.6162237983870897E-10	-3.6357994804608399E-10	-3.6487816616997199E-10	-3.6482683589526103E-10	-3.6285787985106602E-10	-3.5850337034841299E-10	-3.5302594898348402E-10	-3.47465689105695E-10	-3.4268064371297302E-10	-3.3849439302466703E-10	-3.34763866209673E-10	-3.3137282198116898E-10	-3.28500372985361E-10	-3.26294843929705E-10	-3.2487912178055102E-10	-3.2400915718123899E-10	-3.2348434044349201E-10	-3.2313944634287498E-10	-3.2281576980772099E-10	-3.2238218834292502E-10	-3.2173020521330999E-10	-3.2090766597108799E-10	-3.19953488372621E-10	-3.1889937721190201E-10	-3.1728019043466902E-10	-3.1471256795403898E-10	-3.10880226687026E-10	-3.0626585627945501E-10	-3.0126654634262399E-10	-2.9620951464093999E-10	-2.9136481169093898E-10	-2.8695560171941299E-10	-2.8316649857313199E-10	-2.7989367980695999E-10	-2.7705228374836999E-10	-2.7457276033450399E-10	-2.7239794703598902E-10	-2.7048072306724298E-10	-2.6878212512248599E-10	-2.6726983173263398E-10	-2.6591694228775298E-10	-2.6470099182550799E-10	-2.6360315465152901E-10	-2.62607599369869E-10	-2.6170096546640201E-10	F100L100	2020.5	2021.5	2022.5	2023.5	2024.5	2025.5	2026.5	2027.5	2028.5	2029.5	2030.5	2031.5	2032.5	2033.5	2034.5	2035.5	2036.5	2037.5	2038.5	2039.5	2040.5	2041.5	2042.5	2043.5	2044.5	2045.5	2046.5	2047.5	2048.5	2049.5	2050.5	2051.5	2052.5	2053.5	2054.5	2055.5	2056.5	2057.5	2058.5	2059.5	2060.5	2061.5	2062.5	2063.5	2064.5	2065.5	2066.5	2067.5	2068.5	2069.5	2070.5	2071.5	2072.5	2073.5	2074.5	2075.5	2076.5	2077.5	2078.5	2079.5	2080.5	2081.5	2082.5	2083.5	2084.5	2085.5	2086.5	2087.5	2088.5	2089.5	2090.5	2091.5	2092.5	2093.5	2094.5	2095.5	2096.5	2097.5	2098.5	2099.5	2100.5	2101.5	2102.5	2103.5	2104.5	2105.5	2106.5	2107.5	2108.5	2109.5	2110.5	2111.5	2112.5	2113.5	2114.5	2115.5	2116.5	2117.5	2118.5	2119.5	2.68589102666939E-13	-2.1223201851409999E-13	-2.2809012063881802E-12	-6.6287353917707396E-12	-1.27808253442289E-11	-2.0346966329333701E-11	-2.9005825922539799E-11	-3.8569582504425801E-11	-4.8882619986242497E-11	-5.9815678182049805E-11	-7.1203003286302996E-11	-8.2906871286322001E-11	-9.4812627982737902E-11	-1.06905082893032E-10	-1.1917063018495999E-10	-1.3159712195902201E-10	-1.44099285681658E-10	-1.5660618364515801E-10	-1.6905873580186701E-10	-1.80670208120017E-10	-1.9079199170891799E-10	-1.9888882443500701E-10	-2.0621842183971801E-10	-2.1381590779628401E-10	-2.22534474634536E-10	-2.32076516592362E-10	-2.4219851920608898E-10	-2.5270087140953299E-10	-2.6351208979619501E-10	-2.7457351172762698E-10	-2.8583690219879601E-10	-2.9722252580572097E-10	-3.0866463949230801E-10	-3.20108965040782E-10	-3.3155844061129802E-10	-3.4301533666416597E-10	-3.5448142126317202E-10	-3.6559815005148702E-10	-3.7607012230254698E-10	-3.8565372529491399E-10	-3.9459989493752399E-10	-4.0311502542735699E-10	-4.1136922689093101E-10	-4.19628667651303E-10	-4.28113124587857E-10	-4.3700432732238601E-10	-4.4619264354931001E-10	-4.55588480530072E-10	-4.65118500807019E-10	-4.7475066076861497E-10	-4.8445873023799395E-10	-4.9422120748521004E-10	-5.0406316426435204E-10	-5.1400529374275298E-10	-5.2406469659466202E-10	-5.3418526988665404E-10	-5.4432085172918498E-10	-5.5443341253005402E-10	-5.6364708627069899E-10	-5.71240289659277E-10	-5.7661793906163302E-10	-5.8110280759890602E-10	-5.8578373707150697E-10	-5.9155833972278905E-10	-5.9817353409731997E-10	-6.05422666076149E-10	-6.1313666127341304E-10	-6.2123553455703897E-10	-6.2965373926800999E-10	-6.3833743123777096E-10	-6.4725645217764199E-10	-6.5638588098942702E-10	-6.6570505921783702E-10	-6.7513802399466102E-10	-6.8462201432872902E-10	-6.9410509265742395E-10	-7.0361416120569002E-10	-7.1317112864275098E-10	-7.2279385726759897E-10	-7.3174853253531897E-10	-7.3943053361166699E-10	-7.4534116088710399E-10	-7.4978840008200303E-10	-7.5302516527595697E-10	-7.5525967301457797E-10	-7.5666378430421399E-10	-7.5737972243766995E-10	-7.5752549151831797E-10	-7.5719925452947498E-10	-7.5648287731346095E-10	-7.5544480309049701E-10	-7.5414238894791802E-10	-7.52623809309014E-10	-7.5092961035449201E-10	-7.4909398261205397E-10	-7.4714580557318196E-10	-7.4510950754384301E-10	-7.4300577543432503E-10	-7.4085214240316999E-10	-7.3866347584229298E-10	Year
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