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ABSTRACT 

Crop residues are a key feedstock to supply renewable carbon due to their relative abundance, 

flexibility to supply several bioeconomy pathways, and no land or food competition. Nevertheless, 

when left on the field, crop residues maintain the soil carbon balance, creating a tradeoff between 

supplying the bioeconomy and maintaining the soil carbon stocks. In France, it is recommended to 

maintain between 41 and 96% of the technically harvestable residue on soils to prevent soil organic 

carbon (SOC) losses, which precludes the supply of biomass to the bioeconomy. However, these 

restrictions have not considered the end-use of the residues or foreseen that bioeconomy processes 

generate, along with the main product, a residual biomass known as coproduct, which is rich in 

recalcitrant carbon that can be returned to soils.  

This thesis aims to understand the interactions between the return of recalcitrant bioeconomy 

coproducts to soil and long-term SOC dynamics in a C-neutral harvest context. The term “C-neutral 

harvest” is defined as a situation where the harvesting of crop residues for a given bioeconomy 

management does not decrease the long-term SOC stocks, compared to a reference situation (BAU) 

where crop residues are not harvested. The thesis, thus, determines the amount of crop residues that 

could be harvested to supply the bioeconomy, in a spatially explicit manner and function of the 

bioeconomy pathway, while preserving or enhancing SOC stocks.  

The interrelation between soil organic carbon dynamics and the recalcitrance of bioeconomy 

coproducts was investigated to provide a set of tools that integrate bioeconomy-derived coproducts 

within soil C models. The conversion rates of crop residues to bioeconomy coproducts, as well as the 

inherent recalcitrance of these coproducts, were exhaustively reviewed for five bioeconomy 

technologies (coproducts in brackets): i) pyrolysis (biochar), ii) gasification (char), iii) hydrothermal 

liquefaction (hydrochar), iv) anaerobic digestion (digestate), and v) lignocellulosic alcohol production 

(solid cake and liquid molasses). A harmonized database of over 600 data records was compiled to 

report average C conversion (CC) and recalcitrance (CR) coefficients for the coproducts under study. 

A novel framework based on four interconnected modules that integrate the CC and CR 

coefficients of the five coproducts in the AMG and RothC soil models was developed. The models were 

applied to spatially explicitly assess the C-neutral harvest potential of crop residue to supply the 

bioeconomy in France (AMG) and Ecuador (RothC). In the case of RothC, the priming effect exerted by 

the input of the bioeconomy coproducts on crop-dedicated soils was also considered. 

While returning the bioeconomy coproducts could allow exporting all the technically 

harvestable crop residues without imposing pressures on SOC stock (compared to a BAU situation), it 
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could impact other environmental variables disregarded by the soil C models (e.g., climate change, 

eutrophication, toxicity, among others). To shed light on the trade-off between carbon sequestration 

and environmental mitigation, a full life cycle assessment (LCA) was performed. Maritime biofuel 

production derived from residual crop biomass was studied for two processing pathways (biogas to 

liquefied gas, and bio-oil produced by pyrolysis) and was compared to a no-use scenario (BAU), 

including counterfactual biomass use. The integration of the SOC modeling results with the LCA 

conclusions allows the identification of the most suitable scenario for the valorization of crop residues. 

Keywords: soil modeling, SOC, bioeconomy, recalcitrance, crop residues, coproducts     
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RÉSUMÉ 

Les résidus de cultures sont une matière première essentielle pour fournir du carbone 

renouvelable en raison de leur abondance relative, de leur flexibilité pour approvisionner plusieurs 

voies bioéconomiques et de l'absence de concurrence foncière ou alimentaire. Néanmoins, lorsqu'ils 

sont laissés sur le terrain, les résidus de culture contribuent à maintenir le bilan carbone du sol, ce qui 

crée un compromis entre l'approvisionnement de la bioéconomie et le maintien des stocks de carbone 

du sol. En France, il est recommandé de maintenir entre 41 et 96 % des résidus techniquement 

récoltables sur les sols pour éviter les pertes de carbone organique du sol (COS), ce qui contraint 

l'approvisionnement en biomasse de la bioéconomie. Cependant, ces restrictions n'ont pas pris en 

compte l'utilisation finale des résidus ni prévu que les processus de bioéconomie génèrent, avec le 

produit principal, une biomasse résiduelle appelée coproduit, riche en carbone récalcitrant pouvant 

être restitué aux sols. 

Cette thèse vise à comprendre les interactions entre le retour des coproduits récalcitrants de 

la bioéconomie dans le sol et la dynamique du COS à long terme dans un contexte de récolte neutre 

en C. Le terme “récolte neutre en C” est défini comme une situation où la récolte des résidus de culture 

pour une gestion bioéconomique ne diminue pas les stocks de COS à long terme, par rapport à une 

situation de référence (BAU) où les résidus de culture ne sont pas récoltés. La thèse détermine ainsi la 

quantité de résidus de culture qui pourrait être récoltée pour alimenter la bioéconomie, de manière 

spatialement explicite et en fonction d du type de transformation bioéconomique, tout en préservant 

ou en augmentant les stocks de COS. 

L'interrelation entre la dynamique du COS et la recalcitrance des coproduits de la bioéconomie 

a été étudiée pour fournir un ensemble d'outils qui intègrent les coproduits dérivés de la bioéconomie 

dans les modèles du carbone du sol. Les taux de conversion des résidus de culture en coproduits de la 

bioéconomie, ainsi que la recalcitrance inhérente à ces coproduits, ont été revus de manière 

exhaustive pour cinq technologies de la bioéconomie (coproduits entre parenthèses) : i) pyrolyse 

(biochar), ii) gazéification (char), iii) hydrothermique liquéfaction (hydrochar), iv) digestion anaérobie 

(digestat) et v) production d'alcool lignocellulosique (fraction solide et mélasse liquide). Une base de 

données harmonisée de plus de 600 enregistrements de données a été compilée pour rapporter les 

coefficients moyens de (i) conversion du C (CC) de la biomasse d’origine en coproduit et (ii) de 

recalcitrance (CR) pour les coproduits étudié. 
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Un nouveau cadre basé sur quatre modules interconnectés qui intègrent les coefficients CC et 

CR des cinq coproduits étudiés dans les modèles de dynamique du carbone du sol AMG et RothC a été 

développé. Les modèles ont été appliqués pour évaluer de manière spatialement explicite le potentiel 

de récolte neutre en C des résidus de culture pour approvisionner la bioéconomie en France (AMG) et 

en Équateur (RothC). Dans le cas de RothC, le “priming effect” exercé par l'apport des coproduits de la 

bioéconomie sur les sols dédiés aux cultures a également été considéré. 

Alors que le retour de certains coproduits de la bioéconomie pourrait permettre d'exporter 

tous les résidus de culture techniquement exploitables sans imposer de pressions sur le stock de COS 

(par rapport à une situation BAU), il pourrait avoir un impact sur d'autres variables environnementales 

ignorées par les modèles C du sol (par exemple, le changement climatique, l'eutrophisation, la toxicité, 

entre autres). Pour faire la lumière sur le compromis entre la séquestration du carbone et l'atténuation 

environnementale, une analyse de cycle de vie (ACV) a été réalisée. La production de biocarburants 

maritimes dérivés de la biomasse résiduelle des cultures a été étudiée pour deux voies de 

transformation (biogaz en gaz liquéfié, et bio-huile produite par pyrolyse) et a été comparée à un 

scénario sans utilisation (BAU). L'intégration des résultats de la modélisation SOC avec les conclusions 

de l'ACV permet d’identifier le scénario le plus adéquat pour la valorisation des résidus de culture. 

Mots clés : modélisation des sols, COS, bioéconomie, récalcitrance, résidus de culture, coproduits 
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1. CHAPTER 1: General introduction and context 

1.1 Crop residues, bioeconomy, and soil organic carbon interplay 

Bioenergy must represent at least 21% of the total global energy consumption by 2030 to meet 

the Paris target of maintaining the average temperature increase well below 2 °C above the pre-

industrial era, according to IRENA [1]. In this context, and beyond the sole energy sector, various 

bioeconomy strategies are promoted by national and international bodies to supply the carbon-based 

products demanded by society from biological resources instead of fossil carbon (C) [2].  

Crop residues are a key feedstock to supply renewable carbon due to their relative abundance, 

flexibility to supply several bioeconomy pathways, and no land or food competition [3]. A theoretical 

potential of 3800 PJ y-1 has been estimated for Europe [4], of which 987 – 1369 PJ y-1 have been 

reported for France alone [5]. Nevertheless, this potential is limited due to technical and 

environmental constraints. Crop residues represent an abundant source of carbon to maintain the soil 

carbon balance [6,7], therefore the removal rates are often limited to ca. 15 – 60% of the theoretical 

potential depending on the crop type [8–12]. In France, it is recommended to maintain between 41 

and 96% of the technically harvestable residue on soils to prevent soil organic carbon (SOC) losses [13], 

which precludes the supply of biomass to the bioeconomy. However, these restrictions have not 

considered the end-use of the residues or foreseen that bioeconomy processes generate, along with 

the main product, a residual biomass known as coproduct, which is rich in recalcitrant carbon that can 

be returned to soils [14]. 

1.2 Contextualization 

This section briefly explains some of the key general concepts used throughout this thesis. These 

concepts are further detailed in the subsequent chapters of the thesis. 

1.2.1 Soil organic carbon 

Topsoil (0 – 30 cm profile) contains approximately 700 Pg of organic carbon (SOC) at a global 

scale, representing the third largest pool in the C cycle [15,16]. SOC is the result of the decomposition 

and stabilization of soil organic matter (SOM), such as plant and animal residues. In agricultural 

systems, the C inputs from crop residues and organic fertilizers create a dynamic equilibrium with the 

C losses due to SOM decomposition [17] and keep the SOC stocks at relatively stable levels.  

SOC plays a crucial role in maintaining and improving the soil structure, fertility, water holding 

capacity, and nutrient cycling [17]. Furthermore, SOC acts as a carbon sink, with a projected annual 

storage potential of 1.2 billion tons of C in agricultural soils (IPCC, 2014), helping to mitigate climate 
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change by storing carbon dioxide from the atmosphere. Managing and preserving SOC is essential for 

sustainable agriculture, ecosystem resilience, and global carbon balance [17,18].  

1.2.2 Soil models 

The changes in SOC stocks are only noticeable in the long term, with a minimum of five to ten 

years to be able to measure the changes. Soil models are thus useful to identify the effects of different 

practices on SOC evolution and define proper policies and strategies. 

Soil models represent agroecological systems integrating the interaction of biotic elements 

with soil, weather, and management practices to simulate soil carbon, nitrogen, water, and biomass 

accumulation [19,20]. Diverse modeling approaches and continued advances in knowledge regarding 

the soil-atmosphere interactions have led to the development of more than 250 different soil models, 

and more models are being investigated and developed [21]. An ideal model must be based on a 

mechanistic understanding of the SOM dynamics to extrapolate the measured short-term local 

processes to long-term effects valid at different scales [22] (Fig 1).  

 

Fig 1.1 Representation of soil models integrating theoretical knowledge regarding soil mechanisms and 

empirical observations validating the theory. As shown in boxes b and c, the soil models contrast the theory with 

in-field evidence to provide calibrated values able to represent the local reality. Source: Reused with permission 

from Le Nöe et al. [23]. 
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However there remain unresolved challenges regarding understanding the intrinsic soil 

dynamics, parameterization, and input data availability, thus no single ideal model exists. Moreover, 

depending on the purpose of the model the type of process and level of details incorporated in the 

model may vary. Models must be evaluated across all possible conditions, however, due to time and 

budget constraints this is virtually impossible to achieve, and thus it is preferred to increase the 

accuracy of a model for particular situations [19] and select the model adapted to the requirements. 

More details regarding general information and assumptions in soil models are presented in Chapter 

2. 

1.2.3 Bioeconomy coproducts 

Bioeconomy set the scene to transition to reach the goal of climate neutrality by 2050 [24]. 

Currently, 9% of the total EU economy is represented by bioeconomy and 63% of the total biomass 

supply relies on agriculture, and a tenfold growth for bioenergy is projected by 2050 [25,26]. 

In its latest bioeconomy strategy [27], the European Commission defined bioeconomy as 

covering “all sectors and systems that rely on biological resources […], their functions and principles. 

It includes and interlinks land and marine ecosystems and the services they provide; all primary 

production sectors that use and produce biological resources, i.e., agriculture, forestry, fisheries and 

aquaculture; and all economic and industrial sectors that use biological resources and processes to 

produce food, feed, bio-based products, energy and services. […] health biotechnology and biological 

medicines are not included in the bioeconomy definition”. 

The biomass used as feedstock for the bioeconomy processes can be derived from agriculture 

residues, wastes, and coproducts from biomass processing. Coproducts are defined as wastes resulting 

from a process or chemical reaction. They are not the principal product or service but can be often 

valorized through additional processing [28]. Bioeconomy coproducts are often rich in degradation-

resistant carbon and may contain remaining of unconverted nutrients or toxic components in the raw 

biomass. However, the physicochemical characteristics of bioeconomy coproducts and potential reuse 

for secondary services vary according to the process conditions and characteristics of the original 

biomass.  

1.2.4 Recalcitrance and Priming effect 

All organic matter (OM) input to soils is subjected to a mineralization-stabilization process that 

conducts to SOC formation. Three possible mechanisms have been proposed to explain SOM 

stabilization, which are physical protection from microbial processes, limiting exposure to lytic 

enzymes by mineral associations, and OM recalcitrance by the preservation of the less biodegradable 
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inputs and the formation of stable humic molecules [29]. While physical protection and mineral 

aggregation are well-recognized mechanisms, the transformation of OM into degradation-resistant 

molecules remains a challenge [22].  

The resistance to degradation exhibited by various bioeconomy coproducts is often referred 

to as recalcitrance [30,31]. The application of recalcitrant matter to soils can trigger a series of changes 

in the physicochemical composition of the soil and alter the behavior of soil microbiota. Recalcitrant 

coproducts have been reported to be mineralized at slower rates than their fresh OM counterpart. The 

change in mineralization rates leads to the so-called priming effects [32,33]. In fact, both faster and 

slower mineralization rates have been observed when the recalcitrant matter has been applied to soils 

[34], which hardens the endeavor of understanding the implications of recalcitrant coproducts as soil 

amendments.  

Recalcitrance and priming effect are the key characteristics researched in the coproducts 

studied in this thesis and are further explored in chapters 2 to 4.  

1.2.5 Sustainable maritime fuels (SMF) 

The maritime industry accounts for 2 – 3% of global CO2, 4 – 9% of SOx, and 10 – 15% of NOx 

emissions. These emissions are mainly related to the use of heavy fuel oil (HFO), which represents 77% 

(231 Mt) of the global marine fuel mix [35]. In response, various regulations are being put into action 

to limit maritime emissions [36–39]. The International Maritime Organization (IMO) targets to reduce 

the average carbon intensity of the sector by 70% and the total greenhouse gases (GHG) emissions by 

at least 50%, by 2050 (compared to 2008 levels) [40]. In this context, since 2020, the sulfur content in 

maritime fuels has been limited to 0.50% which limits the use of conventional maritime fuels [40,41].  

Approximately 80% of international trading is done by merchant shipping, with a forecasted 

annual growth of 2.2% by 2027 [42]. Bulk carriers represent 43% of the global fleet with an estimated 

annual growth of 3.6% [43] and are thus a key vessel for transitioning to less carbon-intense maritime 

fuels. 

The most common current marine fuels used in bulk carriers are HFO and marine diesel fuel 

oil (MFO), which are derived from the heavy distillates of refineries, contain long carbon chains, little 

aromatic components, and are thus deemed as of low quality and costs [35]. The use of marine 

distillate oils (MDO) and liquefied natural gas (LNG) are among the alternatives put in action to comply 

with the sulfur limitations, as well as desulphuring HFO and installing scrubber systems in the vessels 

to continue operating with HFOs. 
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Sustainable maritime fuels (SMF) produced from renewable sources, are another alternative 

towards GHG emissions reduction in the sector [44]. The technologies studied in this thesis deliver 

main products that can be refined to source the SMF demand. In particular, pyrolysis bio-oil can 

undergo a catalytic or hydro-cracking process [45] to deliver a fuel that can be used as replacement of 

HFO. Moreover, as shipping engines are already adapted to operate using the low quality HFO, cracking 

processes are not necessary during the upgrading of pyrolysis bio-oil, and a simple hydrotreatment to 

remove excessive O2 is sufficient [40]. Biogas can also undergo bio-methanation to remove the CO2 

fraction and act as a replacement of LNG, which has aroused as one key alternative to comply with the 

sulfur regulation in the maritime industry [46].  

In this sense a C-neutral harvest of crop residues for SMF production is an interesting 

alternative to supply the bioenergy sector. However, C-neutral harvest does not prevent unintended, 

environmental consequences arising from the conversion process and the use of the converted 

biomass. Therefore, understanding the eventual tradeoffs between the SOC maintenance and full 

environmental performance of the bioeconomy conversion process is required for defining the most 

environmentally-performant option to supply the crop residues streams. More details on maritime 

fuels are in Chapter 5 and Appendix A4a.  

1.3 Thesis outline 

Although supplying the most accessible source of renewable carbon, the bioeconomy implies 

many challenges in particular those posed by tapping into the potential of a large diversity of 

renewable biological resources (biodiversity, land use changes, ecosystem services) [47], which may 

disturb the nutrient cycle in the biosphere. Soils play a crucial role in food security, ecosystem services, 

and climate change mitigation [48] and their preservation is thus a primary goal limiting the supply of 

biomass to the bioeconomy. 

SOC evolution in agricultural lands is acutely influenced by the pedoclimatic characteristics of 

the geographical area under study, as well as the anthropogenic influences related to farming 

management. The latter involves the amount and characteristics of the C inputs in the soil. However, 

current limitations on C harvesting to supply the bioeconomy, in terms of ensuring SOC stocks, 

disregard the final use of the crop residues and consequent potential return of recalcitrant C to 

maintain the SOC balance.  

Therefore, this thesis aims to understand the interactions between the return of recalcitrant 

bioeconomy coproducts to soil and long-term SOC dynamics in a C-neutral harvest context. The term 

“C-neutral harvest” is defined as a situation where the harvesting of crop residues for a given 

bioeconomy conversion pathway does not decrease the long-term SOC stocks, compared to a 
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reference situation where crop residues are not harvested. In this study, five bioeconomy conversion 

pathways are studied, namely pyrolysis, gasification, hydrothermal liquefaction, anaerobic digestion, 

and second-generation bioethanol production. 

Here we hypothesize that the return of the resulting coproducts from using crop residues in 

the bioeconomy provides recalcitrant carbon to soils, which in turn allows to harvest more crop 

residues while maintaining or even increasing SOC stocks, compared to a situation where crop residues 

remain on soils. 

Accordingly, the main research question driving this study has been formulated as 

 “What is the C-neutral harvesting rate of crop residues in temperate and tropical environments, 

when considering the return of bioeconomy coproducts?”1 

Based on the research gaps identified, the main research question, was divided into the following sub-

questions (RQ): 

 

In order to answer these questions, the thesis builds on four research tasks (RT) 

 

 

 
1 This question has four implications: implies (i) that a particular bioeconomy conversion pathway is 

considered (five are considered in this thesis), (ii) that the bioeconomy e coproduct is returned to soils, 

(iii) that there is a temporal scope considered (several are studied), and (iv) that there is a geographical 

scope (two are considered herein, as detailed in the research objectives). 

1. RQ1. What are the key factors determining the interrelation between the supply of crop 

residues to the bioeconomy and the maintenance of SOC stocks in croplands? 

2. RQ2. How much additional biomass from crop residues is available if a C-neutral harvest is 

practiced and recalcitrant bioeconomy coproducts are returned to soils, compared to 

business-as-usual approaches defining a harvest threshold?  

3. RQ3. What are the trade-offs between a C-neutral harvest and the overall environmental 

performance of the bioeconomy conversion technology if the impacts related to the use of 

the principal product obtained in the bioeconomy pathway are fully addressed? 
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1. RT1. Investigate and quantify the carbon flows from crop residues in the five bioeconomy 

technologies under study, as well as the recalcitrance of the coproducts delivered in each 

pathway, and the ability of soil models to incorporate these characteristics. 

2. RT2. Adapt a soil model to evaluate the medium- to long-term SOC dynamics of harvesting 

crop residues for the bioeconomy while returning the bioeconomy coproducts to soils. 

3. RT3. Perform spatially-explicit assessments of C-neutral harvest potential of crop residue to 

supply the bioeconomy at the national level in temperate and tropical contexts, represented 

by France and Ecuador, respectively. 

4. RT3.1 Build the un-existing baseline of Ecuadorian cropping systems necessary to RO3, 

including a quantification of the theoretical potential of crop residues to supply the 

bioeconomy. 

5. RT4. Perform a lifecycle assessment considering the full use of the main product and the return 

to soils of the coproducts.  

 

To attain the research objectives and answer the research question, this thesis was conducted in four 

consecutive stages depicted in Fig 1.1.
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Fig.1.2 Research stages involved in this thesis 
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This thesis integrates an umbrella of disciplines that include agroecology, soil science, crop residues 

valorization for the bioeconomy and LCA. The scope (Fig. 1.2) of the study is mainly on the crop residues potential 

to supply the bioeconomy and how it interplays with the SOC dynamics in croplands.  

 

Fig 1.3. Scope of this PhD thesis 

This thesis is composed of six chapters, illustrated in Fig 1.3. The research questions are addressed in 

chapters 2 to 5. Table 1.1. provides an overview of the research questions that are addressed in each 

chapter and the geographical and temporal scope considered. The final chapter summarizes the overall 

findings, answers the research questions, presents the conclusions and limitations of the thesis and 

highlights future perspectives within the research field. 

 

Fig 1.4. Simplified structure of the thesis with chapters and paper. Green boxes represent scientific papers. 
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Table 1.1. Overview of the thesis chapters and the research questions addressed 

Chapter Topic 

Research 

question Objectives 
Geographical 

scope 

Temporal 

scope 
1 2 3 

2 The interplay between bioeconomy 

and long-term soil organic carbon 

stock maintenance: A systematic 

review 

X   RO1 - - 

3 The crop residue conundrum: 

Maintaining long-term soil organic 

carbon stocks while reinforcing the 

bioeconomy, compatible endeavors? 

 X  RO2, RO3 Temperate 

climate: 

France 

100 years: 

2020-2120 

4 Modelling the long-term carbon 

storage potential from recalcitrant 

matter inputs in arable croplands 

 X  RO2, RO3, 

RO3.1 

Tropical 

climate: 

Ecuador 

20 years: 

2020-2040 

50 years: 

2020-270 

5 The compromise between soil carbon 

storage and environmental mitigation 

from recovering crop residues for 

bioenergy: A life-cycle assessment for 

maritime fuels 

  x RO4 France - 

Chapter 2 establishes the theoretical fundaments of the interrelation between soil organic 

carbon dynamics and the recalcitrance of bioeconomy coproducts to integrate bioeconomy-derived 

coproducts within soil C models. The conversion rates of crop residues to bioeconomy coproducts, as 

well as the inherent recalcitrance of these coproducts, were exhaustively reviewed for five 

bioeconomy technologies (coproducts in brackets): i) pyrolysis (biochar), ii) gasification (char), iii) HTL 

(hydrochar), iv) AD (digestate), and v) 2GEtOH (solid cake and liquid molasses). A harmonized database 

of over 600 data records [37] was compiled to report average C conversion (CC) and recalcitrance (CR) 

coefficients for the coproducts under study. In parallel, twelve soil models (CENTURY, Daycent, DNDC, 

EPIC, Daisy, APSIM, STICS, CANDY, ORCHIDEE, RothC, AMG, and C-TOOL) were critically analyzed to 

unravel their ability to integrate bioeconomy coproducts through the incorporation of the derived CC 

and CR coefficients. This study provides a set of tools to develop more systematic methodologies to 

include bioeconomy coproducts within soil C models. 

The cause-effect link between harvesting crop residues to supply the bioeconomy and long-

term SOC evolution was investigated chapters 3 and 4. Chapter 3 provides a novel framework based 
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on four interconnected modules that integrate the CC and CR coefficients of the five coproducts 

reviewed in chapter 1 within the AMG soil model. This chapter presents a high-resolution spatially 

explicit assessment, including more than 60,000 simulation units for the five bioeconomy deployments 

against a business-as-usual (BAU) reference scenario from 2020 to 2120, for the whole croplands of 

France. The BAU scenario considered the current farming management practices, derived from the 

4p1000 study for France [38], and assumed that the crop residues were not harvested for the 

bioeconomy. The bioeconomy scenarios were as per the BAU but considered that all (100%) of the 

technically harvestable crop residues are harvested to supply the bioeconomy, followed by a partial 

return of C to soils as bioeconomy coproducts. The climatic variables were considered as projected by 

the Representative Concentration Pathway (RCP) 4.5 [39], downscaled by the model CNRM-CRFACS-

CM5/CNRM-ALADIN63 [40]. This study proved that the amount of crop residue that could be harvested 

in a specific location depends on the spatially explicit characteristics of soil, climate, and farming 

management practices, as well as the use for which the residues are being collected. The results 

suggest an additional crop residue potential of 71-225 PJ (pathway-dependent) for the bioeconomy 

scenarios, without SOC decreases, compared to a typically suggested removal limit of 31.5% in France 

[8]. 

Although the AMG model has been well validated for temperate climates [41–43], it is yet to 

be validated for other climatic regions. To bridge this gap, Chapter 4 adapts the bioeconomy-SOC 

modeling framework to be applied to tropical climates. A bioeconomy module was developed within 

the RothC model, and it was spatially explicitly assessed for the Ecuadorian croplands. The simulation 

units were created based on the SOC sequestration potential study developed by the Ministry of 

Agriculture of Ecuador [44,45] and the potential C inputs were determined as the average of the last 

nineteen years (2002-2020) of the production data reported in the Continuous Agricultural Production 

and Surface Survey [46]. The RothC model [47] adaptation was based on the RothC-biochar by Pulcher 

et al., 2022 [48] and included improved CC and CR values for the Ecuadorian crops. Furthermore, the 

model considered the effect exerted on SOC mineralization by the coproducts, also known as the 

priming effect. The future climate variables followed the RCP4.5 trajectory, based on an ensemble 

model (CSIRO-Mk3-6-0, GISS-E2-R, IPSL-CM5A-MR, MIROC-ESM) downscaled by the Climate Change 

Secretary of Ecuador [49]. Over 105,000 simulation units were included in this study. 

While returning the bioeconomy coproducts could allow exporting all the technically 

harvestable crop residues without imposing pressures on SOC stock (compared to a BAU situation), it 

could impact other environmental variables disregarded by the soil C models (e.g., climate change, 

eutrophication, toxicity, among others). To shed light on the compromise between carbon 

sequestration and environmental mitigation, a full life cycle assessment was performed in Chapter 5. 
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The production of maritime biofuels derived from crop residual biomass was studied for five pathways, 

including the counterfactual use of the biomass. The vision of this section is to integrate the SOC 

modeling results with the LCA conclusions to derive the most adequate scenario for harnessing crop 

residues. 

This thesis ends with an overall conclusion of the main findings of chapters 2 to 5, answers the research 

questions, highlights the limitations of the study, and provides future perspectives in Chapter 6. 

Key novelties of this PhD work 

• A harmonized database compiling 620 records reporting the conversion of the carbon in crop 

residues (i.e., cereals, maize, oilseed crops) into five bioeconomy coproducts, as well as their 

recalcitrance and mean residence time when applied in soils has been produced. A 

complementary database harmonizing 110 data records regarding the conversion of tropical 

crop residues (e.g., banana, cocoa, coffee, among others) into bioeconomy coproducts was 

also produced. 

• Two soil carbon models, AMG and RothC, were adapted to include five bioeconomy 

coproducts as exogenous organic matter (EOM) inputs to soil, namely pyrochar (or biochar), 

gaschar, hydrochar, digestate, and molasses from second-generation bioethanol. The data 

preparation, model running, and output analysis were automatized using R.  

• A novel framework for the spatially-explicit assessment of the long-term SOC dynamics of 

harvesting crop residues, supplying renewable carbon to the bioeconomy through five major 

bioeconomy pathways, and returning part of that carbon as recalcitrant coproducts was 

developed. 

• The framework was applied with high resolution to the whole French croplands (>60,000 

simulation units representing 84% of the country’s arable land) to determine the available crop 

residues potential to supply the French bioeconomy while maintaining or increasing the SOC 

stocks, in comparison to a situation where crop residues would have been left on the fields.  

• The framework was adapted for tropical lands and applied to determine the SOC storage 

potential of Ecuadorian croplands as a representative case of a tropical context, applied with 

high spatial granularity (>15,000 simulation units representing 52% of the country’s arable 

lands). 

• While the French baseline was already established before this Ph.D. study, the baseline for 

current cropping systems in Ecuador was not. National statistics on crop production and yields, 

as well as spatially-explicit soil and meteorological data were supplied by the Ecuadorian 

Ministries of Agriculture and Environment, respectively. From conciliating this with a variety 
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of additional data, a baseline quantifying the theoretical potential of harvestable crop residues 

to supply the bioeconomy in the country was created in this thesis. The projected 

evapotranspiration under the Representative Concentration Pathway (RCP) 4.5 was also 

produced during this thesis. All the data, maps, and scripts produced for this baseline is openly 

accessible and can be reused in further studies beyond SOC modeling. 

• A full LCA was performed for the production of hydrotreated pyrolysis bio-oil and cryogenic 

liquefied biogas to replace heavy fuel oil and liquefied natural gas as maritime biofuels, 

respectively. This thesis delivers detailed inventories for the biofuels as well as the fossil fuels 

displaced. The two cases were chosen as end-of-intervals of the 5 pathways addressed to 

represent the trade-off between SOC enhancement vs overall environmental impacts of the 

full supply chain. 
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2. CHAPTER 2: LITERATURE REVIEW 

2.1 Context  

This chapter targets the following research questions and objectives: 

1. RQ 1: What are the key factors determining the interrelation between the supply of crop 

residues to the bioeconomy and the maintenance of SOC stocks in croplands? 

2. RT 1: Investigate and quantify the carbon flows from crop residues in the five bioeconomy 

technologies under study, as well as the recalcitrance of the coproducts delivered in each 

pathway, and the ability of soil models to incorporate these characteristics. 

The conversion rates of crop residues to bioeconomy coproducts, as well as the inherent recalcitrance 

of these coproducts, were exhaustively reviewed for five bioeconomy technologies (coproducts in 

brackets): i) pyrolysis (biochar hereon pyrochar), ii) gasification (char hereon gaschar), iii) 

hydrothermal liquefaction (hydrochar), iv) anaerobic digestion (digestate), and v) lignocellulosic 

alcohol production (solid cake and liquid molasses). A harmonized database of over 600 data records 

and 20 types of crop residues was compiled to report average C conversion (CC) and recalcitrance (𝐶!""") 

coefficients for the coproducts under study. 

 

Key findings 

• Pyrochar and gaschar are the most recalcitrant coproducts, with a 𝐶!"""of 95%, and 

mean residence times (MRT) in soil over 100 years. 

• Hydrochar has a lower content of aromatic functional groups than pyrochar and 

gaschar, and is thus less recalcitrant, with a 𝐶!""" of 89%, and MRT on the decadal range. 

• Digestate and bioethanol molasses are less recalcitrant than chars with 𝐶!""" of 70% 

and 47%, respectively, and MRTs of approximately 1 year each. 

• The 𝐶""""	coefficient of gaschar and bioethanol molasses is 20%, 30 -36 % for hydrochar 

and digestate, and 45 – 50% for pyrochar. 

• 𝐶"""" and 𝐶!""" can be adapted to soil models to simulate the SOC dynamics from 

bioeconomy coproducts soil application.  

 

The content of this chapter is under review in Renewable and Sustainable Energy Reviews and has 

been made public as a preprint in Research Square at https://doi.org/10.21203/rs.3.rs-

1447842/v2. 

 

https://doi.org/10.21203/rs.3.rs-1447842/v2
https://doi.org/10.21203/rs.3.rs-1447842/v2
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Abstract 

Crop residues' potential for the bioeconomy is often limited well below its full extent to 

prevent eventual soil organic carbon (SOC) depletion. However, when processed in the bioeconomy, 

biomass carbon can often be partially recovered in a stabilized degradation-resistant coproduct. This 

study reviews and interlinks the fundaments between these coproducts’ process-dependent 

characteristics and behavior in soils and the use of soil models to predict the effect of replacing fresh 

crop residues with bioeconomy coproducts. Stemming from a revision of over 600 datasets, we 

synthesized and proposed average conversion coefficients from biomass C to coproduct (𝐶") and their 

inherent recalcitrance in soils (𝐶!""") for pyrolysis (𝐶": 48%, 𝐶!""": 95%) and gasification (𝐶": 20%, 𝐶!""": 95%) 

biochar, hydrochar (𝐶": 31%, 𝐶!""": 83%), digestate (𝐶": 36%, 𝐶!""": 68%) and lignocellulosic bioethanol 

solid (𝐶": 44%, 𝐶!""": 42%) and liquid (𝐶": 21%, 𝐶!""": 46%) coproducts. Different modeling approaches to 

incorporating stabilized organic matter into soils were investigated, as well as the input data 

requirements of a variety of soil models. This review study thus represents a steppingstone towards i) 

setting the fundaments for adapting soil models to the dynamics between crop residue harvest and 

return of C under multiple forms and ii) exploring future scenarios involving coproduct return as a 

strategy to increase the supply of renewable C for the bioeconomy while ensuring the maintenance of 

SOC stocks. 
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Highlights 

• The conversion of crop residues and eventual return to soils as coproducts is studied. 

• Five bioeconomy coproducts are targeted: pyrochar, gaschar, hydrochar, digestate, and 

bioethanol effluent. 

• Carbon conversion coefficients from crop residues to bioeconomy coproducts are compiled. 

• Recalcitrance coefficients of coproducts are compiled. 

• Soil models allowing to include bioeconomy coproducts return to soils are reviewed. 

Keywords: biochar, coproducts, crop residues, digestate, hydrochar, lignocellulosic bioethanol, 

recalcitrance, soil models, SOC 

Word count: Word count: 10,000 words 
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1. Introduction 

Facing an urgent need to reduce fossil carbon, as called for in the Paris Agreement [1] and as 

demonstrated by the IPCC [2], various national [3] and supranational [4,5] bodies promote bioeconomy 

as a strategy toward reaching climate neutrality by 2050 [6]. The vision is to use innovative 

technologies for processing and upgrading biological resources, to produce the carbon (C)-based 

products and services demanded by society without fossil carbon [7]. 

However, their removal could affect 

ecosystem services (e.g., greenhouse gas 

mitigation, climate regulation, biodiversity, 

water infiltration, etc.) [11] and trigger loss in 

soil functions, which could indirectly impact 

food security by affecting biomass production 

(e.g., food, fibers, wood provision) and carbon 

sequestration; the latter being a key ecosystem 

service regulating the terrestrial carbon and 

nutrient cycle [12]. 

Soil organic carbon (SOC) is the third-largest pool in the global C cycle, with approximately 700 

Pg at the top 30 cm, 1500 Pg at the top 1-m depth, and 2400 Pg at the top 2-m soil [15,16]. The SOC 

stocks represent about twice the C stocks in the atmosphere (860 Pg) and three times the C stocks in 

vegetation (450-650 Pg) [17,18]. Climate and soil conditions, as well as anthropogenic disturbances 

such as land use management and change, affect SOC stock dynamics [19]. About 116 Pg C for the top 

2-m of soil was lost through cultivation since the onset of agriculture [20], which corresponds to a SOC 

stock loss of between 20% and 40% compared to uncultivated soils [21]. 

Since incorporating crop residues into soils (i.e., residues left on soils) contributes to 

maintaining or enhancing SOC stocks [26], various studies have proposed limiting crop residue removal 

between 15% and 60% of the residual biomass generated, depending on the biomass type, to ensure 

the maintenance of SOC stocks [27–31]. These removal rates have been proposed without considering 

any returns of C to the soil after the biomass is used in the bioeconomy, i.e., by recycling back the C 

from crop residues via eventual coproducts (e.g., biochar). Bioeconomy coproducts are rich in 

stabilized C, also referred to as recalcitrant C, and when returned to soils, maintain long-term SOC 

stock levels [32,33]. Their return to soil could thus allow greater amounts of biomass to be exported 

to the bioeconomy compared to a strategy limiting crop residue removal. The vision of this alternative 

A key resource that has been 

identified for the bioeconomy is crop 

residues (e.g., cereal and oilseed straw, 

sugarbeet tops, maize stover), due to their 

relative abundance in high agricultural 

density regions [8,9], their versatility for 

several bioeconomy uses, no competition 

with food security [10], and the relative ease 

of their long-term storage. 
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coproduct return strategy relies on the hypothesis that the amount of biomass available to supply 

renewable C to the bioeconomy is instead dependent on how biomass is converted and used [34–36]. 

Previous studies have reviewed the generalities of diverse bioeconomy pathways and 

described the production and composition of the resulting coproducts [37–44] and their effects on soil 

quality [38,45–50]. However, few studies have systematically reviewed the recalcitrant composition of 

bioeconomy coproducts (e.g., biochar, digestate, molasses) and how it affects SOC turnover (i.e., 

fraction mineralized and turnover rate). For instance, biochar stability in soils has been previously 

reviewed by some authors [33,51–56], including diverse process conditions, feedstocks, and other 

study limitations (e.g., Wang et al.[51] included only studies with stable isotopic techniques). Still, gaps 

in knowledge remain regarding biochar recalcitrance, specifically for crop residue feedstock, while 

similar studies do not exist for other coproducts. To our knowledge, there is currently no study that 

encompasses a systematic review of the recalcitrance of several bioeconomy coproducts (i.e., pyrolysis 

and gasification biochar, hydrochar, anaerobic digestate, and lignocellulosic ethanol coproducts) and 

their effect on SOC stock. 

This study aims at providing, under a single study, the insights needed to i) further understand 

the interrelation between the potential use of crop residues for the bioeconomy and SOC stock 

preservation in a context where bioeconomy coproducts are returned to soils and ii) synthesize and 

propose pathway-dependent C balances and recalcitrance parameters that allow modeling the cycling 

of C from the feedstock throughout its bioeconomy conversion and final return to soils. The purpose 

is to provide a first study synthesizing the theoretical fundaments required for bioeconomy-adapted 

soil modeling frameworks. 

This study thus reviews, in section 1, the key bioeconomy pathways associated with the 

conversion of crop residues and the C recalcitrance of associated coproducts, highlighting the 

implications for SOC simulation models. Section 2 describes the scope and methodology of the review 

and explains the variables influencing the SOC dynamics induced by bioeconomy coproduct application 

to soils. Section 3 presents an overview of the bioeconomy pathways considered and the variety of 

applicable operating conditions. It also presents and critically discusses the results of a literature 

compilation of over 600 records for (i) the carbon partitioning between the intended products and 

generated coproducts and (ii) the recalcitrance of the C in the coproducts that can be returned to soils. 

Finally, Section 4 presents an overview of the models, methods, and data used to simulate long-term 

changes in SOC stocks, including adaptations made to integrate bioeconomy coproducts as soil 

amendments. 
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2. Scope and methodology 

2.1 Bioeconomy technologies considered and terminology 

All the coproducts considered within this review result from processes aiming to convert the 

easily biodegradable C in the biomass into bioeconomy products and services. It addresses the 

technical aspects, operating conditions, and coproducts C balance and inherent recalcitrance of five 

bioeconomy technologies, considered the most common and promising processes for using crop 

residues (e.g., straw) to produce renewable gas and liquid hydrocarbons, considering the possibility of 

C return to soils through coproducts. 

A conceptual review was conducted on the latest literature (until July 2021) reporting the 

technical conditions and process yields of these technologies, herein referred to as conversion 

pathways, followed by a systematic review of the available data reporting the stability of the 

coproducts in soils. Overall, 137 scientific papers, industry data, and grey literature were reviewed, 

producing 620 data records from which average coproduct C balance and recalcitrance values were 

derived (further detailed in sections 2.2 and 2.3). In some cases, the same dataset can be used for 

both. Data records also include unpublished data received as a courtesy from the authors. The data 

collected included only crop residue feedstock to the extent data were available, and in the case of 

data scarcity, the most representative proxies (wood and grass) were considered. In cases where a 

particular dataset was presented in more than one publication (due to consecutive publications with 

extended experiments), the most recent and complete study was prioritized. The searching procedure, 

including keywords, time range, and selection criteria, is further detailed in SI1. 

The bioeconomy conversion pathways considered, with respective intended products and 

coproducts in brackets were pyrolysis (bio-oil, pyrochar), gasification (syngas, gaschar), hydrothermal 

liquefaction (HTL) (bio-oil, hydrochar), anaerobic digestion (AD) (biogas, digestate) and second-

generation lignocellulosic bioethanol (2GEtOH) (bioethanol, liquid molasses, solid lignocellulosic cake). 

Molasses coproduct here refers to the residual liquid fraction obtained during bioethanol production, 

consisting mainly of hydrolyzed C5 and unconverted C6 sugars. Note that the solid pyrolysis coproduct 

is typically referred to as biochar. However, the term “biochar” has been increasingly expanded to 

encompass a wide variety of biomass-derived chars produced by either pyrolysis or gasification [33], 

and to some extent, HTL [39]. Therefore, the terms pyrochar, gaschar, and hydrochar are used herein 

to specifically refer to char from pyrolysis, gasification, and HTL, respectively. Section 3.1 briefly 

describes the process conditions of each technology. 
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We considered only coproducts that can return C to soils, and thus other coproducts stemming 

from the same reviewed pathways were excluded. For instance, pyrolysis generates a non-

compressible gas coproduct that can be used for energy, and the bio-oil can be fractionated into heavy 

(oil) and light (vinegar) phases, the latter having biofungic properties [57]. Similarly, gasification 

generates tar, a mixture of organic compounds condensable at room temperature that can affect the 

gas quality and equipment efficiency [58], and ashes with very low C content that are typically disposed 

of in landfills [59]. 

2.2 Carbon flows from crop residue-to-bioeconomy coproduct (CC) 

A mass balance approach was used to account for the C flows from different crop residues 

throughout the production and conversion pathways to the final coproducts. Data were retrieved from 

a comprehensive literature review of reported yields and C content per coproduct and technology (see 

SI1). In total, 171 data records were collected from 73 studies. This includes 44 records for pyrochar, 

25 for gaschar, 31 for hydrochar, 68 for digestate, and 3 for 2GEtOH coproducts (Table 1). The C fraction 

remaining in the coproduct, hereafter carbon conversion (CC), was determined using ¡Error! No se 

encuentra el origen de la referencia. for pyrochar, gaschar, hydrochar, digestate, and 2GEtOH 

coproducts (molasses and cake). 

𝐶" =
𝐶𝑝𝑌 ∗ 𝐶𝑝𝐶
𝐵𝑚𝐶

 (Eq.1) 

where CpY is the coproduct yield (kg coproduct kg-1 biomass), CpC is the C content in the 

coproduct (kg C kg-1 coproduct), and BmC is the initial C content in the biomass (kg C kg-1 biomass). CC 

was determined for each study included in the database, and an average CC (𝐶") was determined per 

coproduct type. 

The 𝐶"  for digestate was determined using biomethane potential (BMP) values reported for 

different feedstock and specific digestion conditions (e.g., temperature) [60], which is further detailed 

in the supporting database [61]. The 𝐶"  of each coproduct is discussed in Section 3.2. 

2.3 Coproduct recalcitrance (CR) and mean residence time (MRT) in soils 

The C remaining in the coproducts tends to be more resistant to microbial degradation when 

applied to soils as exogenous organic matter (EOM) than the original raw feedstock (e.g., straw). Here, 

the C fraction that is degraded over a short period and released as CO2 (mineralization) was labeled as 

labile (CL), while the more stable fraction that remains stored in the soil over the long-term during 

humus formation (humification) is called recalcitrant (CR). 
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Understanding the CR of coproducts and its effects on soils is a research field under 

development and relevant to climate [62], environmental, and agricultural sciences [63,64], and also 

to policymaking and economic development [65,66]. A major knowledge gap arises from the broad 

range of study conditions, in turn, associated with a large variety of feedstock and methods used to 

measure and model CR, resulting in a wide range of estimated stability values [67]. Methods include 

the analysis of carbon structure, carbon oxidation resistance, thermal degradation, proximate analysis, 

laboratory incubations, field trial assays, and mathematical modeling [67,68]. 

Naisse et al.[69] found that the C stability of biochar and hydrochar cannot be reliably 

characterized by chemical reactivity, while incubation and field trials are considered to usually provide 

the most realistic results [68]. Although most methods are less reliable than incubations and field trials, 

they are frequently used as proxies to estimate the C degradation of (co)products due to their 

simplicity and time of execution [70]. 

Common drawbacks of laboratory incubations are difficulties in mimicking actual conditions in 

controlled environments, while for field trials the difficulty lies in proper monitoring of the C behavior 

in natural environments. Laboratory incubations are typically short-term assays (<1 year) that measure 

the CO2 fluxes of the material being studied, alone or in a mixture with soil, under controlled conditions 

(i.e., an artificial environment). It helps to understand the effect of different parameters (e.g., soil 

texture, temperature, time, among others) on the degradation process but fails to replicate the 

interactions that occur in real environments [67,71]. Field trials are typically conducted for longer 

periods than laboratory incubations (>2-3 years) to measure the degradation of coproducts applied to 

fields. However, one difficulty is separating CO2 fluxes from sources other than the coproduct, such as 

carbon losses from soil erosion, runoff water, and other environmental factors. Additionally, the 

results tend to be explicit for the study area only, requiring long-term evaluation periods. The 

lengthiest field trial inventoried for biochar lasted only 8.5 years [72], yet the expected stability is 

estimated to be over hundreds of years. 

Some authors [54,68,73] consider incubation to be inadequate for determining the long-term 

C stability, especially for chars, and suggest that multi-carbon compartment modeling would allow 

predicting the long-term recalcitrance (amount of C remaining after a given time), as shown in (Eq.2a), 

Eq.2b, and (Eq.3) [55,56,73]: 

𝐶#(𝑡) = 𝐶$-1 − 𝑒%&!'1 + 𝐶!-1 − 𝑒%&"'1 (Eq.2a) 

𝐶()#*+,(𝑡) = 𝐶$ ∗ 𝑒(%&!') + 𝐶! ∗ 𝑒(%&"') (Eq.2b) 

𝑀𝑅𝑇 =	1 𝑘7  (Eq.3) 
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where Cm is the C mineralized at time t, Cremain is the C remaining at time t, CL and CR represent 

the labile and recalcitrant C fractions (%), respectively, kL and kR represent the mineralization rates of 

labile and recalcitrant fractions (d-1 or y-1), and MRT (d or y) is the mean residence time of the (labile 

or recalcitrant fraction of) organic matter, defined as the inverse of the decay (or mineralization) rate 

k (either kL or kR) [55]. The MRT reflects the expected average time a C atom spends in a given soil pool 

[74], per fraction (i.e., from the recalcitrant or labile fraction). 

There is a general agreement that incubation studies provide the most accurate value for CL 

[73], which is essential for understanding the behavior of the CR fraction and is thus the most popular 

method. 

From the literature reviewed on coproduct recalcitrance, only studies based on incubation, 

field trials, and modeling were selected. For a given pathway, no differentiation by duration or type of 

soil used in the field and laboratory assays were made in the data compilation. The dataset includes 

87 studies with 449 data records. This comprises 144 records for pyrochar, 36 for gaschar, 104 for 

hydrochar, 114 for digestate, and 51 for 2GEtOH coproducts. The amount of input C not mineralized 

after the assay was recorded as the CR fraction of the coproduct. The mean CR (𝐶!""") of each coproduct 

was determined after removing outliers and was defined as the average recalcitrance. The MRT values 

considered in the inventory are those explicitly reported in the original studies or calculated by other 

authors than the original, when relevant. If not provided, MRT values were not calculated to avoid 

introducing potential errors due to the high variability of the results related to the type of modeling 

applied (e.g., first-order, second-order, or n-order decay rate). The coproduct recalcitrance is discussed 

in section 3.2. 

The complete dataset considered for CC and CR data is available in [61] and summarized in 

Table S1 and Table S2. 

2.4 Review of SOC models 

SOC models are mathematical representations for integrating, examining, and testing the 

understanding of complex soil dynamics in an endeavor to predict changes in response to 

environmental and anthropogenic factors across temporal and spatial scales [75,76]. Effects from 

biotic and abiotic factors such as soil, climate, and management practices are integrated into SOC 

models to simulate the dynamics of soil carbon, nitrogen, and water, as well as plant production 

[76,77]. 

The complexity of these biogeochemical processes varies considerably among models, for 

instance, regarding the number of inputs and driving variables needed (e.g., soil parameters, 
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meteorological data, farming practices), as well as the number of parameters required (e.g., soil pool 

fraction, mineralization rate in a given pool, C flows between the soil pools) to model the studied 

outputs (e.g., only C dynamics, C-N dynamics, plant growth, etc.). The selection of a model is thus a 

challenging endeavor, particularly given the high number of existing models in the literature (>250) 

developed over the last eight decades [79]. 

Some model evaluation and comparison attempts were performed under the same conditions 

and model calibrations [78], demonstrating the large variability in the predictions from different 

models. Models' generalities [75,79], limitations [77], accuracy [18,78], and sensitivity [80] have been 

previously assessed, yet, a clear ranking or validation of the models for specific sets of conditions (e.g., 

biome characteristics, crop type, farming practices, among others) has not been possible. Multi-model 

comparison studies suggested the use of an ensemble of models rather than a single one to obtain 

more reliable predictions (i.e., 13 models according to Sándor et al.[81] or 2-4 models with site-specific 

calibration according to Farina et al.[76]). 

This review identifies the requirements and capabilities for modeling SOC dynamics from the 

interaction of crop residues with the bioeconomy. The characteristics of 12 models, as well as data 

inputs, outputs, and applicability to assess the SOC changes in croplands were reviewed (detailed in 

SI2): CENTURY [82], Daycent [83], DNDC (DeNitrification DeComposition) [84], EPIC (Environmental 

Policy Integrated Climate) [85], Daisy [86], APSIM (Agricultural production systems simulator) [87], 

STICS (Simulateur mulTIdiscplinaire pour les Cultures Standard) [88], CANDY (Carbon and Nitrogen 

Dynamics) [89], ORCHIDEE [90], RothC (Rothamsted carbon model) [91], AMG [92], and CTOOL [93]. 

These models were selected because i) they represent the most common modeling structures 

developed (e.g., multiple soil pools, each pool governed by a specific decay rate based on n-order 

equations), ii) are widely cited in the literature, and iii) have been used in simulations across different 

pedoclimatic systems [75,79,94]. 

Among the revised models, some propose adapted versions that consider bioeconomy 

coproducts as soil EOMs. These were examined with greater attention in Section 4, in an endeavor to 

uncover the considerations that allow predicting the coproducts’ C behavior in soils, in order to 

perform similar, yet more systematic, adaptations in future research regarding SOC dynamics and the 

bioeconomy. 

3. Bioeconomy 

Although the technologies covered in this study are relatively well explored in earlier studies 

in terms of their technical and even economic and environmental performance, especially concerning 
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the main product they generate, less attention has been given to the process-dependent 

characteristics of their coproducts. Section 3.1 thus briefly describes each technology being studied 

and their possible variants in terms of operating conditions. Section 3.2 details the results of the 

literature review in terms of (i) average yield of coproducts & C partitioning between the coproducts 

intended as soil amendments and the other products, and (ii) coproduct recalcitrance. 

3.1 Bioeconomy conversion pathways description 

3.1.1 Pyrolysis 

Pyrolysis is a thermal process where biomass is decomposed in an oxygen-free environment, 

in a range of temperatures from 300 to 700°C, to produce bio-oil, gas, and biochar hereon referred to 

as pyrochar (Fig.1) [38,95]. The biocrude oil is commonly further processed to separate the gas and 

vinegar fractions to obtain a more refined biocrude [57]. The oxygen-free environment is often 

ensured with the use of nitrogen (N2) as a carrier gas. The bio-oil can be directly burned or subjected 

to further refinement to obtain an upgraded bio-oil suitable for transportation. 

Pyrolysis processes can be classified as slow or fast depending on the heating rate. Slow 

pyrolysis is characterized by slow heating of the feedstock (<10°C s-1) for minutes to days at 

temperatures above 400°C [35,95,96]. Fast pyrolysis employs higher heating rates for shorter times 

(>10°C s-1, <2 s) at temperatures around 500°C (450-1000°C) [37,97]. Fast pyrolysis is optimal for bio-

oil production, while slow pyrolysis delivers approximately equal ratios of products and favors biochar 

production [38,98]. The process conditions and product characteristics are further detailed in SI2. 

 

Fig.1. Generic process flow diagram of the pyrolysis process, here with crop residues as an input feedstock. 

Upgrading may or may not occur depending on the required quality of the final oil use (e.g., required if used as 

biofuel for transportation). Coproducts in red are outside the scope of this study.  

3.1.2 Gasification 

Gasification is a thermochemical conversion technology in which biomass is converted to a 

gaseous mixture of H2, CO, CH4, and CO2, often referred to as syngas [99,100]. Gasification is performed 

at high temperatures (700-1200 °C) in the presence of a limited amount of oxidizing agent (i.e., air, 



Chapter 2 : Literature review    

50 
 

 

steam, oxygen, carbon dioxide, or a combination of these), in insufficient amounts to reach 

combustion [101,102]. The syngas is further treated to remove solid and aqueous fractions (gaschar 

and tar), particulates (dust and ashes), and other impurities (sulfur and ammonia), in order to produce 

clean syngas (Fig.2).  

Full-scale gasification facilities commonly operate at atmospheric or higher pressures up to 33 

bars and temperatures ranging between 800-1100°C [103,104], albeit agricultural residues are 

typically treated at 750-850°C [42]. The moisture content of the biomass must be maintained below 

35% [105] with recommended levels of around 10-20% to avoid tar formation and failures in the 

system [103,106]. More details on the gasification products are in SI2. 

 

Fig.2. Generic process flow diagram of the gasification process, here with crop residues as an input feedstock. 

Coproducts in red are outside the scope of this study. 

3.1.3 Hydrothermal Liquefaction 

Both gasification and pyrolysis require the use of dry biomass (<10% moisture, [107]), which 

may involve additional upstream processes to prepare the feedstock. Hydrothermal Liquefaction (HTL) 

is a thermochemical process carried out in a liquid-phase medium and is acknowledged as a promising 

technology for biofuel production, in particular with wet feedstocks [41,108,109].  

HTL allows the use of feedstock with only 5-20% dry matter (DM) [110] and is carried out at 

low temperatures of around 250-375°C, pressures of 4-25 MPa, and retention times of around 20-30 

minutes [43,111]. Due to the moisture content of the feedstock and the liquid media in the reactor, 

the biocrude has high water content and must undergo an extra step to separate the biocrude oil from 

the aqueous phase [120] (Fig.3). The HTL bio-oil has lower oxygen and water contents, but higher 

viscosity than pyrolysis oil [111], and the HTL biochar is commonly referred to as hydrochar. SI2 further 

explains the various process configurations of HTL and its variants. Details on the expected yields are 

presented in section 3.2. 
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Fig.3. Generic process flow diagram of the hydrothermal liquefaction process, here with crop residues as an 

input feedstock. Coproducts in red are outside the scope of this study. 

3.1.4 Anaerobic digestion 

Anaerobic digestion (AD) is a biological process where, in the absence of oxygen, 

microorganisms decompose organic matter into i) biogas, which can be used to generate renewable 

energy, and ii) a coproduct known as digestate, typically used as fertilizer [112]. Through AD, 

carbohydrates, proteins, lipids, and other organic compounds are transformed into biogas, which is 

composed of methane (CH4, 50-70%), carbon dioxide (CO2, 30-50%), and traces of other gases (H2S, 

NH3, 1-5%), essentially depending on the input feedstock [113]. AD is among the most cost-effective 

and environmentally performant technologies for renewable energy due to its simplicity, low costs, 

and adaptability to diverse types of waste and biomass [114]. Therefore, the number of AD facilities is 

rising worldwide, with a subsequent increase in digestate production [113,115]. 

The process consists of a series of complex microbiological reactions that take place in four 

consecutive stages, namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Fig.4). The 

reactions, influenced by the feedstock selection and operating parameters, govern the overall yield 

and characteristics of the biogas and digestate [116]. Additional details on AD are in SI2. 

 

Fig.4. Generic process flow diagram of the anaerobic digestion process, here with the input feedstock including 

crop residues, waste material, wastewater, animal manure and slurry, and eventual mixture with a liquid media. 

Digestate contains all the undigested biomass and eventually added liquid media remaining after gas production. 
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3.1.5 Second-generation ethanol production 

Bioethanol is a high-octane number biofuel produced by yeast fermentation of sugars, typically 

used in terrestrial transportation as a mixture with gasoline [117]. Bioethanol produced from 

lignocellulosic biomass is known as second-generation biofuel (2GEtOH). For bioethanol production, 

lignocellulosic biomass must follow a series of steps (Fig.5), involving i) a physical, chemical, or thermal 

pretreatment to release hemicellulose and cellulose from the matrix, ii) hydrolysis of polymers to 

simple sugars aided by acids, alkalis, or enzymes, and iii) fermentation of sugars by microorganisms 

followed by iv) a distillation process to purify the bioethanol [117–119]. During the process, 

approximately 95% of soluble sugars are transformed into ethanol and CO2, while 1% become yeast 

cellular mass, and 4% are remaining coproducts [44]. 

The hydrolysis and fermentation stages can occur in a separate hydrolysis and fermentation 

(SHF) system or a simultaneous saccharification and fermentation (SSF) process. The non-fermentable 

components are removed as a stream called stillage, which can be separated into a solid (cake) and a 

liquid (molasses) fraction (Fig.5). Insights on the 2GEtOH process and products are in SI2. 

 

Fig.5. Generic process flow diagram of the lignocellulosic bioethanol production process, here illustrated for the 

case of enzymatic hydrolysis. Stillage can be used as obtained or separated in the solid and liquid fractions. SSF: 

Simultaneous saccharification and fermentation. SSCF: Simultaneous saccharification and co-fermentation. CBP: 

consolidated bioprocessing. WDG: Wet distillers’ grains. Coproducts in red are out of the scope of this study. 

3.2 Carbon conversion (CC) and recalcitrance (CR) results 

Since the interest of this review is to analyze the potential of crop residues for the bioeconomy, 

process conditions favoring the production of the main economic product for each technology (i.e., 

bio-oil, syngas, biogas, and bioethanol), were selected, to the extent data were available. These are 

summarized in Table 1, where the coproducts of interest to be used as soil amendments are identified. 
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On this basis, average yields (CpY) of the defined coproducts, as well as their average C content (CpC), 

could be compiled and computed (Fig.6), on top of the parameters of interest within this study (𝐶"""" and 

𝐶!"""; Fig.6 and Fig.7, respectively).  

Table 1. Process conditions, coproducts, and feedstocks included in the average results of Figs. 6-7, 

per technology.† 

† T: temperature; FS: Feedstock; RT: Retention time; Ot: Other conditions; MRT: Mean residence time  

a Feedstocks in italic are included only in the recalcitrance review to determine CR 

Process 
Process Conditions 

selected 
Coproduct of 

interest 
Feedstocks includeda 

𝑴𝑹𝑻$$$$$$$g 
years 

Pyrolysisb T: 350-700°C (<300°C, 
300-500°C, >500°C), 
FS: DM>90%, 
RT: seconds to 2h 

Pyrochar Crop residues (wheat straw, maize stover, 
maize silage, rice straw, rice husks, 
rapeseed straw, rye straw, barley roots, 
soybean stover, sunflower straw, 
sugarcane bagasse), temporary grassland 
(switchgrass, ryegrass), peanut shell, 
poultry litter, digestate, green waste 

632 

Gasificationc T: 600-1200°C dry 
gasification, 300-550°C 
hydrothermal 
gasification,  
FS: DM>90% 

Gaschar Crop residues (wheat straw, maize stover, 
maize silage, rice straw), switchgrass, 
forestry residues (Vermont wood, pine 
wood), citrus peel, peanut shell, walnut 
shells 

141 

HTLd T : 180-400°C,  
FS : DM<20%, 
RT : 30 minutes, 
Ot: K2CO3 catalyst 

Hydrochar Crop residues (wheat straw, maize stalks, 
maize silage, rice straw, barley straw), 
forestry residues (wood chips, poplar 
wood), straw digestate, draff, miscanthus, 
sugar beet pulp, vinasse, yeast  

11 

ADe  T: Mesophilic 
conditions (30-50°C). 
FS: Mixture of 
manure/slurry with 
crop residues, 
RT: 1-3 months. 

Digestate Wheat straw, rice straw, maize straw. 
Cattle manure, cattle slurry, pig slurry, 
poultry manure, food waste, paper, green 
waste, household waste, maize silage.  

0.4 

2GEtOH 
productionf 

Ot: Mechanical 
pretreatment; 
chemical and 
enzymatic hydrolysis, 
fermentation with S. 
cerevisiae, purification 
by distillation 

Molasses 
Cake 

Wheat straw, maize stover, wheat starch, 
non-fermentables from wheat bioethanol, 
DDGS, yeast concentrate, rapeseed meal, 
vinasse from sugarcane bagasse, vinasse 
from sugar beet 

1 
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b For the CR review, the minimum, and maximum pyrolysis temperatures were 250 and 800°C, respectively, and 

the assays were grouped by temperatures in low (< 300°C), medium (300-500°C), and elevated temperatures 

(>500°C). 
c The use of wet biomass in gasification processes (hydrothermal gasification) is increasing as an energy strategy, 

thus these process conditions were included in this study. 
d Due to the increasing use of catalysts in HTL processes to modify the products' yields and quality, processes 

with and without catalysts were included. 
e Only the crop residues C is accounted for in the 𝐶𝑐$$$. 
f For the lignocellulosic bioethanol production, the coproducts were grouped as a solid fraction (cake), a liquid 

fraction (molasses), and rapeseed meal, for the CR coefficient. Due to the scarcity of data incubation and field 

trials for non-lignocellulosic bioethanol were included as proxies. 
g The 𝑀𝑅𝑇$$$$$$ values reported herein are averages from the whole dataset produced for the gasification, HTL, and 

AD technologies. For pyrolysis and 2GEtOH production, the MRT values shown correspond only to the 300-500°C 

group and molasses, respectively. The MRT shown for the AD technology stems from different conditions and 

incubation assays with a broad variety of timeframes (including studies carried out for less than a month), the 

recalcitrance derived herein is thus to be seen as an indicative figure only. 

3.2.1 Carbon conversion results 

The observed results are here compared, when possible, with available meta-studies. These 

were not included among the records considered herein [61], although some of the studies they 

contain are also considered in this study. 

Results indicate, for pyrolysis, average pyrochar yields of 35% (DM) (n= 44), composed of 58% 

C, which reveals that 48% of the original C is in the pyrochar (𝐶𝑐""") (Fig.6). This fits values reported in 

previous reviews (e.g., [33,37,38]), but is slightly above values that can be calculated with recent 

empirical equations [33], as further detailed in the SI1. 

On average, the gaschar yield is 20% DM (Fig.6, n=25), with reported values ranging from 7% 

to 28%, this is further detailed in the repository data [61]. The gaschar yield is highly influenced by the 

oxidizing agent used for the gasification process, being double for oxygen (15.5%) compared with the 

use of steam (7.9%) [110]. Accordingly, the C content in gaschar varies in a wide range (20-90%, 

average 51%) depending on the process conditions (see [61]). The C content in gaschar compiled in 

this study fits the one reported in the review of You et al.[120] (20 - 60%), despite the higher-end 

interval herein. However, You et al.[120] showed that the total carbon content in gaschar can attain 

fractions well over 60% (weight). On the other hand, the 51% average shown here is slightly above the 

typical average of 38% reported by [50], likely because of the higher lignin content considered herein 

for the initial feedstocks. 
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In highly efficient processes, the fraction of C in wood-agricultural biomass that ends in the tar 

is less than 1% [148], while 20% ends in the gaschar (𝐶𝑐""") (Fig.6). During gasification, the oxygen in the 

reactor oxidizes the C to CO2, while it remains in the biochar in the pyrolysis reactor. This explains why 

the gaschar is among the coproducts with the lowest 𝐶𝑐""" value (Fig.6). 

HTL can process a broad variety of feedstock with diverse compositions, thus the yield of the 

products varies in a wide range depending on the biomass (see [61]). Moreover, the use of catalysts 

may modify the yields and composition of the streams involved. Results indicate, on average, that HTL 

yields 25% hydrochar (by DM) (n=31) with a C content of 56%, which leads to a 𝐶𝑐""" coefficient of 31% 

(Fig.6). This is within reported HTL biocrude yields, ranging from 12 to 77% (by DM; for different 

process configurations) [110,122], with an average C content slightly below the one reported at 73% 

by Elliot et al.[123]. 

The amount of biomass converted to biogas depends on the initial feedstock. The studies 

considered herein reported BMPs varying between 60 and 468 Nm3 CH4 tonne-1 dry biomass for 

agricultural residues, with an average BMP of 215 Nm3 CH4 tonne-1 dry biomass (see [61]). According 

to these results, digestate represents, on average, 60% (DM) (n=66) of the products and coproducts 

generated during AD. The average C content of digestate is 49% (n=66) of the DM (Fig.6), which is in 

the range of 15- 55% reported by Wang and Lee [125]. Digestate 𝐶𝑐""" was estimated based on the 

volatile solids (VS) reduction reported by different authors (n=16) for straw and other crop residues 

during the digestion process. Accordingly, approximately 64% of biomass C is digested into biogas, 

representing a digestate 𝐶"""" of 36% (Fig.6). 

Bioethanol production results in 3 main streams in roughly equal proportions, by DM i) 

bioethanol, ii) non-fermentable constituents, and iii) carbon dioxide [126]. According to [127], the 

biomass conversion rates to bioethanol vary between 22% and 32%, i.e., 22-32% of the initial feedstock 

(DM) is converted to bioethanol. The results of Fig.6 indicate an average bioethanol yield of 0.225 kg 

kg-1 biomass DM (n=3), while the CO2 emissions and coproducts represent a yield of 24% and 53% (split 

into 32% solid fraction and 21% liquid fraction), respectively, by DM. Given the low conversion rates 

achieved in the alcoholic fermentation of lignocellulosic biomass, the largest proportion of carbon from 

the initial feedstock is found in the residues, where it remains unconverted (𝐶𝑐""" of 44% for the solid 

cake and 21% for the liquid molasses; Fig.6). These results are in accordance with industrial data (that 

could not be considered herein due to incomplete datasets), which report a solid fraction (lignin) yield 

of 32%-39% and 22%-35% molasses, on a dry basis [127]. 
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Fig.6. Yields (% of crop residues DM) of coproducts of interest (gray) and all other products (green; including the 

main product of interest), carbon (C) content of the coproducts of interest (% of the coproduct DM; black), and 

related percentage of initial C from crop residues transferred into coproducts (𝐶𝑐$$$). SR: Solid residue (cake) from 

the 2GEtOH production; LR: Liquid residue (molasses) from the 2GEtOH production. 

3.2.2 Recalcitrance of coproducts results 

The degradation-resistant fraction of raw crop residues, commonly attributed to lignin, 

represents a high share of the C remaining in the bioeconomy coproducts. During thermochemical 

processes, the chemical structure of the recalcitrant C is changed producing different aromatic groups; 

whereas in the biochemical processes, only the labile C is removed from the biomass and the 

recalcitrant fraction remains as in the raw material. Therefore, the degree of recalcitrance of 

coproducts (CR) varies between technologies (Fig.7, Table S2). This is reflected in Fig.7 where the CR 

data compiled for each coproduct of interest are summarized, grouped by temperature ranges 

(pyrolysis), input feedstock (gasification, HTL, and AD), and type of coproduct used in the experimental 

assay (2GEtOH production). Through this section, the results of Fig.7 are analyzed jointly with a 

separate discussion of the literature review performed for each specific coproduct recalcitrance. 
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Fig.7. Boxplot of compiled carbon recalcitrance (CR) data for the targeted bioeconomy technologies coproducts, 

grouped by temperature ranges (pyrolysis), input feedstock (gasification, HTL, and AD), and type of coproduct 

used in the experimental assay (2GEtOH production). n represents the number of records considered to build 

the boxplot. The CR values computed herein represent the amount of C reported to be remaining in the coproduct 

after the incubation/field trial/modeling assay timeframe. Datapoints displayed correspond to outliers per 

technology.  

3.2.2.1 Pyrochar and gaschar 

From here onwards, the term biochar is used as an umbrella term to refer to the char product 

of both pyrolysis and gasification (jointly or indistinctively), else the terms pyrochar (pyrolysis char) 

and gaschar (gasification char) are used. 

• Biochar (pyrochar and gaschar) 

The biochar recalcitrance is attributed to the presence of aromatic groups, which tend to 

increase with higher temperatures (see SI1) [51,128]. Furthermore, the biomass ash content influences 

the recalcitrance degree, because it acts as a barrier that impedes heat diffusion [52]. A high ash 

content thus hinders biomass dehydration and favors the formation of dissolved organic carbon (DOC), 

which is considered the main form of labile C in biochar [52]. 
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Various studies have demonstrated that biochar (BC) is highly recalcitrant to both biotic and 

abiotic degradation, with approximately 80-97% of the organic carbon remaining unmineralized for 

hundreds to thousands of years [51,52,55,129]. This is attributed to the presence of CL and CR fractions 

[45,56,130], each one determined by the characteristics of the raw biomass and the conversion 

process conditions. 

Wang et al.[51] found, based on 24 studies (n=128), that CL represents approximately 3% of 

the biochar composition (MRT=108 days), while the CR fraction represents the remaining 97% 

(MRT=556 years). The meta-analysis of Bai et al.[131] (56 studies) also found that biochar addition to 

soils increases SOC stocks, by 39%, on average. On the other hand,  Zimmerman and Gao [56] 

determined, using a two-pool model, long-term losses of 2-59% for various biochars. The simulations 

of Zimmerman [131] uncovered average C losses of 10.3% after 100 years and 28.4% after 1000 years 

for microbial incubations, and 11.1% after 100 years and 28.8% after 1000 years for abiotic incubation 

of various biochars. 

The recalcitrance of biochar can also be expressed by simple identifiers based on the elemental 

ratios between C, H, and O, which are plotted on the so-called Van-Krevelen diagram [38,45]. The ratio 

between hydrogen and carbon (H/Corg) is correlated with the presence of aromatic compounds and 

double bounding and is used to estimate the 100-year stability of biochar (BC+100). A H/Corg of 0.5-0.7 is 

associated with a BC+100 of 50%, while an H/Corg of 0.4 denotes a BC+100 of 70% [68,71]. The O/C ratio 

indicates that a higher content of aromatic structures occurs when the oxygen content in the biochar 

is low and is used for expressing recalcitrance as half-life (BCt1/2). Three ranges are typically used, with 

an estimated BCt1/2 of 100 years for O/C >0.6, 100-1000 years for O/C between 0.2 and 0.6, and 1000 

years for O/C <0.2 [38,54]. 

The interactions of biochar with soil properties influence the mineralization rate of biochar. It 

has been observed that biochar tends to mineralize faster in sandy soils than in clayey or mineral-

enriched soils [52,132]. However, if poorly managed, plant roots can oxidize biochar, promoting higher 

mineralization and reducing the mitigation potential of biochar [134,135]. For instance, Zhang et 

al.[136] reported that application rates of biochar in the range of 10 to 40 t BC ha-1 can increase soil 

CO2 and CH4 emissions but reduce N2O emissions by 15%, 16%, and 38%, respectively, as compared to 

a no-biochar situation, while application rates above 80 t BC ha-1 trigger net sequestration of 36% CO2, 

30% CH4, and 65% N2O. 
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• Pyrochar 

A total of 34 studies (n=144 datasets; details in [61]) were identified for crop residue-based 

pyrochar, collected from laboratory incubations, carbon modeling, and field trials. The studies were 

separated by process temperature as low (<300°C), medium (300-500°C), and high (>500°C) 

temperatures, with the main interest in the medium temperature group (Fig.7) since higher bio-oil 

(main product) yields are typically reported for this temperature range. After removing outliers, the 

data was reduced to 131 observations, with an average 𝐶!""" (across all temperature ranges) of 96%. At 

medium temperatures, pyrochar showed a mean 𝐶!""" of 95% (n=74), which is associated with an average 

𝑀𝑅𝑇"""""" of 632 years and a mean incubation time of 279 days. 

Compared to raw biomass, pyrochar mineralizes at a significantly slower rate. For instance, 

Knoblauch et al.[137], found that about 77% to 100% of rice husks were mineralized in soils, whereas 

only 4.4%-8.5% of pyrochar derived from rice husks was mineralized, for a similar timeframe. Similarly, 

Bruun et al.[95] observed that 53% of C was mineralized from wheat straw added to soils, while only 

2.9% and 5.5% were mineralized for the slow and fast pyrolyzed residue, respectively.  

Considering only studies conducted for more than one year (n=30), recalcitrance remains 

almost unchanged (~93%), while the 𝑀𝑅𝑇"""""" decreases to 604 years, for the medium temperatures 

group. For high (n=49) and low (n=10) temperatures, 𝐶!""" is shown to be 97% The 𝐶!""" value of low-

temperature pyrochar may be biased by the small number of studies identified, thus this value remains 

highly uncertain. 

Nevertheless, these results are consistent with the meta-analysis of Han et al.[52], who found 

that manure- and crop-based pyrochar are composed of a CL fraction of 4.35%, while wood-based 

pyrochar is more recalcitrant with a CL fraction of 1.32%. Despite the CR fraction being considered to 

remain unchanged over the long term, various modeling studies have determined that in fact, a very 

slow mineralization process occurs in this fraction. Using Eq 2b, approximately 75% of the 𝐶!"""in 

pyrochar is reported to remain unmineralized after 100 years. The 100-year 𝐶!""" predictions reported 

in this study are in accordance with Woolf et al.[33] and IPCC guidelines [138], suggesting respectively 

that 63-82% and 80% of the pyrochar is not mineralized after 100 years, thus remaining in soils. 

• Gaschar 

In contrast to pyrochar, there is still scarce information about the C recalcitrance of gaschar, 

and incubation trials are needed to clarify the gaschar behavior in terms of long-term SOC dynamics 

[134,139]. Given the scarcity of information on gaschar recalcitrance, woody feedstocks were included 

besides crop residues to expand the number of records in the inventory, to derive the figures 
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presented in Fig.7. In total, ten publications were identified with 36 observations. The mean C 

recalcitrance (𝐶!""") was found to be 95% (n=33) for a mean incubation time of 523 days and a mean 

𝑀𝑅𝑇"""""" of 141 years. Data were grouped by type of feedstock into crop residues- and wood-derived- 

gaschar, which represented a 𝐶!""" (%) of 94% (n=20) and 100% (n=10), respectively (Fig.7). 

Data were also grouped by gasification temperature in three groups (Table S2): low (500-

600°C), medium (700-800°C), and high (>1200°C). The C recalcitrance (𝐶!""") was 95% for the medium 

and high-temperature groups. The low-temperature group showed recalcitrance near 100%. However, 

the latter value resulted from only one study where the incubation was carried out for 143 days. 

Higher temperatures tend to produce a char with fewer surface functional groups, which is 

ascribed to increased resistance to microbial degradation; this explains the higher C stability in gaschar, 

as compared to pyrochar [52,128,140]. The results are aligned with the IPCC guidelines [138], 

suggesting that 89% (± 13%) of C remains in the soil after 100 years. Nevertheless, the MRT values of 

the dataset are considerably low compared to the centennial to millennial-scale values reported in e.g. 

[55,56]. 

3.2.2.2 Hydrochar 

Compared to pyrochar, the literature on hydrochar recalcitrance is sparse, mainly because 

hydrochar is considered less attractive than pyrochar, at least when stemming from the HTL process. 

This is essentially attributed to the lower surface, porosity, and aromatic C groups in hydrochar than 

pyrochar [122]. From 104 datasets (16 studies), the average stability of hydrochar in soils obtained 

from different feedstocks was 89% (Fig.7, n=97, after outlier removal). For hydrochar from crop 

residues in isolation, the reported recalcitrance averages 83% with a mean 𝑀𝑅𝑇"""""" of 11 years (n=29).  

The lower 𝐶!""" and 𝑀𝑅𝑇"""""" of hydrochar compared to gaschar and pyrochar is attributed to the 

milder conditions and the water content allowed in the process. Under these conditions, hydrochar 

with a high number of aliphatic groups and O and H content is formed due to a lower evaporation rate, 

which leads to the formation of DOC in soils and more C lability [52]. 

3.2.2.3 Digestate 

Digestate recalcitrance is attributed to the lignocellulosic matter content in the raw biomass, 

with the more labile components being converted to biogas during digestion [141]. 

A total of 17 studies (n=114) on digestate recalcitrance from different feedstocks were 

identified in this study. The average digestate C recalcitrance across all feedstocks combined was found 

to be 70% (n=104). Under the consideration of returning digestate to the soil as a strategy to harvest 
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more crop residues for AD, digestates were grouped by input feedstock, namely, cattle manure, cattle 

slurry, pig slurry, poultry manure, and crop residues/biowaste mixtures, the key feedstock of interest 

here. The average C recalcitrance for the crops/biowaste group was found to be 68% (n=31), which is 

similar to the value of 65% reported by Levavasseur et al.[142] 

When possible, the mineralization of the raw biomass was compared to the digestates. Some 

studies have found digestate to be even twice as resistant to degradation as the undigested feedstock 

[143,144]. For instance, the application of undigested silage maize (100% C) produced a CO2 loss of 

104% (i.e., loss of C in the EOM and the native soil), while the application of digested silage maize (36% 

of the initial C) resulted in a 13% mineralization only [145]. On the other hand, Thomsen et al.[144] 

estimated, based on incubation assays, a recalcitrance of 12% for digested feedstock versus 14% for 

non-digested feedstock, concluding that anaerobic digestion has little influence on long-term C 

retention in soils. On average (n=20), this review found that digestate is 31% more stable than the raw 

biomass (details in the database compiled in Andrade et al.[61]); specifically, the stability of digestate 

from crop residues/biowaste mixtures is 35% higher than that of undigested biomass. Note that the 

original stable C in biomass is not altered during AD, thus the only difference between the raw and 

digested biomass is the labile C content. Therefore, the higher rate of CO2 emissions in the raw biomass 

is ascribed to the labile fraction. 

These results showed that while the C returned in digestate is only 36% (CC) of that in 

undigested biomass, the removal of the labile C fraction lessens soil C mineralization when digestate 

is applied, allowing SOC stocks to be maintained longer than if crop residues were plowed back in soils. 

The 𝑀𝑅𝑇"""""" observed for digestate is only 1.2 years (0.4 years for crop residues digestate, Table 1), which 

can be biased by the short duration of the incubation assays and the lack of field trials included in the 

database [61]. 

3.2.2.4 Molasses 

The potential use of coproducts from 2GEtOH as soil amendments has been poorly studied. 

Most studies address the behavior of the solid fraction only or molasses produced in first-generation 

bioethanol production (i.e., based on energy crops), while there are hardly any incubation studies to 

understand the recalcitrance of 2GEtOH molasses. Therefore, first-generation bioethanol coproducts 

were used as proxies of the 2GEtOH coproducts. 

The compilation thus includes coproducts such as “non-fermentable solids”, “molasses”, 

“yeast concentrate”, “distiller’s grains”, “bagasse pith” and “biodiesel meal” obtained from the 

bioethanol production of different feedstocks (maize, sugarcane, sugar beet, wheat, rapeseed, potato; 
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details in Table S2 and Andrade et al.[61]). The average C recalcitrance for the ensemble of coproducts 

was 48% (Fig.7) with an MRT of 1.3 years (n=51). Separation of the residues into molasses, cake, and 

rapeseed meal resulted in recalcitrance values of 46%, 42%, and 68%, respectively. 

There is evidence that the recalcitrance of bioethanol coproducts may be lower than that of 

the untreated biomass, probably because the chemical and enzymatic treatments alter the wall 

structure and disrupt the chemical bonds in lignin, allowing better access to soil microorganisms than 

in the raw biomass [64,146,147]. Soil application of molasses has been associated with increases in 

aliphatic carbon, salinity, and electrical conductivity of soils, as well as with higher CO2 and N2O 

emissions than untreated biomass [147,148]. The high mineralization rate of bioethanol coproducts is, 

however, associated with increased microbial activity, which in turn is associated with increased 

fertility and plant growth [118]. On the opposite, Cayuela et al.[146] observed stronger recalcitrance 

of the soil organic matter (SOM) for non-fermentable wheat residue from bioethanol production, 

compared to the recalcitrance observed with raw wheat residues. Further research is required to 

understand the actual recalcitrance of bioethanol coproducts and their effect on long-term soil quality. 

3.2.2.5 Perspectives on recalcitrance 

The application of bioeconomy coproducts (e.g., biochar, molasses, etc.) to soils needs to be 

further researched, as the presence of heavy metals and toxic substances may affect soil quality and 

soil C and N dynamics can be altered by the different feedstocks and processes. Nevertheless, some 

mechanisms have been proposed by [69,134,139,149,150]  to understand how the application of 

specific bioeconomy coproducts can, now and in the future, affect soil C mineralization (commonly 

referred to as the negative priming effect when decreasing the mineralization rate). The key points to 

consider are: 

a) The soil microbiome may evolve to adapt to use pyrochar or gaschar as a source of C instead 

of native SOM. Thus, the recalcitrant C would become the preferred C source, affecting long-

term mineralization. 

b) Biochar microporous structure adsorbs SOM particles, which reduces microbial accessibility to 

SOM, thus decreasing the microbial degradation of SOM. Higher process temperatures 

increase the microporosity of biochar, which explains the higher negative priming effect for 

biochar produced under gasification compared to pyrolysis or HTC. 

c) Some functional groups in biochar or bioethanol molasses may be toxic to microorganisms, 

thus inhibiting their growth and enzymatic activity. The continued soil respiration even when 

coproducts are added may however be evidence to oppose this theory. 
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4. SOC modeling and bioeconomy  

4.1 SOC modeling: general considerations  

Soil models represent terrestrial systems linking soil, atmosphere, and plants, in different 

degrees depending on the model. Diverse modeling approaches are reported in the literature 

according to the mechanistic understanding of the SOM dynamics extrapolated to the system. Ideally, 

a soil model must be capable of extrapolating local short-term-measured processes to long-term 

effects valid at different scales [75]. However, challenges regarding understanding the intrinsic soil 

dynamics, parameterization, and input data availability remain unresolved thus no single ideal model 

exists, and the most adequate model must be selected for specific objectives [77]. 

RothC, AMG, and C-TOOL are SOC models with simple to moderate complexity to model C-

dynamics only, while the other models reviewed here (CENTURY, Daycent, DNDC, EPIC, Daisy, APSIM, 

STICS, CANDY, ORCHIDEE) are agro-ecosystem models simulating plant-soil-atmosphere interactions 

[94] based on several sub-models, including a SOC model, and can thus predict C-N dynamics, soil-

water, nutrients and energy balance, plant growth, and gaseous emissions. A detailed description of 

the models is provided in SI1 and SI2. 

The decomposition and mineralization of SOM can be described via zero-order, first-order, or 

enzyme kinetics, and microbial growth rate functions [18]. However, most SOC models are based on 

conceptual compartments, commonly of two to five pools, each described by first-order-kinetics with 

a specific k constant, determining MRT () [75,151]. Despite the number of pools, and the values of k 

and MRT being distinctive for each model, they often include at least one pool to describe the decay 

process of CL and another pool for CR governing SOC stability. Therefore, incoming organic matter is 

partitioned among pools according to its decomposability. 

Inputs required to run the different models (SI2) include soil characteristics (texture, bulk 

density, initial SOC stocks), climatic variables (air temperature, precipitations, and evapotranspiration), 

and management practices (crop rotations, fertilization, tillage, grazing, harvesting, among others). 

Models run at different timesteps (hourly, daily, monthly, or annual), therefore the input data provided 

must correspond to the time scale. 

The models require estimates of the decomposability of the plant material and the number of 

C inputs from crop residues or EOMs. The C inputs from biomass are estimated from measured yields 

using allometric functions [18]. The stabilization process of the input material (plant and EOMs) is 

described using specific decomposition constants derived from chemically defined (e.g., chemical 

digestion, spectroscopy, among others) or kinetically defined fractions fitting the k and pool sizes to 
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CO2 emissions observed from incubations [151]. The representation of the stabilization process within 

the model enables the long-term simulation of the molecules' persistence in soil (recalcitrance) [78]. 

Among the most popular models, CENTURY, DNDC, and RothC are the most accepted and 

dominate the SOM modeling literature [75], with CENTURY and RothC being used to set the basis for 

developing other models. 

4.2 SOC modeling with bioeconomy coproduct 

Here, the focus is on the models capable of representing bioeconomy coproducts CR. Eight soil 

models that have been adapted to consider bioeconomy coproduct inputs were identified: Foereid et 

al.[152], RothC [35,36,151,153,154], Century [155], EPIC [156], APSIM [157], CANDY [158,159], AMG 

[142], and C-TOOL [34]. 

RothC has been the most adapted model for bioeconomy coproducts, while biochar is the most 

studied coproduct, followed by digestate. Model adaptation methods were determined by the 

complexity of the model and data availability, summarized in Table 2. 

All the analyzed studies, but that of Dil and Oelberman [155], considered that the coproducts 

are composed of CL and CR fractions, which are then allocated in the different SOC pools according to 

specific partition coefficients and mineralize following a first-order k. Foereid et al.[152] and Dil and 

Oelberman [155] followed rather simplistic approaches to model the SOC dynamics from biochar 

application by not considering different SOC pools in the former and not deploying realistic turnover 

rates in the latter. 

Foereid et al.[152] developed a biochar-soil model in Microsoft Excel using laboratory 

incubation data to define k, and field trial data to calibrate the model and describe leaching effects. 

Soil moisture and temperature effects were determined using the Daycent model. Biochar was 

considered to mineralize according to Eq.2b, with the labile k based on Whitman [160], while the 

recalcitrant k fit a turnover rate of 2,000 years in the stable fraction. The model also accounts for the 

C fraction prone to leaching and erosion (fr), with an erosion rate (kr) defined by adapting Eq.2b. Dil 

and Oelberman [155] included biochar in CENTURY as an organic matter input, representing the 

recalcitrance by 95% lignin content. This approach allocated biochar C in the slow pool following a 

turnover rate of 10-50 years, which is significantly lower than the reported biochar MRTs (Table S2). 

AMG was parametrized for different EOMs, including anaerobic digestates, by Levavasseur et 

al.[142], based on the indicator of residual organic carbon (IROC) defined by Lashermes et al.[161]. The 

proportion of EOM input into SOC is represented by the humification coefficient (h), which 

corresponds to the IROC from the biochemical fractions of 24 EOMs (>600 datasets). The IROC of each 



Chapter 2 : Literature review    

65 
 

 

EOM was determined based on the C content of the soluble lignin and cellulose under the Van Soest 

[162] method and the proportion of C mineralized after a 3-day incubation [161]. 

RothC has been modified by Woolf and Lehmann [23], Mondini et al.[132], Lefebvre et al.[153], 

Pulcher et al.[153], and included within the BioEsoil tool [154] to model the SOC dynamics from 

biochar, digestate, and bioethanol solid-residue inputs: 

• Woolf and Lehmann [35] modified the original decay rates of the decomposable plant material 

(DPM) and resistant plant material (RPM) pools to add the positive and negative priming 

effects of biochar addition to the soils. Simulations were performed for maize stalks as an input 

for pyrolysis. A 50% residue removal rate from croplands was assumed along with a biochar 

return to the soil, with a simulation frame of 100 years. The authors found a 30-60% increase 

in SOC stocks for biochar input instead of stalks. 

• Mondini et al.[151] built additional SOC pools for eight types of EOM materials, including 

anaerobic digestates and bioethanol residues. New EOM decomposable (EOM-DEOM) and 

resistant (EOM-REOM) pools were added parallel to the standard model, while the humified 

EOM was directly incorporated into the standard humified matter (HUM) pool. The 

partitioning factors fDEOM, fREOM, fHEOM, and the mineralization rate constants kDEOM and 

kREOM were defined through short-time incubation experiments (224 curves). The model was 

used later [163] to predict the long-term SOC stocks in Italy, at a national scale, for future EOM 

scenarios.  

• Lefebvre et al.[36] adapted a biochar submodule composed of fresh (FBC) and recalcitrant 

biochar (RBC) pools. The submodule considers the CL fraction as fresh plant material, while the 

remaining CR is allocated in the adapted RBC pool to be mineralized according to a kRBC decay 

rate representing an 11.9% C lost in 100 years. A fraction of C is subtracted from RBC to 

represent the leaching (fr) of biochar in natural ecosystems and a positive priming effect was 

included according to the Woolf and Lehmann [35] methodology. 

• Pulcher et al.[153] collected data from an eight-year field trial to calibrate and validate a 

biochar module, represented by additional pools for the CL (BClab) and CR (BCrec) biochar 

fractions. The biochar mineralization rate of the labile (kLAB) and recalcitrant (kREC) fractions 

were defined using a double exponential decay model, previously estimated by Ventura et 

al.[150] and corrected by dividing by yearly average rate modifying factors (a, b, c) obtained 

from measurements performed in 2013, 2015, and 2020. Biochar was assumed to enter the 

BIO and HUM pools of RothC, with a fraction being mineralized, accounting for the sum of CO2 

emitted from the DPM, RPM, BIO, HUM, BClab, and BCrec pools. A 16% negative priming effect 

was included in the C balance of each pool. 
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• RothC was also included in the BioEsoil tool [154] to evaluate the effects of bioenergy 

technologies (i.e., incineration, AD, gasification, ethanol fermentation, and plant oil 

production) on SOC by considering the nutrient losses during the process and the potential 

recoveries from returning the coproducts to the soil following a yearly time step. However, 

only digestate, gaschar, and incineration ashes are regarded as inputs to soils in BioEsoil.  

CANDY was used by Prays et al.[158] and Witing et al.[159] to predict the SOC dynamics from 

digestate applications. The fraction of C in the fresh organic matter (FOM) pool (CFOM) that enters the 

SOM pool is labeled as Crep flux and the substrate uses an efficiency parameter (η), which defines the 

potential to build new SOC. Prays et al.[158] performed incubation assays on six different maize-based 

digestates and performed inverse modeling to adjust η and k parameters to fit the observed 

mineralization rates. The adjusted parameters were then used by Witing et al.[159], where they 

determined the Crep factor for different materials (i.e., crop residues, excrement, and digestate). The C 

inputs from digestate (CDG) were calculated as the difference between the CFOM and the C in biogas 

(CBG), based on the reported biogas yields of different EOMs. 

C-TOOL was adapted by Hansen et al.[34] to model digestate, based on the incubation results 

of Thomsen et al.[144]. For some substrates (e.g., manure), C-TOOL already artificially allocates, 

through a factor called fHUM, a fraction of the EOM carbon input to the HUM pool (the rest being 

considered as labile and going to the FOM pool). By running iterations, Hansen et al.[34] determined 

that a fHUM of 36.7% and 26.0% for, respectively, manure digestate and straw digestate was necessary 

to fit the results of Thomsen et al.[144]. The adapted model was used to predict the 300-years SOC 

evolution of applying straw-based digestate in soils in Denmark versus harvesting straw without any 

carbon return to soils. 

EPIC was adapted and validated by Lychuk et al.[156] to determine maize yield, soil cation 

exchange capacity (CEC), pH, bulk density (Db), and SOC dynamics in soils amended with biochar. The 

biochar surface area and charge density were related to biochar additions to model the CEC and pH 

predictions. The soil-biochar mixture CEC (CECmix) was determined, and the extra CEC (CECadded) 

compared to non-amended soil was used to determine the new pH (pHnew) using the equation by 

Magdoff and Barlett [164]. The SOC dynamics were modeled by allocating different fractions of biochar 

among the SOC pools. The bulk density is affected by SOC changes and thus was calculated by 

modifying the Adams [165] equation to consider the bulk density of the mineral soil (Dbm), SOM 

(DbSOM), and biochar (DbBC). 

APSIM was adapted by Archontoulis et al.[157] by adding a biochar module that included ten 

parameters to define the biochar characteristics and 15 parameters concerning the soil-biochar 
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interactions. The coupled biochar module accounted for changes in soil OC, N mineralization and 

immobilization, CEC, NH4 adsorption and desorption, water balance, and bulk density, as a response 

to biochar application. Unlike other adaptations, the APSIM biochar module considers a double-

exponential decay rate, labile and recalcitrant fractions, allocation coefficients in the SOC pools, the 

amount of biochar lost during the application, and the efficiency of retaining biochar in the soil. The C 

fraction retained in the soil is allocated from the FOM to the metabolic (BIOM) and HUM pools. Positive 

and negative priming effects were determined according to the values reported by Woolf and Lehmann 

[35]. The authors assessed a range of values for the different parameters and compared the predictions 

to field observations, obtaining a mean relative absolute error between -0.4% and 13.1%. 

Table 2. Overview of existing approaches to include the effects of bioeconomy coproducts within soil 

models
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Model Coproduct Feedstock Methoda Variables and parameters 
Variable specifically 

defined within the study 
Ref. 

Foereid et al. 
Equations in 
Microsoft 
Excel 

Biochar 
(pyrolysis, 
500°C) 

Pine and 
oak 
residues, 
maize 
stalks 

𝐵𝐶𝑡(𝑡) = 𝐵𝐶0 × [𝑓! ∗ 𝑒"#!$ + (1 − 𝑓𝑟)] 
𝐵𝐶(𝑡) = 𝐵𝐶0 × [𝑓𝐶% ∗ 𝑒"#"$ + (1 − 𝑓𝐶%)

∗ 𝑒"##$] 

fCL =0.122, kL= 0.0038 d-1,  
fCR = 1-CL, MRTR= 2000, kR= 1.369 E-6 d-

1  

fr=0.9, kr=0.03 d-1 
Cm100y= 11.68%, Crunoff100y= 76.09%, 
Cdown100years=0.13%, 
Cm2000y= 20.65%, Crunoff2000y=74.83%, 
Cdown2000years= 0.52% 

BC(t): Mass of Biochar at 
time t,  
BC0: Biochar added 

[152] 

RothC 26.3 Biochar  
(Slow 
pyrolysis, 
500°C) 

Maize 
stalks 

𝐵𝐶(𝑡) = 𝐵𝐶0 × [𝑓𝐶% ∗ 𝑒"#"$ + (1 − 𝑓𝐶%)
∗ 𝑒"##$] 

𝑘&'() = 𝑘&'((1 + 𝑃𝐸[𝐵𝐶]) 
𝑘*'() = 𝑘*'((1 + 𝑃𝐸[𝐵𝐶])  

C content= 37% (35-39%), CL= 7.5% (5-
10%), CR = 1-CL, ln(2)MRTL= 3 (1-5), 
ln(2)MRTR= 1000 (500-50000),  
+PE= 6.9%, (0-13.8%), -PE= 3.6% (1.1-
6.1%).  
fBIO and fHUM as standard RothC (see 
SI2) 

+PE: C mineralized as CO2, -
PE: C transferred to HUM 
k’DPM , k’RPM: modified decay 
rate in DPM and RPM pool 

[35] 

 8 EOMs, 
digestates and 
bioethanol 
residues 

 Additional pools: EOM-DEOM, EOM-REOM, 
EOM-HEOM.  
Average RMSE = 4.5% 
 
 
 

fDEOM= 0.09 (0-0.63)  
fREOM= 0.70 (0.21-0.98)  
fHEOM= 0.41 (0.06-0.78) 
kDEOM= 89 y-1 (11-330) 
kREOM= 0.4 y-1 (0.15-2.51)  
kHEOM= 0.02 y-1 

EOM: Exogenous organic 
matter 
RMSE: Root mean square 
error 

[151] 

 Biochar 
(pyrolysis, 
550°C) 

Sugarcane 
bagasse 
and trash 

Biochar submodule: FBC + RBC 
RBC= CR – Cleached 
 

CL= 3%, CR= 97%, kRBC= 0.00119 y-1, 
Clost100years= 11.9%, Cleached= 5.83%, 
Cremain100years= 83%, +PE= 21% and 91% 

FBC: Fresh biochar, RBC: 
Recalcitrant biochar pool 
kRBC: decay rate in RBC  

[36] 
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Model Coproduct Feedstock Methoda Variables and parameters 
Variable specifically 

defined within the study 
Ref. 

 Biochar 
(Gasification, 
1200°C) 

Maize 
silage 

Additional pools: BClab and BCrec 

𝑘*+, =
#$
-,/,0

 ; 𝑘%12 =
#%
-,/,0

 

𝐶	𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐶3445 A1 − 𝑒
"-,/,0	'+#&''(

7
78B 

k1 and k2 constants are as in Ventura et al. 
[161].  
a, b,c are yearly average rate modifying factors 
corresponding to 2013, 2015, and 2020. 

C2013= 81%, C2015= 63.3%, C2020= 60.1%,  
k1= 0.08 y-1, k2= 2.55 y-1, 
CL= 4%, CR= 96%, kLAB= 3.6 y-1, kREC= 
0.14 y-1,  
-PE= log (0.16) 

BClab: Labile BC pool,  
BCrec: Recalcitrant BC 
pool, Cpool: Other RothC 
pools, 
kLAB: BClab decay rate 
corrected, kREC: BCrec 
decay rate corrected, k1: 
BClab decay rate in 2015, 
k2: BCrec decay rate in 
2015, kpool: decay rate of 
other RothC pools,  

[153] 

 Digestate, 
gaschar, ashes 

 FOM is distributed over the DPM and RPM, 
based on h according to 

𝐷𝑃𝑀/𝑅𝑃𝑀 = 2.0 − 2.174 ∗ ℎ 

Digestate produced: 50%, h: 0.75.  
Gaschar produced: 50%, h: 1.  
Incineration ashes produced : 5%, h: 1 

Digestate, gaschar, and 
ashes produced: Residue 
produced in percentage 
(%) relative to feedstock 
mass. 
h : humification coefficient 

[154] 

Century Biochar 
(pyrolysis, 
450°C) 

Wood 
residues 

𝐶𝑅	$$$$$represented as 95% lignin content 
allocated in the slow pool (𝑀𝑅𝑇$$$$$$= 10-50 years). 
The N input from biochar was considered a 
mineral fertilizer 

Biochar composition : 61.7% C, 0.24% 
N, 95% lignin,  
C:N ratio = 257 

 [155] 

AMGv2 Manure, 
digestate, 
compost, SS, 
peat, MSW, 
PCM 

 AMG structure [22] 
𝑄𝐶 = 𝑄𝐶9 + 𝑄𝐶1 

𝑑𝑄𝐶1
𝑑𝑡 =L𝑚:ℎ: − 𝑘𝑄𝐶1

:

 

h= IROC for the different EOMs in 
Lashermes et al. [171]. 
Digestate h= 0.65. 

QC: Total SOC, CA: Active 
pool, CS: Stable pool, mi: C 
input, h: humification rate, 
k: mineralization rate of 
the CA 

[142] 

CANDY Digestate  Inverse modeling to fit the parameters to 
experimental observations 

k= 0.279-0.575 d-1 
η= 0.802 to 0.890. 

 [158] 
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Model Coproduct Feedstock Methoda Variables and parameters 
Variable specifically 

defined within the study 
Ref. 

 Digestate  𝐶&; = 𝐶<=( − 𝐶2;  C inputs year 2000= 2905 kg C ha-1 

(1524 kg Crep ha-1).  
C inputs year 2011= 2965 kg C ha-1 
(1567 kg Crep ha-1). 
Crep = 53%. η as determined in Prays 
et al., 2017. 

C inputs year 2000: Carbon 
input in the year 2000 
C inputs year 2011: Carbon 
input in the year 2000 

[159] 

CTOOLv2 Digestate Manure, 
straw 

Inverse modeling: Iterative calculation of fHUM 
to fit the experimental C remaining data of 
Thomsen et al. [155] 

Digested biomass-Cremain20y – Raw 
biomass-Cremain20y = 14%, 
Manure digestate: h=36.7%, Straw 
digestate: h=26.0% 

Digested biomass-Cremain20y 
– Raw biomass-Cremain20y: 
Percentage of C remaining 
in digestate after 20 years 

[34] 

EPIC Biochar  𝐶𝐸𝐶𝑚𝑖𝑥

=
𝐶𝐸𝐶𝑠𝑜𝑖𝑙 + R𝐵𝐶𝑟𝑎𝑡𝑒𝑀𝑠𝑜𝑖𝑙 T × 𝐶𝐸𝐶𝑏𝑖𝑜𝑐ℎ𝑎𝑟

1 + R𝐵𝐶𝑟𝑎𝑡𝑒𝑀𝑠𝑜𝑖𝑙 T
 

𝐶𝐸𝐶𝑎𝑑𝑑𝑒𝑑 =
(𝐶𝐸𝐶𝑚𝑖𝑥 − 𝐶𝐸𝐶𝑠𝑜𝑖𝑙)10

𝑂𝑀/0&?4:5
 

𝑝𝐻𝑛𝑒𝑤 =
𝑈𝑝𝐻 − 𝐿𝑝𝐻

1 + 𝑒"-(A)*+"B)
+ 𝐿𝑝𝐻 

𝑋DEF = ]𝑇 −
1
𝐴 A𝑙𝑛 A

𝑈𝑝𝐻 − 𝐿𝑝𝐻
𝑝𝐻 − 𝐿𝑝𝐻 B − 1B_

+ 𝐶𝐸𝐶𝑎𝑑𝑑𝑒𝑑	

𝐷𝑏 =
100

𝑆𝑂𝑀
𝐷𝑏9=(

+ 100 − 𝑆𝑂𝑀 − 𝐵𝐶
𝐷𝑚 + 𝐵𝐶

𝐷𝑏2,

 

Biochar characteristics: DbBC= 0.64 Mg 
m-3, 72.9% C, 0.76% N, 4.6% ash, C:N= 
120, H:C= 0.018, and O:C= 0.26 
Biochar in SOC pools: fActive= 2%, 
fSlow= 60%, fPassive= 38% 
pH: Modified Magdoff and Barlett 
(1985) equation 
pH=soil pH, UpH= 7.30055,  LpH= 
3.495, A= 1.08, T= 6.6 
Db: Modified Adams (1973) equation 
DbSOM= 0.244 Mg m-3 

Average error= 30% (yield) and 8% 
(SOC) 

BCrate is the rate of 
biochar addition, Msoil is 
the mass of a slice of soil in 
1 ha, CECbiochar is the CEC 
of biochar, UpH: upper 
oxisol pH, LpH: lower oxisol 
pH. 
OMbc&soil: organic matter 
content within the soil and 
biochar mixture 

[156] 
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Model Coproduct Feedstock Methoda Variables and parameters 
Variable specifically 

defined within the study 
Ref. 

APSIM Biochar  PE is considered for each pool and k is modified 
according to Woolf and Lehmann [49]: 
𝐵𝐶(𝑡) = 𝐵𝐶0 × [𝑓𝐶% ∗ 𝑒"#"$ + (1 − 𝑓𝐶%)

∗ 𝑒"##$] 
𝑘&'() = 𝑘&'((1 + 𝑃𝐸[𝐵𝐶]) 
𝑘*'() = 𝑘*'((1 + 𝑃𝐸[𝐵𝐶])  
 
 
 

C content= 17-88%, CL= 3-30%, 
MRTL=0.3-25,  
MRTR= 50-50000, Cretained= 40%, fBIO= 
0.05, fHUM= 0.95 
+PEFOM= 0.1 (0-0.138) m2 kg-1 C, 
-PEFOM= 0.05 (-0.30-0-0.15) m2 kg-1 C, 
+PEBIO= 0.1 (0-0.15) m2 kg-1 C, 
-PEBIO= 0.05 (-0.15-0) m2 kg-1 C, 
+PEHUM= 0.1 (0-0.15) m2 kg-1 C 
MRAE = -0.4% to 13.1% 

+PE: C mineralized as CO2, -
PE: C transferred to HUM. 
MRAE: mean relative 
absolute error 

[157] 

aValues in parenthesis represent the whole range of values, L: Labile, R: Recalcitrant, k: decay rate, f: partition factor, Cm: C mineralized, Crunoff: C lost by runoff, Cdown: C 

transported from topsoil to subsoil, Cretained: C retained in soils, Cleached: C lost by leaching, Cremain: C remaining at a given time, MRT: Mean residence time (years), PE: 

Priming Effect, [BC]: concentration of biochar in the soil, Db: bulk density, CEC: Cation exchange capacity, CL: Labile carbon, CR: Recalcitrant carbon, kL : decay rate in 

labile pool,  kR : decay rate in recalcitrant pool,  MRTL: Mean Residence time in labile pool, MRTR: Mean Residence time in recalcitrant pool, fr: fraction of C available for 

runoff, kr: runoff rate, +PE: positive priming effect, -PE: negative priming effect, OMbc&soil: organic matter content within the soil and biochar mixture, DbSOM: Bulk density 

of SOM, DbBC: Bulk density of biochar, UpH= upper oxisol pH, LpH= lower oxisol pH, fBIO: fraction of C transferred to BIO, fHUM: fraction of C transferred to HUM, fDEOM: 

fraction of C transferred to DEOM , fREOM: fraction of C transferred to REOM, fHEOM: fraction of C transferred to HEOM, h: humification coefficient, η: substrate use 

efficiency, EOM: Exogenous organic matter, SOC: Soil organic carbon, SOM: Soil organic Matter, FPM: Fresh Plant Material, FOM: Fresh Organic Matter, DPM: 

Decomposable plant material, RPM: resistant plant material, BIO: Microbial Biomass, HUM: Humified organic matter, LAOC: Labile Added Organic Carbon, DEOM: 

decomposable exogenous organic matter, REOM: resistant exogenous organic matter, HEOM: humified exogenous organic matter, IROC: indicator of residual organic 

carbon, FBC: Fresh biochar, RBC: Resistant biochar, SS: Sewage sludge, MSW: municipal solid wastes, PCM: pelletized cattle manure, RMSE: root mean square error, 

MRAE: mean relative absolute error. 
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The most relevant strengths and weaknesses of the models in Table 2 were categorized in Fig.8 

to determine the current SOC models with the major potential to simulate the interplay between crop 

residue removal and their partial return to soils as bioeconomy coproducts. Models with limited input 

data, easy procedures, and friendly interfaces are commonly preferred by decision-makers [149]. 

Therefore, the considered “desirable characteristics” are simple and modifiable structures, based on 

simple processes, widely validated across diverse land and climate types, and requiring easily 

accessible national scale data inputs. The ability to determine other dynamics beyond C evolution was 

also considered desirable. However, it must be highlighted that defining a characteristic as a strength 

or weakness depends on the user´s purpose for using the model. 

 

Fig.8. Comparison of promising SOC models to include bioeconomy coproducts return to soils. BC: Biochar, DG: 

Digestate, 2GEtOH: Second generation-lignocellulosic bioethanol. 

5. Conclusions 

The main conclusions resulting from this study can be summarized as follows: 

• This study compiled data from over 600 literature records to provide the foundations required 

to uncover the synergies between bioeconomy conversion pathways and long-term SOC stock 

maintenance with a focus on crop residues. This allowed computing average C conversion (𝐶𝑐""") 

and C recalcitrance (𝐶!""") coefficients for pyrochar, gaschar, hydrochar, digestate, and 
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lignocellulosic bioethanol molasses. The 𝐶!""" was further refined by process conditions and 

feedstock types. These coefficients can be further adapted within soil models to assess the 

bioeconomy coproduct implications in SOC stock evolution. 

• Pyrochar and gaschar presented the highest 𝐶!""" coefficients (95%), followed by hydrochar 

(89%), digestate (70%), and lignocellulosic bioethanol coproducts (47%). However, while a 

relatively high amount of experimental data was available for pyrochar (n=144), hydrochar 

(n=104), and digestate (n=114), there were relatively scarce data for gaschar (n=36) and 

lignocellulosic bioethanol coproducts (n=51). Moreover, values associated specifically with 

crop residues tend to present larger variation ranges than other lignocellulosic feedstock for 

gaschar (ranging between 39–99%) and hydrochar (ranging between 33–97%). For pyrolysis, a 

medium operating temperature (300 –500 °C), i.e., the condition considered when bio-oil is 

the intended product, similarly leads to wider 𝐶!""" variability (33–100%) than low (<300°C, 82–

100%) or high (>500°C, 80–100%) operating temperatures.   

• Of the C in the initial biomass feedstock, only 20% end up in the gaschar or lignocellulosic 

bioethanol molasses (liquid fraction), while it is 30 – 36% for hydrochar and digestate and 45%-

50% for the lignocellulosic bioethanol solid fraction and pyrochar. 

• MRT represents the average lifetime of the coproducts in soils. Pyrochar has the highest 

average MRT (3014 years), while the lowest MRT was reported for digestates (1.23 years). 

However, MRT values are influenced by the modeling equations selected, the incubation 

duration, and the frequency of respirometry measurements and the results in this study are 

biased by the small number of studies reporting expected MRTs (216) compared with the total 

data records (449). 

• One major critique of incubation trials and field experiments is the duration of the 

experiments, which tends to be shorter than the expected half-life of the coproducts, 

especially for pyrochar and gaschar. The lengthiest reported field trial experiment was 

conducted for only 8.5 years for pyrochar, while the shortest assays had durations of over one 

week for digestate. Modeling has allowed determining the long-term behavior of coproducts 

in soils; however, it requires a set of consecutive measurements to determine the C kinetics 

and results are highly influenced by the order of the equation (zero, first, second, n), which is 

related to the defined C fractions in the coproducts. 

• Incubation and field trial experiments are typically focused on the C mineralization process, 

sometimes including N emissions and fertilization effects, but tend to disregard other 

environmental aspects such as toxicity, biodiversity, or soil physical quality (e.g., CEC, salinity, 

erosion, etc.). 
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• Adapting a SOC simulation model to consider the interplay between bioeconomy and SOC is 

challenging, with one hurdle being the limited knowledge of the behavior of stabilized matter 

in real (and future) environments. To date, some models, including RothC, Century, AMG, 

CANDY, EPIC, APSIM, C-TOOL, and empirical simplistic models, have been adapted to some 

extent to include bioeconomy coproducts (e.g., biochar, digestate, bioethanol non-

fermentable residues) with acceptable precision. These were thoroughly reviewed, including 

the methods used to incorporate coproduct recalcitrance within the models, when applicable. 

RothC was highlighted as the most adaptable model due to its simplicity and limited data 

requirements. Nevertheless, adapting more complex models may provide a more 

comprehensive understanding of the diverse effects of stabilized matter in soil dynamics 

beyond carbon. The 𝐶!""" and 𝐶"""" values compiled herein for a wide variety of bioeconomy 

coproducts, nevertheless, represent a major steppingstone for feeding this upcoming 

generation of adapted SOC models and therefore allow for better anticipating the interplay 

between crop residues and bioeconomy. 

Data availability 
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Supporting documents and data 

This Chapter 2 remains a synthesis mentioning the key characteristics of the bioeconomy 

conversion pathways studied, the final average coefficients representing the bioeconomy coproducts, 

and the soil models considered for including recalcitrant bioeconomy coproducts. The full data 

reporting the carbon content, yields, recalcitrance, and mean residence time of five bioeconomy 

coproducts was compiled in a harmonized database transparently documented in separated Appendix 

files and online repositories. Also, process conditions of each technology, and the structure of all the 

models reviewed are detailed in the appendixes:  

 

Towards Chapter 3 

Besides proposing a set of coefficients defined as the carbon conversion (CC) and carbon 

recalcitrance (CR), to describe the amount of carbon converted from crop residues to bioeconomy 

coproducts and to represent the recalcitrant nature of the coproducts, respectively for pyrolysis 

biochar (pyrochar), gasification char (gaschar), HTL hydrochar, and AD digestate, Chapter 2 also 

investigated several soil models and the feasibility of including the studied coproducts in them. Soil 

carbon models as RothC, AMG, or C-Tool present simple structures more easily adaptable to include 

novel inputs as source of C. Therefore, the CC and CR coefficients can be adapted to the soil carbon 

models to represent the amount of carbon input to croplands as recalcitrant coproducts, and the 

fraction of carbon that will be allocated in each soil pool. Also, the database produced within this study 

reports mineralization rates and mean residence time of each carbon fraction of the coproducts. Yet, 

the parameters of each coproduct have not been yet included in the models. Moreover, SOC dynamics 

depend on pedoclimatic conditions and farming management, and are thus spatial explicit. 

Accordingly, Chapter 3, proposes the adaptation of the soil model AMG to include the five coproducts 

reviewed in Chapter 2 and presents a novel framework for the spatial explicit application of the new 

bioeconomy adapted AMG. 

• Appendix A1a: Supplementary information of the article  

• Appendix A1b: Table summarizing the structures and parameters of twelve soil models.  

• Background data: The database produced along with this paper is openly available in 

the following repository: https://doi.org/10.48531/JBRU.CALMIP/WYWKIQ 

 

https://doi.org/10.48531/JBRU.CALMIP/WYWKIQ
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3. CHAPTER 3: SOC modeling for the bioeconomy 

in temperate contexts – French case study 

3.1 Context 

This chapter targets the following research questions and objectives: 

1. RQ2. How much additional biomass is available if bioeconomy coproducts are returned to soils, 

compared to an approach not considering the bioeconomy/recalcitrance effect? 

2. RO2. Adapt a soil model to evaluate the long-term SOC dynamics of harvesting crop residues 

for the bioeconomy while returning the bioeconomy coproducts to soils. 

3. RO3. Perform spatially explicit assessments of C-neutral harvest potential of crop residue to 

supply the bioeconomy at national level in temperate and tropical contexts, represented by 

France and Ecuador, respectively. 

  

The content of this chapter was published in Applied Energy in 2023 and is reproduced with 

permission of the journal. The numbering of the sections, figures, tables, and appendixes are 

kept as in the published version. 

Citation: Christhel Andrade Díaz, Hugues Clivot, Ariane Albers, Ezequiel Zamora-Ledezma, Lorie 

Hamelin, The crop residue conundrum: Maintaining long-term soil organic carbon stocks while 

reinforcing the bioeconomy, compatible endeavors?, Applied Energy, Volume 329, 2023, 

120192, ISSN 0306-2619, https://doi.org/10.1016/j.apenergy.2022.120192. 

 

Key findings 

• The soil model AMG has been adapted to include pyrochar, gaschar, hydrochar, 

digestate, and bioethanol molasses. 

• A SOC – bioeconomy modelling framework, applicable to different spatial resolutions 

and geographical areas has been developed in this chapter. 

• A surplus potential of 71 -125 PJ could be available in France if a C-neutral harvest 

entailing the return of bioeconomy coproducts is applied to maintain the SOC stocks 

at the same level as in a reference scenario where crop residues are not harvested. 

https://doi.org/10.1016/j.apenergy.2022.120192
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Highlights 

• The interaction between soil organic carbon, crop residues, and bioeconomy conversion was 

investigated. 

• The AMG soil carbon model was adapted to include five bioeconomy coproducts. 

• Crop residues' potential for the bioeconomy is spatially explicit and depends on the conversion 

pathway. 

• The return of biochar to soils can maintain and even double SOC stocks if all the available crop 

residues are harvested compared to non-harvesting. 

• Additional 71 – 225 PJ biomass are available for the bioeconomy with coproducts returning to 

soils. 
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Abstract 

Crop residues are a key bulk feedstock for supplying renewable carbon for bioenergy 

production and the broader bioeconomy without compromising food security. However, it is 

frequently advised to harvest no more than half of this potential to ensure the preservation of soil 

organic carbon (SOC) stocks. In this study, we challenge this recommendation and demonstrate that 

the crop residue potential allowing to maintain long-term SOC stocks is spatially differentiated and 

strongly dependent upon the bioeconomy conversion pathway for which it is intended. We assessed 

the interaction between the residues' usage for the bioeconomy and the maintenance of SOC stocks 

over 100 years by considering the coproduct return to soils from five bioeconomy pathways: pyrolysis, 

gasification, hydrothermal liquefaction, anaerobic digestion, and lignocellulosic ethanol production. 

To compare the long-term SOC changes from these scenarios against a reference where crop residues 

are unharvested, we developed a novel framework, applicable to any site or region, by coupling a SOC 

model that includes recalcitrant organic matter deriving from a bioeconomy calculation module. The 

adapted SOC model considers the recalcitrance to degradation of each coproduct, while the 

bioeconomy module determines the share of carbon from the crop residues ending in the coproducts. 

The framework was tested and applied with a high spatial resolution (> 60,000 simulation units) to the 

context of French croplands over the period of 2020–2120, with state-of-the-art sensitivity analyses. 

The case study results revealed, among others, that an additional crop residue potential equivalent to 

71–225 PJ (pathway-dependent) could be available for the French bioeconomy without SOC decreases, 

compared to applying a stringent removal limit of 31.5%. 

Keywords 

SOC modeling, recalcitrance, biochar, hydrochar, bioethanol molasses, digestate 
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Graphical abstract 

 

Fig 0. Graphical Abstract of Chapter 3. 
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1. Introduction  

In alignment with the Paris Agreement [1], the European Union [2], the United Kingdom [3], 

China [4], and other countries [5] have set the goal of achieving carbon neutrality by the mid-

century. According to the International Renewable Energy Agency, a global bioenergy share of at 

least 21% of the total energy consumption by 2030 is required, to meet the Paris target of limiting 

global average temperature increases well below 2°C above pre-industrial levels. [6,7] This implies 

a myriad of solutions to avoid the use of fossil carbon (C), such as increased electrification, use of 

bioenergy for energy services that cannot be immediately electrified, use of biomass and direct air 

carbon capture to supply carbon feedstock for energy and non-energy services, as well as ensuring 

the cycling of the carbon already in circulation within the technosphere. [8] Additionally, it involves 

increasing carbon sinks, among others in 

agricultural soils, including grasslands. 

Crop residues are leftovers from harvest 

operations and are a key feedstock supplying 

renewable carbon. In fact, crop residues are 

widely available in large quantities, at low costs, 

and with short harvest cycles, besides not 

directly competing with food security. [9,10] In 

Europe alone, a theoretical potential of 3800 PJ 

y-1 was estimated [11] which is equivalent to the 

gross annual electricity generation of France and Germany combined. [12]  

When left unharvested on the field (i.e., ploughed back into the soils), crop residues can 

contribute to soil organic carbon (SOC) and play a crucial role in the long-term quality, nutrient 

balance, and agronomic functions of soils. Increasing removal rates reduces the soil organic matter 

inputs. This creates a tradeoff between the use of crop residue for the bioeconomy (here defined 

as the supply of both energy and non-energy services without fossil carbon) and SOC stock 

maintenance. [15,16] To address this trade-off, various studies have suggested limiting the 

removal to rates between 15% and 60% of the theoretical harvest potential (depending on the 

crop type). [14,17–20] These restrictions significantly reduce the supply of renewable carbon from 

crop residues to the bioeconomy and bioenergy production systems. 

Crop residues include a variety of 

streams, such as dry stalks and leaves of (i) 

cereals, (ii) oilseed crops, and (iii) stems and 

leaves from tubers. [13] Current uses of crop 

residues include animal fodder and bedding, 

mushroom production, or mulch to preserve 

soil moisture, among others. [11,14] 



Chapter 3: SOC modeling for the bioeconomy in temperate contexts – French case study    

96 
 

 

Bioeconomy processes convert the degradable portion of biomass into a main product (e.g., 

bio-oil, biogas, biomaterials), while the more degradation-resistant portion remains a coproduct 

(e.g., biochar, digestate, molasses). This coproduct can be applied to soils as exogenous organic 

matter (EOM) to maintain or enhance their SOC stocks. [21] EOM is a heterogeneous material and 

can be composed of recalcitrant and labile fractions. The labile fractions tend to be mineralized 

(i.e., as CO2 emissions) within 1 – 2  years following their application to the soil, while the 

recalcitrant fractions exhibit longer mean residence times (MRT [22]) in soils, typically ranging on 

the decadal scale, promoting SOC storage. [22,23] SOC stock evolution depends on the coproduct 

applied as well as the site-specific conditions and cropping systems (i.e., a combination of soil 

properties, climate, crop rotations, and other management practices). [24,25] Spatially explicit 

considerations are thus needed in order to address the conundrum between long-term SOC 

storage and the supply of a renewable C feedstock to the bioeconomy. 

Soil C models can simulate long-term SOC dynamics, taking into consideration different 

cropping systems, soil properties, and climates. [26] The decomposition of organic matter involves 

complex processes influenced by the characteristics of the biomass, eventual stabilization 

treatment, degree of recalcitrance, pedoclimatic conditions, and interactions with the soil 

microbiota, among others. An accurate prediction of the coproducts’ carbon persistence in soils is 

therefore challenging. [27,28] Some soil models have been adapted to simulate the return of 

bioeconomy coproducts into soils. This includes, for instance, RothC [29–31], Century [32], APSIM 

[33], and EPIC [34] for biochar; CTOOL [35], AMG [36], CANDY [37], and RothC [28] for digestate. 

RothC has also been adapted to consider bioethanol coproducts, such as the non-fermentable 

residue [28], and was used to develop BioEsoil, a tool to evaluate the effect of residues from 

bioenergy processes (i.e., gasification and incineration) on soil organic matter. [38] However, these 

studies are coproduct-specific and often limited to very specific parcels.  

For instance, the interaction between harvesting crop residues to supply the bioeconomy and 

its effect on long-term SOC stocks has been explored in Hansen et al. [35], where the authors found 

that for Danish soils, the amount of crop residues that can be harvested for pathways that do not 

involve C returns is one-fourth of what can be harvested on average if the digestate is returned to 

soils. Hansen et al. [35] assessed only one bioeconomy conversion pathway (i.e., anaerobic 

digestion) and used a rather coarse spatial representation of Danish croplands limited to two types 

of crop rotations and three types of soils. Similarly, Woolf and Lehmann [30] predicted that 

removing 50% of crop residues for bioenergy in three specific locations of Colombia, Kenya, and 
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the USA could lead to SOC stock increases of 30–60% in 100 years when the corresponding biochar 

is applied to soils. To date, only a few studies have used a soil model that includes different EOM 

inputs coupled with large-scale spatial information. One notable example is the study of Mondini 

et al. [39], where eight types of EOMs (including a variety of bioethanol, biodiesel, and anaerobic 

digestion coproducts) were simulated for Italy. However, the study of Mondini et al. [39] did not 

focus on the removal-return relationship of crop residues per se, but on the input of 1 t C ha-1 of 

various EOMs to increase SOC. Moreover, their study excludes any char coproduct from 

thermochemical conversion pathways (these being a high focus in the perspective of carbon 

sequestration [40]), and the relevance of their recalcitrance data is questionable, being based on 

a single incubation experiment with a duration of only 7-37 days. 

To our knowledge, no study has addressed the effect on SOC stocks from crop residue removal 

and C return to the soil from various bioeconomy conversion pathways involving the return of 

recalcitrant carbon, to determine the crop residues' potential made available for the bioeconomy. 

In this work, we challenge the idea that the biomass potential from crop residues must be limited 

by a given removal rate to maintain organic carbon in arable soils. Instead, we propose that such 

potential is deeply intertwined with the use of residual biomass within the bioeconomy and return 

of the coproduct to the soil. This is based on the rationale that coproducts returned to soil are 

more recalcitrant to degradation than the original raw biomass. 

This study aims at: (i) further understanding the cause-effect link between the “C-neutral 

harvest” of crop residues (defined below) and the usage of these residues for bioenergy and the 

broader bioeconomy; and (ii) addressing how this cause-effect link differs among the major 

existing bioeconomy pathways where a C return to the soil is possible. Therefore, this study 

proposes a methodology to evaluate the maximum amount of crop residue to harvest for supplying 

the bioeconomy while assuring the maintenance or enhancement of SOC stocks in croplands. 

Doing so, it provides a novel framework based on a soil C model including specific composition and 

recalcitrance characteristics for various bioeconomy coproducts, to spatially explicitly assess the 

interplay between preserving SOC stocks and supplying renewable carbon for the bioeconomy and 

bioenergy provision. 

We modeled the SOC evolution of all arable topsoils (0–30 cm depth) in France, with and 

without crop residue harvest for different bioeconomy pathways, as an illustrative case study. The 

study is limited to determining the spatially explicit crop residues' potential to deliver C for 

bioeconomy systems and its impact on SOC stock evolution. Therefore, the implications related to 
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the produced energy and non-energy services (e.g., considering energy and product substitutions, 

induced gaseous and non-gaseous emissions, etc.), were out of the scope of this work. The term 

“C-neutral harvest” is herein employed to designate situations where the long-term (here defined 

as 100 years) SOC stocks of a given bioeconomy management do not decrease, compared to a 

reference situation where crop residues are directly incorporated into soils. It encompasses a 

similar vision to what previous studies have referred to as “sustainable harvest” [14] but explicitly 

differentiates between what it covers (quantification of SOC stocks only) and what it disregards 

(e.g., other aspects of long-term sustainability such as biodiversity or soil fertility). 

2. Methods 

The modeling framework assesses the long-term SOC stock effects of using crop residues for 

different bioeconomy technologies, considering different management practices on arable 

topsoils. It quantifies the amount of harvestable crop residues that can be removed from fields for 

bioeconomy, while an alternative coproduct is returned to meet the condition of maintaining or 

even increasing the SOC stock levels, as compared to a reference situation where residues are left 

on the field. The bioeconomy scenarios considered here include bio-oil production by pyrolysis and 

hydrothermal liquefaction (HTL), biogas production by gasification and anaerobic digestion (AD), 

and second-generation bioethanol (2GEtOH) production by alcoholic fermentation of 

lignocellulosic biomass. The five technologies studied represent bioenergy pathways, but their 

output products can also be used as biomaterials or feedstock for the chemical industry, thereby 

covering the broader bioeconomy. This is why the term bioeconomy is used through the study 

rather than the more limiting bioenergy scope. 

The framework is based on high-resolution data on climate, soil, and agricultural practices and 

a SOC model that simulates the SOC stock changes in cropping systems receiving coproduct inputs 

with specific recalcitrance properties. It is here applied to specific spatial units of metropolitan 

France, with a temporal scope of 100 years, over the years 2020-2120. While the framework is 

applied to a specific case study, it may be replicated for any region. 

The state of C in arable soils, agricultural practices, soil, and climate at the beginning of the 

timeframe is here referred to as the initial conditions. Two developments over the  timeframe are 

considered: (i) a business as usual (BAU) scenario reflecting current practices where part of the 

harvestable crop residues (ca. 46%; details in SI1.2) are already being exported for livestock (as 

bedding and fodder) and the rest is left on fields, and (ii) bioeconomy scenarios, which are similar 
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to the BAU, except that the share of crop residues left on fields is instead harvested, used in five 

different bioenergy technologies, and partly returned to fields as a coproduct. The BAU is a 

measure-stick against which the five bioeconomy scenarios are contrasted. 

The physicochemical properties of soil and the future meteorological variables (further 

detailed in sections 2.2 and 2.3) are the same for the BAU and bioeconomy scenarios. Similarly, 

the same rotations, farming management practices (section 2.2), and crop yields (SI1.2) are 

repeated cycle after cycle. The impact on crop yields from replacing the raw biomass with 

stabilized EOM was excluded to emphasize the effect of crop residue removal alone. [41] The 

effects on soil water resulting from replacing crop residues with bioeconomy coproducts, as well 

as the change in nutrient input to soils, were also not considered. The technical harvestable rate 

and amount of crop residues already used for livestock are crop-dependent (Table SI1.1) and are 

assumed to remain constant during the modeling timeframe. 

The structure of the framework consists of four main modules (Fig. 1), further detailed in the 

subsequent subsections: description of the simulation units (Module 1); definition of the 

bioeconomy scenarios, carbon conversion from residues to coproducts, and recalcitrance of 

coproducts (Module 2); modeling SOC stock changes and collecting related input data (Module 3); 

and sensitivity analysis (Module 4). The process was automated using R [42], and the scripts for 

the model calculations, as well as the input and processed data, are all documented in an open 

repository in Andrade et al. [43]. 
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Fig. 1 Spatially explicit modeling framework, as applied to metropolitan France, to quantify the long-term soil organic 

carbon difference between crop residues left on land and their harvest for five distinct bioeconomy pathways, with 

the return of the coproduct. [a] [194], [b] Based on Durand et al.[195] after adaptation of Launay et al.[19], [c] [196], 

[d] [197], [e] [198], [f] [199], [g] [200], [h] [19], [i] [201], [j] CNRM-CERFACS-CM5--CNRM/ALADIN 63. Model GCM / 

RCM – correction ADAMONT. Institution : Méteo-France/French National Center for Meteorological Research, [202]. 

PET: Potential Evapotranspiration, RP: Relative Carbon allocation coefficient for the agricultural product, RR: Relative 

Carbon allocation coefficient for roots, RS: Relative Carbon allocation coefficient for straw or any post-harvest 

residue, RE: Relative Carbon allocation coefficient for extra root material, BAU: Business-as-Usual, SOC: Soil organic 

carbon, STICS: Soil-crop model used in Launay et al.[19], DRIAS: Spatially explicit database for France projections of 

climate scenarios, SAFRAN: Spatially explicit database for France climate. Figure legend: Cylinders: database, 

parallelogram: data input, rectangle: process, rectangle with inner bars: process embedded within another process, 

curved bottom rectangle: manually input data sets, rounded rectangle: output. 
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2.1 Module 1: Spatially explicit data 

The aim of Module 1 is to define representative simulation units (SU) for the case under study, 

reflecting the variety of soils, climates, crop rotations, and farming practices in a spatially explicit 

manner. Here, Module 1 is entirely built upon the study of Launay et al. [46], launched within the 

frame of the French efforts within the international 4p1000 initiative [54], acknowledged as the 

most comprehensive and updated spatially explicit representation of cropping systems in France. 

Launay et al. [46] defined a set of fundamental concepts briefly described as follows : 

pedoclimatic units (PCU) are defined as a unique combination of soil properties (coarse fraction, 

clay content, pH, etc.) and meteorological variables (temperature, precipitation, and potential 

evapotranspiration) (French climate and soil types are identified in SI1.1). When found on arable 

lands, these are referred to as agricultural PCUs (APCU). French APCUs combine soil-mapping units 

(1:1000,000; [44]) and the French SAFRAN climate grids (8x8 km; [45,55]) with identified crop 

rotations per PCU retrieved from the French Land Parcel Identification System. [48,56] A total of 

12,060 APCUs with more than 100 ha of agricultural area, at least 10% having arable crops and/or 

temporary grasslands, were identified. This selection represents 84% of the French cropland.  

The crop rotations selected by Launay et al. [46] include 12 different crops, temporary 

grasslands, and cover crops (further detailed in SI1.2). Winter wheat is the most representative 

crop, providing 65% of the available residual biomass (dry matter). These rotations cover 4.79 Mha 

and were deemed a fair representation of the 18.35 Mha of French arable crops and temporary 

grasslands in 2006-2012. Farming practices —involving organic fertilization, cover crops, irrigation, 

tillage, and current use of crop residues— were determined from a survey conducted by the French 

Ministry of Agriculture, Agri-Food, and Forestry over the period 2006-2011 [51,57]. 

The combination of APCUs, crop rotations, and farming practices yielded 62,694 simulation 

units (SI1.1). Further details on the crop rotation and yields are presented in SI1.2. 

2.2 Module 2: Bioeconomy scenarios 

All the bioeconomy scenarios involve two key parameters that are crucial to answering the 

research questions of this study, and both depend upon the feedstock and process conditions. 

These parameters are (i) the amount of C from the harvested crop residues (of a given SU; Fig. 1) 

that will end up in the coproducts (of a given bioeconomy pathway) returned to fields, and (ii) the 

coproduct C recalcitrance to degradation. The former is hereafter referred to as carbon conversion 

(CC) and the latter as carbon recalcitrance (CR). Recalcitrance represents the most stable 
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biochemical fraction of organic products. Here, CR is the fraction of the coproduct that cannot be 

readily mineralized and that decomposes slower than the more labile fraction of the organic 

coproduct. [22] Labile carbon (CL) is defined as 1-CR and is assumed to be entirely processed by soil 

microorganisms within one year. 

Thermochemical processes, such as gasification, pyrolysis, and HTL, exposing biomass to 

elevated temperatures for long periods of time, produce biochar with more aromatic compounds 

than for processes operated at low temperatures and short times. Coproducts with higher content 

of aromatics are related to higher degrees of recalcitrance. [59–61] Various studies have 

determined that the recalcitrant fraction of biochar exhibits MRTs from decades to millennia. 

[22,62] HTL, which is carried out at lower temperatures than pyrolysis and gasification, using 

relatively wet feedstock, produces a less recalcitrant char than pyrolysis. Gasification, which 

employs higher temperatures than HTL and pyrolysis, yields char with a higher degree of 

recalcitrance than pyrolysis char. [63] 

In this work, only the return of the char produced in each thermochemical technology is 

considered, and other coproducts generated (e.g., tar, ashes) are excluded. To avoid confusion 

between the coproducts assessed in each scenario, we refer to pyrolysis, gasification, and HTL char 

as pyrochar, gaschar, and hydrochar, respectively. 

Biochemical processes, such as AD and 2GEtOH, are carried out using microorganisms and lower 

temperatures than thermochemical technologies. The outputs of AD are biogas and digestate, while 

alcoholic fermentation produces bioethanol and a residue that is often separated into a lignin-rich solid 

and a liquid fraction known as molasses. The solid coproduct is typically combusted for heat and power, 

involving no carbon fraction to be returned to soils. Therefore, for the biochemical pathways, we consider 

only digestate (from AD) and molasses (from 2GEtOH production) as EOMs. The carbon stability and soil 

MRT of molasses and digestate are considered lower than for chars (Table 1). 

The CR and CC presented in Table 1 stem from a comprehensive compilation and data 

reconciliation of over 600 records from laboratory assays, field trials, and modeling experiments 

involving a wide variety of feedstock, including crop residues, as detailed in Andrade et al. [63,64]. 

To the extent possible, the CC and CR values used herein were derived from studies involving straw-

like feedstock. Table 1 summarizes the CC and CR values considered, along with the identification 

of the coproduct returned to fields and the other products generated during the conversion 

process for each scenario. The bioeconomy conversion pathways are further described in SI1.3. 
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Table 1. Overview of the bioeconomy scenarios considered in the study, and implications in terms of 

the carbon conversion and carbon recalcitrance parameters.  

Scenario Process Conditions 
Coproduct 
returned to 

soils 

Other 
products 

generateda 

Carbon 
conversion 

(CC)b 

Carbon 
recalcitrance 

(CR)b 
MRTc Key process 

referenceh 
% % Years 

BAU Crops residues left 
on soil 

None None n/a n/a n/a [46] 

Pyrolysisd 350 – 700 °C, from 
seconds to 2h, 

typically fed with a 
biomass DM>90% 

Pyrochare Bio-oil, non-
condensable 

gases 

44 [34 – 54] 95 [90 – 99] > 100 [22,65,66] 

Gasification 600 – 1200°C dry 
gasification. 300-

550°C hydrothermal 
gasification, typically 
fed with a DM>90% 

Gaschar Syngas, tar, 
ashes 

20 [14 – 25] 95 [90 – 99] > 100 [67–69] 

Hydrothermal 
Liquefactionf 

180 – 400°C, use of 
K2CO3 catalyst to 
enhance bio-oil 

production; typically 
fed with a DM<20% 

Hydrochar Bio-oil, non-
condensable 

gases 

31 [12 – 45] 83 [80 – 96] < 26 [70,71] 

Anaerobicg 
Digestion 

Mesophilic 
conditions (30 – 

50°C). 1-3 months. 
Typically, wet 

digestion, with DM 
in the digester<35% 

Digestate Biogas 33 [30 – 40] 68 [58 – 77] < 26 [72–74] 

Lignocellulosic 
bioethanol 

Pretreatment, acid, 
and enzymatic 

hydrolysis, 
fermentation with S. 

cerevisiae, 
purification by 
distillation. The 

effluent is separated 
into a solid fraction 
and liquid molasses 

Molasses Bioethanol, 
solid fraction 

24 [18 – 30] 45 [28 – 60] < 26 [10,75,76] 

DM: dry matter, n/a: not applicable, MRT: Mean residence time, CC: carbon conversion, CR: carbon recalcitrance. a 

The main product considered driving the investment in this bioeconomy scenario, under the specified conditions, is 

indicated in bold; b CC: C fraction of initial crop residue transferred to the co-product returned to fields, CR: C fraction 

of the coproduct allocated to the stable biochemical fraction. The values presented herein are averages from 
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Andrade et al. [63], based on a compilation of 188, 61, 135, 182, and 54 records, for pyrochar, gaschar, hydrochar, 

digestate, and molasses, respectively. Ranges in brackets represent quartiles 1 and 3. The labile fraction (CL) is 

obtained as 1 - CR; c The MRT is used within soil models and allows defining the fraction of CR to allocate to the 

different soil organic carbon pools. Coproducts with CR fractions exhibiting MRT of 7 – 26 years are considered to be 

slowly mineralized [77] in the soil model used in this study, while any coproduct with an MRT longer than 100 years 

are considered as virtually inert (see section 2.3). For this reason, MRTs are here expressed as <26 y or >100 y; d 

Pyrolysis can be classified as fast (300 – 500°C, seconds of retention time) or slow (500-700°C, minutes to hours). 

Slow conditions tend to favor the production of biochar, whereas a fast process is optimal for bio-oil production. 

From an economic standpoint, the pyrolysis scenario in this study aims to maximize the bio-oil yields, thus the process 

conditions of the studies included are those of a fast process when possible [65]. e Also commonly referred to as 

“biochar”. f The use of catalysts, especially K2CO3 accelerates the water-gas shift reaction in low-temperature 

hydrothermal liquefaction processes, which yields higher rates of bio-oil (targeted product) than hydrochar. The use 

of catalysts tends to be more common [78], therefore, the CC and CR values stem from such process conditions. g 

Some simulation units involve the use of manure as an organic fertilizer. To keep the focus on the impacts from crop 

residues, we did not consider this manure to be digested. CC accounts only for the carbon in crop residues transferred 

to the digestate. h Only key references are mentioned; the full compilation of reviewed studies is presented in 

Andrade et al. [63]. 

2.3 Module 3: Soil organic carbon model 

Module 3 describes the SOC model used and the adaptations considered in this study, as well as 

how the bioeconomy scenarios have been compared to the BAU scenario.  

2.3.1 AMG model: Overview 

For both the BAU and bioeconomy scenarios, the evolution of topsoil SOC stocks (0-30 cm) was 

simulated with the AMGv2 SOC model, detailed in Clivot et al. [77]. AMG is a French SOC model, first 

described in Andriulo et al. [79], which simulates the carbon dynamics of agricultural topsoils at an annual 

timestep. The model successfully predicted the changes in SOC stocks of various cropping systems under 

different pedoclimatic conditions in France and Europe [77,80,81] and has notably been calibrated for 26 

EOM types. [36] AMG splits the organic matter (OM) into three different pools (shown as boxes in Fig. 2). 

The fresh OM inputs from above- (crop residues) and below- (crop roots and root exudates) ground plant 

compartments, as well as inputs from EOM (e.g., manure, bioeconomy coproducts), represent the fresh 

organic matter (FOM) pool, which is assumed to be annually decomposed (Fig. 2a). The C in the FOM pool 

is labeled as CFOM. The proportion of CFOM incorporated into the active SOC pool (CA) is determined by a 

retention coefficient (h). The fraction of CFOM that does not enter CA (1-h) is mineralized as CO2. The CA pool 
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is affected by a mineralization process following first-order kinetics with a k mineralization rate. The stable 

SOC pool (CS) is set at 65% of the initial SOC by default and is considered inert during the simulation for 

sites with an arable land history. [77] 

2.3.2 Model input data 

AMG minimum input data comprises crop rotations, climate, soil physicochemical properties, 

initial SOC stocks, and farming practices (including the maximal soil tillage depth, irrigation water 

amounts, EOM inputs, and crop residue management). Crop rotation information includes annual 

yield, moisture content of the harvested product, harvest indexes (HI), and C allocation coefficients 

determining the proportion of C in the harvested product (RP), above-ground residues (RS), root C 

(RR), and extra-root C (RE) (Fig. 1; module 3). It also includes the fraction of residues that can be 

technically harvested per crop type. 

Instead of calculating the absorbed C by the plant, an indirect method based on HI and 

allocation coefficients was used, as set out in the method proposed for calculating C inputs for 

AMGv2 [77], adapted from Bolinder et al. [82]. The technically harvestable fraction for each crop 

was also taken as defined in AMGv2 (further details in Table SI1.1) and varied from 55% to 91%. 

Meteorological data comprise the mean annual air temperature and the annual water balance, the 

latter being determined as the difference between the water inputs (accumulated precipitation 

and irrigation) and potential evapotranspiration. In this study, the spatially explicit meteorological 

data were retrieved for the years 2020 to 2100, from SICLIMA (last updated May 2013 [83]), for 

the RCP4.5 climate trajectory (Representative Concentration Pathway [84]), downscaled by the 

model CNRM-CERFACS-CM5/CNRM-ALADIN63. These projections were not available beyond 2100. 

Therefore, for the period from 2101 to 2120, average values from the last decade (i.e., from 2091 

to 2100) were used. 

Soil-related data include initial SOC stocks, pH, bulk density, coarse fraction, clay content, C:N 

ratio, and CaCO3 content. Initial SOC stocks were retrieved from Mulder et al.[52] and used as 

processed by Launay et al. [46] to correspond to the APCU resolution, while the other soil 

parameters were retrieved from Jamagne et al. [44]. AMG also requires information regarding 

farming practices, as detailed in Module 1. 

Default h values (FOM-dependent) given in AMG for crop residues and non-coproduct EOMs 

(e.g., animal manure) [36,77] were used, while for the bioeconomy, the h values of coproducts 

were determined individually. The actual mineralization rate (k) of the active SOC pool, which 
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depends on environmental response functions, is calculated for each year and each situation as 

defined in Clivot et al. [77]. 

2.3.3 AMG adapted for bioeconomy processes 

We adapted the calculation method for C inputs and the model to include the CC and CR values 

of pyrochar, gaschar, hydrochar, digestate, and lignocellulosic bioethanol molasses. The adapted 

version of AMG allows determining the SOC evolution of the different bioeconomy scenarios by 

deriving retention coefficients from CR values. The C input from the coproducts is determined using 

the initial C in the crop residues and the CC coefficient. 

We grouped the CR values per coproduct as highly recalcitrant (pyrochar and gaschar) and less 

recalcitrant (hydrochar, digestate, and molasses), to define the C retention time in the soil 

associated with each coproduct. The recalcitrance and the MRT values in Table 1 were used to set 

the h coefficient per coproduct and allocate the C to the soil pools (CA or CS), respectively. Two 

retention coefficients were defined to differentiate between the fraction integrating the active 

pool (ha) and the stable pool (hs). 

For the highly recalcitrant coproducts, with MRTs longer than the modeling timeframe, the CR 

fraction (95%; Table 1) was considered virtually inert and was directly allocated into the stable pool 

as hs (Fig 2b), while the labile fraction was assumed to be entirely lost as CO2 and no ha was 

considered. For the less recalcitrant coproducts hydrochar, digestate, and bioethanol molasses, 

we assumed that the labile fraction CL (1-CR; 17%, 32%, and 36%, respectively) was mineralized in 

the first year and the remaining recalcitrant fraction corresponded to ha (here equivalent to CR) 

and was fully allocated to the active pool (Fig. 2a). The derived ha coefficient for the digestate 

(0.68) is close to the value of 0.65 proposed by Levavasseur et al. [36]. No reference allowing for a 

similar comparison was found for the other coproducts studied. The adaptation of AMG for the 

bioeconomy is further detailed in SI1.4. 
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Fig. 2 AMG configuration implemented in this study (adapted from Clivot et al., [22]): a) AMG (for all streams but 

pyro- and gaschar), and b) adaptation of AMG (for pyro- and gaschar). SOC: Soil organic carbon, FOM: fresh organic 

matter, CFOM: carbon in the fresh organic matter, ha.CFOM: fraction of CFOM allocated to the active pool CA, hs.CFOM: 

fraction of CFOM allocated into the stable pool CS, ha: retention coefficient integrating a fraction of FOM into the active 

pool, hs: retention coefficient integrating a fraction of FOM into the stable pool, k: mineralization rate constant, 

dotted line: FOM fraction allocated to the active SOC pool (see section 2.5). 

2.3.4 AMG output analysis 

The difference in changes of SOC stocks between a given bioeconomy scenario and the BAU 

was determined based on equation   (1): 

∆𝑆𝑂𝐶	/+0%123(%) =
45"#$%&%45"#'()

45"#'()
∗ 100   (1) 

where ΔSOCbio-BAU (%) is the percent change in SOC by shifting from BAU to bioeconomy, 

SOCfbio corresponds to the SOC stocks at the end of the simulation, f, (here f = year 100) for the 

bioeconomy scenario, and SOCfBAU is the SOC stocks at the end of the simulation for the BAU 

scenario. Positive values of ΔSOCbio-BAU represent an increase in SOC stocks for the bioeconomy 

scenarios as compared to the BAU scenarios, while negative values reflect SOC losses from shifting 

to the bioeconomy. 

For a given scenario (BAU or bioeconomy), the change in SOC stocks over 100 years was 

calculated as the final SOC stock minus the initial SOC, as shown in equation   (2): 

∆𝑆𝑂𝐶6%766%(%) =
45"*++%%45"+

45"+
∗ 100     (2) 

where ΔSOC0-100i (%) is the percent change of SOC stocks from the initial conditions (year 2020) 

until the end of the simulation (year 2120); SOC0 corresponds to the initial SOC stocks and SOC100i 

to the final SOC stocks (after 100 years), per scenario i. 
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The difference between the scenarios BAU and bioeconomy was calculated at a national scale 

as the total net SOC change (Mt C) for all the APCUs areas (equation          (3)): 

𝑇𝑜𝑡𝑎𝑙	𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙	∆𝑆𝑂𝐶𝑛𝑒𝑡 = 	∑ (𝑆𝑂𝐶/+0 − 𝑆𝑂𝐶123)8
8
+ ∗ 𝑃𝑜𝑛𝑑𝐶𝑜𝑒𝑓43,92:"3% ∗ 	𝑆2:"3%            (3) 

Total national ΔSOC net (in Mt C) is the sum of the difference between the SOC stocks under 

the bioeconomy and the BAU scenarios at the year 2120 per SU, times the ponderation coefficient 

(PondCoefSUxAPCU) of the SU surface in the APCU surface, times the surface of the APCU (SAPCU). The 

total APCU surface is 14.89 Mha (SI1.1) but after the selection criteria in Module 1, only 3.5 Mha 

were included in the SUs. PondCoefSUxAPCU corresponds to the weight of a SU area in each APCU 

required to scale the SOC change per SU to the APCU scale (j=identity of the SU within a given 

APCU, i =identity of the APCU). 

2.4 Module 4: Sensitivity Analysis 

The characteristics and amount of carbon input have a great influence on SOC stock changes. 

[85] We performed a sensitivity analysis (SA) on the key parameters governing the amount of C 

returned to the soil, namely, CC and CR. As shown in Table 1, both CC and CR can vary within ranges 

conditioned by the process performance (itself depending on the specific process conditions) and 

the type of assay used for their determination (affecting CR only). These ranges were retrieved 

from the review of Andrade et al.[63]. Here, the first and third quartiles of Andrade et al.[63] were 

used to set “low” and “high” levels for CC and CR for all coproducts (Table SI1.2). Combinations of 

low, mean, and high CCand CR were tested for a total of eight new sets of CC and CR combinations 

per scenario. 

Since the long-term recalcitrance behavior of biochar is poorly understood due to the lack of 

long-term experimental evidence compared to reported half-lifetimes ranging from decadal- to 

millennial scales [86,87], an additional SA was performed on the procedure used to partition CR 

within AMG SOC pools. It was performed for the pyrolysis scenario as a representative case of a 

highly recalcitrant EOM. In the initial method (section 2.3.3), the recalcitrant fraction was 

considered completely inert during the simulation and was fully allocated to the CS pool. Yet, 

various studies suggest that the recalcitrant fraction may not be completely inert but rather follow 

a very slow decay rate. [59,66] Therefore, an alternative partition of the recalcitrant fraction 

between CA and CS was considered. To this end, it was considered that 75% of the C fraction 

remains after 100 years, meaning that 25% of the initial C is mineralized during the timeframe. 
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[63,86] Of this 25%, a fraction corresponds to a very labile fraction readily mineralized in the first 

year (4%) while the remaining corresponds to the mineralizable recalcitrant fraction, which is 

allocated to the CA pool to be slowly mineralized. More details are provided in SI1.5. The values for 

pyrochar covered those found in the literature and suggested by the IPCC [88], which proposes 

that around 80% of C in biochar remains after 100 years for pyrolysis temperatures of 450-600°C. 

Table SI1.2 summarizes all the combinations investigated in the SA. 

Excessive application of biochar may be toxic to soil microbiota, which may reduce plant 

growth and increase CH4 and CO2 emissions. [66,89] To avoid this negative effect, a last SA was 

performed to explore the effects of exporting all the available harvestable crop residues followed 

by the return of a lower amount of coproduct than generated. Accordingly, an extra scenario was 

modeled, limiting the soil application rate of pyro- and gaschar to not exceed a total of 50 Mg C 

ha-1 regularly applied over 100 years, as suggested by Woolf et al.[58] to allow char storage in the 

soil and ensure positive or neutral effects on plant yields. The analysis of alternative storage 

options for the portion of char not returned to the soil is out of the scope of this work. 

Finally, for occurrences where ∆SOCbio-BAU (equation   (1)) was negative, the 

percentage of retrieved residues from fields was decreased in steps of 25% from its initial 100% 

value until 0%. These iterations were performed only for scenarios showing negative ∆SOCbio-BAU 

to identify possible compromises between bioeconomy exports and SOC maintenance. 

3. Results  

3.1 Business as usual and bioeconomy scenarios over 100 years 

The BAU scenario predicted a potential decrease of the topsoil SOC stocks by a mean of 2% (Table 2) 

in the APCUs over 100 years, which represents a C loss of 18 Mt C on the French national scale. This small 

number masks considerable spatial variation. For example, approximately 63% of the simulated areas 

show SOC stocks predicted to decline over 100 years, with a maximum decrease of 27% in some APCUs. 

APCUs displaying SOC stock increase may raise their levels by up to 85%, mainly in the Central and Western 

regions (Fig 3). 

Crop residues are unavailable for the bioeconomy in 10% of the areas because they are already 

exported for other services. Therefore, these areas did not present any change in the bioeconomy 

scenarios compared with the BAU scenario. At the national level, the SOC change over 100 years associated 
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with each bioeconomy scenario varies greatly; it ranges from -34.9 (for molasses) to +774.2 Mt C (for 

pyrochar) (Table 2), a 22-fold difference reflecting the importance of the coproducts’ CC and CR parameters. 

The highest additional SOC storage, as compared to the BAU, was observed for pyrochar 

application (+106%), while the highest SOC loss was associated with molasses return (-4.4%) (Table 

2). Note that SOC change is highly variable across the country (Fig. 4), reflecting the large variety 

of underlying pedoclimatic conditions and cropping practices. This applies to both the BAU (Fig. 3) 

and the bioeconomy scenarios (Fig. 4). 

The simulations for the pyrolysis and gasification scenarios show enhanced SOC levels in all 

APCUs (100% of the areas) after 100 years, with the highest potential for SOC sequestration in the 

Southwestern and Central regions (Fig. 4. a,c). On the national level, the SOC stock improvement 

potential of pyrochar was two times that of gaschar, with a mean increase of 106% and 43%, 

respectively, after 100 years. 

The return of hydrochar is shown to ensure SOC sequestration in 88% of the area (Table S2.4), 

with a maximum increase of 4%. On a national scale, this scenario represents an average SOC 

change of 1.1%, with a maximum increase of 4% (Table 2, Fig. 4). Digestate application was shown 

to slightly increase SOC stocks (to a maximum of 0.8%) in 50% of the simulated areas (Table 2), 

with an overall insignificant mean SOC loss of 0.1%, expected on a national scale over the 

timeframe, compared to the BAU scenario. For molasses, the expected SOC stocks after 100 years 

are lower than in the BAU scenario by a mean of 4.4% on a national scale, representing a potential 

SOC loss of 35 Mt C (Table 2).  

For the scenarios depicting SOC losses (i.e., HTL, AD, and 2GEtOH), exporting rates were re-

adjusted (75% and 50%). Decreases in the export rates did not influence the overall percentage of 

areas affected (Table S2.1), thus no lower exporting values were tested. 

3.2 Key results for overall carbon returns 

The Southwest of France tends to exhibit the largest SOC changes (both positive and negative) among 

the different scenarios, while the SOC changes in the Northwest tend to be lower (Fig 4). Digestate may 

contribute to building up SOC stocks in the North-Central area of France, with predicted losses in the 

Southwestern and Northern regions. For the HTL scenario, SOC losses are predicted to occur, but in the 

Northern region. 

Compared to the current practice of leaving the crop residues on the field to preserve SOC stocks, the 

conversion of crop residues into bio-oil and syngas for the French energy system followed by the return of 



Chapter 3: SOC modeling for the bioeconomy in temperate contexts – French case study    

111 
 

 

pyrochar and gaschar to the soil represents a total surplus C input of 774 Mt C and 316 Mt C in the long 

term, respectively (Table 2). For the pyrolysis scenarios, approximately 57% of the areas revealed a SOC 

stock increase of over 100% (Table S2.1), attaining a maximum increase of 409% (Fig. 4). In 85% of the 

modeled areas, the consecutive application of gaschar could increase SOC stocks by approximately 80%, 

as compared to the BAU (maximum +178%) (Table S2.1; Table S2.4). 

Despite SOC stocks being shown to be reduced in approximately 3% of the areas (up to 1.8%) for the 

HTL scenario, a total additional C storage of 8.9 Mt C can be expected at the national level in the long term. 

Similarly, although the AD scenario yielded SOC losses in 40% of the areas (up to -3.5%), the SOC change 

observed in this scenario is insignificant. Notably, the vast majority of those areas (37%) may attain SOC 

losses of only 1.3%, comparable to the SOC improvements (50% of the area) shown to reach only 0.7% 

(Table S2.4). The bioethanol scenario would only yield SOC losses on 100% of the French croplands. 

At the national level, the crop residue potential (dry matter), after considering the harvest constraints 

of Table S1.1, is 18.7 Mt (Table 3) for 2021 (the theoretical potential, i.e., without these machinery-related 

constraints, is 30.4 Mt). Of this, 100% (18.7 Mt) can be harvested for pyrolysis and/or gasification processes 

without any SOC decrease, compared to the BAU scenario, based on the results of this study. If we exclude 

the areas with expected SOC losses, only 98% (18.3 Mt) and 53% (9.96 Mt) can be used for HTL and AD, 

respectively. 
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Table 2. National 100-year soil organic carbon changes from the business as usual to the bioeconomy 

(ΔSOCbio-BAU) scenarios, in total Mt C and %, at an exporting rate of 100%, at year 2120. Values in % are 

provided as national averages of all APCUsa. 

Bioeconomy 
scenarios 

Total national 
ΔSOCbio-BAU

c 
Min.d Max.d  

Average national 
ΔSOCbio-BAU

e 
σf Min.d Max.d 

(Mt C)  (%) 

BAUb -17.8 -0.1 0.1  -2.2 14.8 -27.0 84.9 
Pyrolysis 774.0 2.5E-5 0.5  106.0 69.3 0.1 409.0 
Gasification 316.0 8.6E-6 0.2  43.3 29.3 0.1 177.0 
HTL 8.9 -4.4E-3 9.3E-3  1.1 0.8 -1.8 4.1 
AD -0.8 -8.6E-3 1.5E-3  -0.1 0.4 -3.5 0.7 
Lignocellulosic 
bioethanol 

-34.9 -3.3E-2 -2.5E-6  -4.4 2.9 -14.2 -1.2E-4 

SOC: Soil organic carbon, BAU: Business as usual, APCU: Agricultural pedoclimatic units. a To ensure tractability, 

results are presented with a maximum of three significant digits.  b BAU scenario corresponds to ΔSOC0-100: change 

from BAU at year 100 vs BAU at year 0; c Sum of all the modeled APCUs; d Minimum and maximum ΔSOCbio-BAU 

reported over all APCU; e Average SOC change for all the modeled APCUs: change from bioeconomy scenario at 

year 2120 vs BAU at year 2120¸ f Standard deviation. 

 

 

Fig 3. Predicted long-term soil organic carbon (SOC) stocks for the business as usual (BAU) scenario in 2120. 
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Table 3. National harvestable crop residues potential per scenario for the year 2021, calculated with a fixed limit and the methodology developed 

herein. Only areas shown to maintain or increase soil organic carbon stocks are considereda. 

Crops 
included in 
this study b 

National 
crop 

residue 
potential c 

Current potential 
using a fixed ratio 

of 31.50% d 

C-neutral harvest potentials (this study) f 

Pyrolysis scenariog Gasification scenariog HTL scenarioh AD scenarioh 

(Mt DM) (Mt DM) PJ e (Mt DM) PJ e (Mt DM) PJ e (Mt DM) PJ e (Mt DM) PJ e 
Winter wheat 11.5 3.6 63.3 11.5 201.0 11.5 201.0 11.4 199.0 9.4 164.0 
Grain maize 5.3 1.7 29.5 5.3 93.6 5.3 93.6 5.3 93.3 0.2 3.2 
Protein peas 7.8E-04 2.5E-04 4.3E-03 7.8E-04 1.4E-02 7.8E-04 1.37E-02 6.7E-04 1.18E-02 3.3E-14 5.8E-13 
Rapeseed 0.9 0.3 5.2 0.9 16.5 0.9 16.5 0.9 16.5 0.4 7.0 
Sunflower 0.4 0.1 2.1 0.4 6.7 0.4 6.7 0.4 6.7 8.5E-04 1.5E-02 
Sugar beet 0.6 0.2 3.3 0.6 10.3 0.6 10.3 0.4 6.3 3.5E-03 0.1 
Total 18.7 5.9 103.0 18.7 328.0 18.7 328.0 18.4 322.0 10.0 174.0 

HTL: Hydrothermal Liquefaction, AD: Anaerobic Digestion, DM: dry matter.a To ensure tractability, results are presented with a maximum of three significant 

digits;  b Crops considered in French croplands that generate residues; c Based on (i) yields obtained from the STICS simulation tool, for the year 2021 [46], (ii) on 

the consideration that only 56% crop residues are not already used, and (iii) technical harvesting fractions defined in AMGv2 (Table S1.1); d This fixed ratio is the 

mean of the values suggested by France Agrimer [90], who recommend that 41-96% of the technically harvestable straw must be left on soils; e Considering a 

generic low heating value: 17.5 GJ t-1; f  C-neutral harvest represents a share of: 100% of national crop residues potential (DM) for pyrolysis and gasification, 98% 

for HTL, and 53% for AD (see results of Fig. 4). The lignocellulosic bioethanol scenario is not considered because this does not provide any additional potential 

compared to the BAU scenario. g 100% of areas providing crop residues to be harvested; h These values do not consider the residues from the specific areas where 

SOC stock is shown to decrease, it thus only covers: 88% of the modeled areas for HTL and 50% for AD. 
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Fig 4. Spatially explicit soil organic carbon stocks relative to the business-as-usual scenario (year 2120) if the 

available harvestable crop residues are used for bioeconomy (ΔSOCbio-BAU%) a) Pyrolysis (with CS pool of AMG 

only; default), b) pyrolysis (with CA and CS pool of AMG; sensitivity), c) gasification, d) hydrothermal liquefaction, 

e) anaerobic digestion, f) lignocellulosic bioethanol. White grids were not included in the simulations. BAU: 

Business as usual, CS: Carbon stable pool of AMG, CA: Carbon active pool of AMG. Harvestable areas discard areas 

generating crop residues already being exported for livestock (as bedding or fodder; areas with 0-0%, these 
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represent 10% of all areas) as well as those where soil organic carbon decreases are observed. C-neutral harvest 

potential is the share of crop residues that can be “neutrally” harvested out of the total amount generated 

(excluding amount already exported for livestock). For example, 90% of the areas can be harvested for pyrolysis, 

which corresponds to 100% of the residues generated (and not already used for livestock). 

3.3 Sensitivity Analysis 

The SA allowed the evaluation of the uncertainty of the potential national SOC changes in 

2120 due to the variability of the CC and CR coefficients relative to the mean coefficient value 

(Fig. 5). All variations discussed within this section are relative to the results obtained with the 

mean CC and CR. 

For the pyrolysis scenario, the different combinations of CC and CR coefficients affected the 

additional SOC stocks, ranging between -29% and +30%, equivalent to 549 Mt C and 1009 Mt 

C (Table S2.3), at a national level. A one-at-a-time test showed that the SOC results were more 

sensitive to CC, ranging between -25% and +25%, while Cr ranged between -6% and +5%. The 

additional SOC stocks for all the SA tested in the gasification scenario varied between -40% and 

+36%, equivalent to 187-431 Mt C. CR variability contributed to SOC changes between –6% and 

+5%, while CC alone affected the results from -36% to +30%. From these results, it is observed 

that CC has the greatest influence on the pyrolysis and gasification scenarios, one reason being 

the greater range of values compared to CR (Fig.S4, Fig.S6).  

For the low recalcitrance scenarios, the variation of the coefficients caused the results to 

vary from C losses to potential additional C storage. The HTL scenario result is affected by -4.8% 

to +7.6%. High CC values for any given CR, result in C sequestration in areas that are shown to 

lose SOC stocks with the mean coefficients. The opposite was observed for low CC values, which 

resulted in SOC losses for all the APCUs (Fig. S7). Due to the diverse possible conditions of the 

HTL technology, the CC coefficients in this scenario were tested for a broader range (0.12-0.45; 

Table 1) than other technologies, which produced a higher effect for CC than for CR. 

The national SOC change ranges from -16 Mt C to +24 Mt C for the different coefficients in 

the AD scenario, representing changes of -2 to +3%. The combination of high CC and CR resulted 

in SOC losses in only 0.2% of the simulated areas, compared to 40% for the mean values of the 

parameters (Table S2.1). 

Similarly, lower CC and CR values resulted in SOC stocks decreasing in all areas (Fig S8). For 

the molasses scenario, the combination of maximum and minimum values of CC and CR 

represented a SOC stock variation of -61% to +48% (Table S2.3), with losses observed in all 

APCUs.  
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The CR partitioning between the CA and the CS pools of AMG (Pyrolysis 2) resulted in 

cumulated additional SOC stocks of 617 Mt C compared to the BAU scenario by 2120 (Table 

S2.2). This represents a difference of -21% compared to a 100% C allocation of the recalcitrant 

pyrochar to the CS pool only, with variability in the SOC stock results ranging from -39% to -10% 

for all the SA coefficient combinations (Table S2.3). Albeit the net additional C stored differed 

for the two CR allocation methods, the trend observed was the same, with expected SOC 

increases in all APCUs. For the Pyrolysis 2 scenario, 36% of the areas predicted SOC to increase 

above 100% (Fig. S5). 

If all the harvestable crop residues are exported for pyrolysis or gasification, but only 50 t 

C ha-1 are regularly recycled to the soils throughout the 100 years to avoid the toxic effects of 

excessive char application, no SOC decreases are observed as a result, on all APCU (Table S2.2). 

Fig 5. Sensitivity analysis describing a combination of low (L), mean (M), and high (H) carbon conversion (CC) and 

carbon recalcitrance (CR) values for each bioeconomy scenario, with an extra scenario for pyrolysis (Pyrochar2) 

considering an alternative method to partition the recalcitrant fractions into soil organic carbon pools in AMG. 

The bars show the mean value (M CC + M CR) while yellow shades represent the average of all nine points (SOC 

at year 2120; in comparison to the business as usual) for the different CC and CR combinations in a given scenario. 

SOC : Soil organic carbon. 
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4. Discussion 

4.1 Implications for decision making 

The bioeconomy-AMG soil model developed in this study supplies the first open-source 

framework to assess the interaction between five promising bioeconomy pathways (pyrolysis, 

gasification, HTL, AD, and 2GEtOH production) and SOC evolution, in order to understand 

where and whether crop residues should be harvested as feedstock for future energy and 

bioeconomy systems. One key implication of this framework is that it reveals a smart, region-

specific biomass potential ensuring a C-neutral harvest higher than otherwise thought. This 

enhanced potential can then be converted into e.g., more bioenergy to supply electricity, heat, 

and transportation industries, without incurring extra pressures on land use changes or 

competition with the food industry. 

In fact, in France, it is suggested to limit the harvest of cereal straw to leaving a share of 

41%-96% of the technically harvestable residues on the soil to preserve its agronomic 

functions. [90] Similarly, ADEME [91] determined that despite 46-69% of the projected energy 

demand in France must be supplied by renewable sources by 2050, only 21% of crop residues 

(by weight) generated could be mobilized for the specific needs of biogas production, due to 

agronomical soil functions and issues related to competitive use. Our results suggest that this 

threshold may be too stringent in a C-neutral harvesting context, even for anaerobic digestion, 

where a 75% harvest (and return) rate implies SOC losses below 1% in 37.5% of the areas 

(maximum loss of 2.6%, in 2.5% of the areas). 

The results of this study demonstrated that the harvest potential is 100% (of the 

technically harvestable feedstock not already used) unless the residues are to be used for 

bioethanol (then 0% removal). If to be conservative, we consider export rates of 0% in the areas 

where SOC losses are projected with anaerobic digestion and HTL, a reduction of the 

corresponding crop residue potential of 80% and 3% would be observed, respectively (based 

on 30.4 Mt dry matter harvestable in 2021). Comparing this with a generic 31.5% harvesting 

limit (middle of the above range suggested to be left on the soil for France), it involves that 

between 4.1 (anaerobic digestion) and 12.8 (for pyrolysis and gasification) Mt dry matter of 

additional crop residues are obtained by applying our framework. This corresponds to an added 

supply of 71 – 225PJ y-1 (considering a low heating value of 17.5 GJ t-1 DM), the equivalent of 

the gross electricity generation in Greece and Austria, respectively [12]. 

Another implication of the framework developed within this study is its usefulness within 

the context of C farming initiatives [92], where farmers could be paid to sequester carbon in 
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their soils. In fact, the framework reveals areas with enhanced ability to support, without 

negative consequences on the SOC stocks, a given conversion pathway, as well as sensitive 

areas where crop residue harvesting requires a more careful look at the actual conversion 

pathway to be used. Thus, the model can be used to provide advice for resource management 

for bioeconomy development in specific locations.  

4.2 Long-term spatially explicit coproduct potential for soil organic carbon stocks 

The BAU scenario predicted a slight average SOC decrease (2% for 100 years) in the 

simulated areas, which is consistent with the potential prolongation of average decreases in 

SOC stocks observed over the past decades in temperate croplands in France, Belgium, and 

Germany. [77,93–95] The simulated decrease is, however, lower than that of 14% obtained by 

Riggers et al.[96] in German croplands with a multi-model ensemble for the same climate 

projection (RCP 4.5) and unchanged (current) C inputs for the 2014–2099 period. The BAU 

scenario predicted SOC losses in around 63% of all simulated areas (Fig. 3). This  conforms to 

the trends observed in Launay et al.[46], where SOC decreases in 55% of the simulated areas 

(using the STICS model) were observed after 30 years. The regional differences observed can 

be explained by the influence of the initial SOC stocks, climate, soil, and cropping system 

characteristics. For instance, simulation units where crop rotations include temporary 

grasslands and/or cover crops showed a greater SOC build up potential than rotations including 

only arable crops; this was also observed by Launay et al. [46] for the BAU scenario. 

Current French cropping systems must increase the C inputs by 42% on average to reach 

the 4‰ target, while recent studies predict a required increase of 283% for Germany. [96,97] 

However, decreasing SOC stock trends under a BAU scenario have been identified in this work 

and others. [46,97] In this context, the management of crop residues, allowing SOC stocks to 

increase as in the biochar scenarios (pyrochar, gaschar, and hydrochar) and partially in the 

digestate scenario, could represent alternatives toward the 4‰ goals. 

Results differed considerably among the recalcitrance groups (high and low) because the 

adapted AMG allocates the recalcitrant C as inert for the highly recalcitrant coproducts, 

whereas it is allocated to the decomposable active pool for the less recalcitrant coproducts. 

The steady-state reached in the active pool is never attained in the stable one, allowing the 

highly recalcitrant products to continue building up SOC stocks over the long term. 

Due to the novelty of this work, there are currently few literary sources available for result 

comparison. However, some studies are available for SOC modeling using pyrochar and 

digestate amendments. For instance, Lefebvre et al. [29] reported a 127% SOC increase in 20 
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years in Brazilian sugarcane fields by replacing sugarcane residues with pyrochar. Likewise, 

Woolf and Lehmann [30] found that the export of 50% of maize residues for pyrochar 

production, with the subsequent addition of pyrochar to soils, can increase SOC stocks by 30% 

–60% over 100 years. Bodilis et al. [99] observed a slight decrease in SOC stocks in French 

croplands after digestate application as compared to undigested biomass using AMG. To the 

contrary, Mondini et al. [39] reported a 2-fold SOC increase after digestate application on 

Italian lands, compared to undigested crop residues using a modified version of RothC. 

While pyrochar, gaschar, and even hydrochar are clearly outlined as attractive scenarios 

for SOC improvement, the digestate scenario projects insignificant SOC stock changes 

compared to the BAU scenario. Evidence suggests that anaerobic digestion of plant residue has 

little effect on SOC stocks in the long term compared to fresh plant-derived C. [100,101] The 

difference between the raw and digested residual biomass lies in the labile C fraction. The 

removal of the labile fraction reduces CO2 emissions from the digestate, compared to the raw 

feedstock. Besides C, bioavailable nutrients are concentrated in digestate, often in a form that 

is more assimilable for plants, which makes it an attractive fertilizer. [102] Using digestate as 

fertilizer can offset the C emissions incurred by mineral fertilizer production and application, 

though it can also involve higher N losses under specific conditions due to its greater propensity 

to volatilization following digestion. [103] Areas depicting SOC decreases should therefore be 

analyzed in detail to determine whether other benefits (energy and nutrient recovery) are 

worth the risk of losing soil C. 

The SOC stocks decreased in all APCUs with the 2GEtOH scenario, which reflects the 

changed lignin condensation of the biomass exerted by the chemical and enzymatic 

treatments, allowing the soil microorganisms to decompose the coproducts at a faster rate. 

[21,23,104] It is associated with increased microbial activity, which may improve fertility and 

plant growth. [105] Nevertheless, soil application of molasses has been associated with 

negative impacts on soil characteristics (e.g., increased salinity and electrical conductivity) and 

increased greenhouse gas emissions  compared to untreated biomass. [21,23] Our results 

suggest not exchanging the crop residue provision to soils with bioethanol coproducts if the 

objective is to prevent SOC losses. 

4.3 Strengths and limitations 

The scarcity and high variability of data regarding the coproduct’s C recalcitrance and the 

challenge of representing long-term effects on real environments based on short-term 

laboratory studies require caution in the analysis of the results. The main conclusions do not 
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regard the absolute values predicted but the trends related to the sensitivity of the model to 

the parameters used. We tested a wide range of plausible values for key parameters. The 

conclusions drawn for each technology can provide insightful decision support concerning the 

crop residues’ potential for bioeconomy. 

Our results partially show the bioeconomy cause-effect link between the usage of the crop 

residues and their export potential, with different long-term SOC stock predictions among 

scenarios. Using coproducts as EOM inputs to the soil is expected to modify the soil's physical, 

chemical, and biological characteristics in diverse ways. Soil changes can be altered by i) net 

primary production due to changes in the amount and quality of input carbon and nutrients, ii) 

addition of extra organic compounds to the soils, and iii) soil microbiota adaptation to use the 

C in the coproducts (this C being structurally different to the one in plant residues). [41,106] 

An excessive application of bioeconomy coproducts may alter soil physicochemical properties 

and induce other environmental impacts (e.g., climate change). Moreover, the C in the raw 

biomass is readily available, while in the stabilized matter the C may be unavailable for 

microorganisms, which could affect soil functioning and fertility. The SA demonstrated that 

100% of the crop residues can be exported to increase the bioeconomy provision while 

restraining the possible negative effects of biochar, by limiting the application, without 

affecting the SOC stocks. 

Some limitations can be identified in the adapted model and the case studied here. 

Changes in soil fertility induced by the addition of coproducts were not considered, as well as 

the potential changes in soil structure and quality due to limitations of the model. [66,107] 

Besides, nitrogen dynamics (i.e., nitrate leaching and NH3 emissions) and atmospheric 

emissions were not evaluated. It was beyond the scope of this work to analyze the overall 

environmental effects of the different bioeconomy strategies (i.e., accounting for the 

substituted energy and products by the main bioeconomy products), here focusing on SOC 

changes only. Similarly, how to prioritize the distribution of each crop residue to each 

bioeconomy technology was not addressed. These considerations, however, need to be 

assessed in future studies (e.g., life cycle assessment) to have a holistic understanding of the 

environmental impacts of exporting crop residues for each technology. 

Moreover, the exchange of crop residues with bioeconomy coproducts can influence the 

soil water retention capacity and crop yield. The physical structure (e.g., high microporosity, 

large surface area, and particle size) of chars (pyrochar, gaschar, and hydrochar) encourages 

the retention of water in their pores, which improves the water-holding capacity of soils 

[65,108,109]. Furthermore, the addition of chars improves the soil aggregate stability, which 

prevents nutrients from leaching [66,110]. The increased moisture, stability, and nutrient 
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retention, in turn improve the yield of crops [41,111]. Similarly, the high moisture and nutrient 

content in digestate and bioethanol molasses allow improving the soil's moisture and fertility  

[103,105]. A change in crop yields will in turn change the available crop residues and SOC 

dynamics. Besides the soil implications, the increased crop residue supply for bioeconomy or 

bioenergy production will demand extra resources such as water, chemicals (e.g., catalysts, O2 

and N2 carriers, among others), and even bigger facilities to process the extra residues. 

However, these water-energy nexus implications were not considered herein due to the lack 

of quantified evidence to integrate it. 

Another limitation of the study regards the validation of the bioeconomy-adapted AMG. 

Despite AMG having been well validated in previous studies [77,80,81,112], especially for 

temperate regions, currently, there is no available experimental data regarding the long-term 

SOC evolution of croplands after the application of the studied coproducts that can be used to 

validate the bioeconomy adapted AMG. 

Results may vary for different future climate trajectories; our case study considered the 

RCP4.5 trajectory only. This study considers unchanged cropping systems and crop yields 

throughout the 100 years. The impact of this hypothesis could be challenged in future works 

by e.g., using ADEME [91] projections of cropping systems in France, namely one complying 

with the Factor 4 initiative, and another prolonging the current trends. Factor 4, a national 

strategy that aims to divide GHG emissions by a factor of 4 by 2050, envisions better agricultural 

practices and fewer livestock while the current trends would lead to higher yields for grass, 

cereal-, and oleaginous crops. These changes in the cropping systems may affect the SOC 

dynamics and the ability to export crop residues. 

We assumed that all cover crops are maintained on soils and all temporary grasslands are 

exported, while currently approximately 50% of cover crops and 11% of temporary grasslands 

are being collected on a national scale for anaerobic digestion. [91] This surplus provision of 

digested feedstock may improve the results obtained for the AD scenario. Moreover, we only 

considered the changes in recalcitrance for the crop residues digested and not for the co-

substrates used. Around 50% of the simulation units involve the presence of manure besides 

other organic amendments, which could be co-digested, resulting in C inputs decline but C 

recalcitrance improvements. Nevertheless, this effect is expected to be of minor importance  

considering previous works (e.g., Thomsen et al.[101]). 

Finally, note that the SOC losses observed for hydrochar, digestate, and molasses could be 

compensated if coupled with other strategies, such as i) redistribution of coproducts from areas 

showing increased SOC stocks, ii) introduction of specific cover crops, iii) changes in farming 
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management, and iv) mix of bioeconomy coproduct return. This was, however, beyond the 

scope of the study. 

5. Conclusions 

This study demonstrated that the harvesting potential of crop residues is affected by the 

process for which the biomass is destined and is spatially explicit in order to preserve long-term 

SOC stocks.  

The partial return of crop residues C to soils, as stabilized coproducts, was shown to 

maintain and even increase SOC stocks in comparison to levels attained by simply leaving the 

residues on soils, allowing for the supply of more feedstock to the bioeconomy. The study thus 

confirmed that current practices applying a fixed removal threshold deprive the bioeconomy of an 

important amount of biomass, whose carbon would otherwise be lost as CO2 emissions rather than 

contribute to enhancing SOC levels. 

Pyrochar and gaschar have been shown to raise SOC stocks in all the French croplands when used 

as soil C inputs in place of crop residues. Except for croplands in the Northern region, the HTL scenario 

predicted an increase in SOC stocks in 88% of the areas. For digestate, minor SOC gains resulted in only 

50% of the areas. The return of C via molasses resulted in clear losses of SOC stocks throughout all 

croplands.  

By modifying the AMG soil carbon model to consider the recalcitrance of returned 

bioeconomy coproducts, this study provides a spatially explicit operational tool that can supply 

science-based support for future decisions on the usage of crop residues for bioeconomy and/or 

renewable energy systems, for a variety of locations and data granularity.  

Nevertheless, further research is required regarding recalcitrance, particularly for 

bioethanol coproducts and gasification char, for which studies are scarce and the 

understanding of the C stability and MRT effects on SOC evolution remains an issue. 
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Supporting documents and data 

This Chapter 3 presents a novel framework adapting the soil model AMG to include five bioeconomy 

coproducts, namely pyrochar, gaschar, hydrochar, digestate; and molasses derived from the 

production of second-generation bioethanol. The framework is applied to a case study for French 

croplands, and thus all the data inputs used in this chapter, as well as the outputs results from the 

model for each scenario (BAU and bioeconomy) and sensitivity analysis are summarized in the 

accompanying appendixes:  

 

Towards Chapter 4 

This Chapter 3 proposes a framework for the spatially-explicit assessment of crop residues potential 

to supply the bioeconomy in a C-neutral harvest context at a national scale. The AMG soil model was 

adapted to include five coproducts and was then applied in the specific case study of French croplands. 

Although the application of the model requires specific input data for the geographic area under study, 

the framework developed in this chapter can be applied to other contexts besides France and at 

different spatial resolution. SOC dynamics in croplands are deeply defined by the specific pedoclimatic 

context and agricultural practices. Therefore, the conclusions derived in this chapter are not universal 

and specific local assessments must be performed for each particular context. Due to their prodigious 

combination of soil and climate characteristics, tropical lands are expected to contribute to 

approximately 70% of the global carbon sequestration until 2050. However, these same characteristics 

confluence to produce highly fertile soils which are overly exploited by the agroindustry in tropical 

regions. In Chapter 4, we apply the framework developed in chapter 3, for Ecuadorian croplands as a 

representative case of a tropical biome. The framework is adapted for the local conditions and second 

soil model, widely tested in tropical countries, is adapted for the bioeconomy. 

 

• Appendix A2a: Supplementary information of the article. 

• Appendix A2b: Summary of the results   

• Background data: The complete database produced along with this paper reporting 

the input and output data of the model, as well as the scripts used is openly available 

in the following repository:  https://doi.org/10.48531/JBRU.CALMIP/AUEEEJ 
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4. CHAPTER 4: SOC modeling for the 

bioeconomy in tropical contexts – Ecuadorian 

case study 

4.1 Context 

This chapter answers the specific research questions:  

1. RQ2. How much additional biomass is available if bioeconomy coproducts are returned to soils, 

compared to an approach not considering the bioeconomy/recalcitrance effect? 

2. RO2. Adapt a soil model to evaluate the long-term SOC dynamics of harvesting crop residues 

for the bioeconomy while returning the bioeconomy coproducts to soils. 

3. RO3. Perform spatially explicit assessments of C-neutral harvest potential of crop residue to 

supply the bioeconomy at the national level in temperate and tropical contexts, represented 

by France and Ecuador, respectively. 

4. RO3.1 Build the baseline of Ecuadorian cropping systems with potential to supply the 

bioeconomy development in the country. 

While the AMG soil model used in Chapter 3 has been widely validated for temperate climates, 

it cannot be directly used in tropical lands due to a lack of validation for this particular pedoclimatic 

conditions. Therefore, this study adapted the framework to include bioeconomy coproducts within the 

RothC soil model, which has been tested in a wider array of climates as reviewed in Chapter 2. Besides 

the soil model itself, another marked difference with the study of Andrade et al. 2023 is the inclusion 

of crops commonly found in tropical regions, which have a higher lignin content than the typical cereal-

like crops included in Chapter 3. The model was tested with a high spatial resolution for Ecuadorian 

croplands as a representative case. To this end, three main stages were performed within this work. 

First, we performed a spatial-explicit assessment of the crop residue potential in Ecuador, which has 

produced the first baseline representing current cropping systems for the country and assessing the 

potential for the bioeconomy and soil C inputs. This stage is presented as a data paper included in 

Appendix A3a. In the second stage, we adapted the soil model RothC to include four bioeconomy 

coproducts: pyrochar, gaschar, hydrochar, and digestate, as defined in Chapter 3. Based on the 

conclusions observed using AMG for the bioethanol scenario, this scenario was not considered in this 

chapter. Finally, the croplands baseline developed for Ecuador was applied in the newly adapted 

RothC-Bioeconomy to perform the spatial explicit SOC modeling in Ecuadorian croplands, for the four 

bioeconomy coproducts. The stages two and three are presented in this chapter. 
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Key findings 

• The database defining CC coefficients in Chapter 1 was extended with new 110 data 

records to account for tropical crop residues. 

• The baseline cropping systems and potential crop residues of Ecuador has been 

defined. A detailed spatial explicit database reporting biomass yields and derived 

above- and belowground C inputs to soil has been produced. 

• A total potential of 113 PJ crop residues is available in the assessed cropland portion 

(52% of Ecuadorian croplands). 

• The cumulated monthly evapotranspiration for Ecuador, for the period 2020 – 2070, 

under the RCP 4.5 projection, at a 4km spatial resolution was produced in this 

chapter. 

• The RothC soil model was adapted to include pyrochar, gaschar, hydrochar, and 

digestate, resulting in the RothC-Bioeconomy model. 

•  

The content of this chapter is being prepared for submission to peer review and the databases 

developed are transparently documented in the open repositories declared along the chapter. 
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Abstract 

The urgency to achieve climate neutrality and limit global warming requires a transition to low 

fossil carbon use. Crop residues, an abundant source of renewable carbon, remain underutilized, 

among others due to soil conservation practices. Soil organic carbon (SOC) plays a crucial role in 

tropical croplands by supporting soil health, nutrient availability, and biogeochemical cycles. The 

incorporation of exogenous organic matter (EOM) amendments has the potential to enhance carbon 

storage and fertility. This study conducted in Ecuador, a biodiversity hotspot, aims to identify SOC stock 

vulnerabilities, estimate SOC storage potential and changes in CO2 fluxes in tropical cropping systems 

resulting from changes in crop residue harvest for use within the bioeconomy, when a subsequent 

recalcitrant EOM application is involved. A spatially-explicit modeling framework representing the 

agricultural area into 15,782 agricultural pedoclimatic units was employed to assess the potential for 

SOC storage and to quantify resulting CO2 emission changes in tropical cropping systems. Four 

scenarios were analyzed, all implying the conversion of crop residues into bioeconomy products as 

well as recalcitrant EOMs. The RothC soil model, adapted to incorporate additional carbon pools for 

labile (CL) and recalcitrant (CR) fractions, as well as the priming effect, was utilized alongside high-

resolution data to evaluate SOC storage potential for each scenario. Baseline SOC stocks ranged from 

7.43 to 235 t C ha-1, with an average of 61.76 t C ha-1. At the national level, the business-as-usual (BAU) 

scenario, i.e., crop residues removal, projected a potential 4% increase in SOC stocks by 2040 and a 7% 

increase by 2070. However, SOC stocks decreased in 79% of the study area. The simulations 

mailto:andraded@insa-toulouse.fr
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demonstrated the potential to supply 113 PJ biomass for the bioeconomy without incurring SOC losses 

in the pyrolysis and gasification scenarios. Harvesting residual biomass with co-product return led to a 

19-39% reduction in CO2 emissions over 50 years, depending on the scenario. Sensitivity analyses 

revealed the priming effect as a particularly sensitive parameter for the results. 

Keywords  

Soil organic carbon, exogenous organic matter, RothC, crop residues, carbon sink, bioeconomy, 

priming effect, biochar, digestate, gaschar, hydrochar 

 Highlights 

§ The soil model RothC was adapted to simulate the long-term SOC dynamics of recalcitrant 

exogenous organic matter inputs. 

§ The adapted RothC was used to estimate the SOC storage potential of croplands amended 

with recalcitrant EOMs in tropical lands. 

§ The changes in CO2 emissions were studied for various scenarios involving the harvest of crop 

residues and return of recalcitrant EOMs. 

§ The baseline of current cropping systems of Ecuador was developed with high spatial 

resolution. 
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Graphical abstract 

Fig 0 Graphical abstract summarizing Chapter 4 
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CO2_bio CO2-C Emissions in the Mitigation Scenario 
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DEOM Decomposable Exogenous Organic Matter 

DM Dry Matter 
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Mt C Megatonnes of Carbon 

PCU Primary Crop Unit 
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SA Sensitivity Analysis 

SAPCU Surface area of Agricultural Production and Consumption Unit 
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SOCS Soil Organic Carbon Sequestration 

SOCt,i,x Final SOC stocks at time t, APCU i, and scenario x 

SOCtBAU SOC stock at time t for the BAU scenario 

SOCtbio SOC stock at time t for the mitigation scenario 

SPEI Standardized Precipitation Evapotranspiration Index 

t Time 

w Pondering Coefficient 

ΔCO2 Difference in CO2 emissions between mitigation and BAU scenarios 

ΔCO2 (t C ha-1 y-1) Amount of CO2-C emitted or avoided by each mitigation scenario at the end of the 

simulation 

ΔSOC0-t,i,x (%) Percent change of SOC stocks from initial conditions to the end of the simulation 

ΔSOCbio-BAU (%) Weighted average SOC change observed per scenario at a national scale 

ΔSOCbio-BAUi (%) SOC stocks change percentage observed by implementing a mitigation scenario, 

relative to the BAU, in the APCU i 

ΔSOCnet Net change in SOC stocks at the national level 
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1. Introduction 

The ambitious goal of climate neutrality by 2050 [1,2] set to commit to the Paris Agreement 

[3] target to limit global warming well below 2°C calls for actions ensuring a transition toward low fossil 

carbon (C) use [4]. Biomass, particularly crop residues, constitutes one of the largest streams supplying 

renewable C, with an estimated production of 5 billion metric tons in 2013 [5]. However, this potential 

is not fully exploited as crop residues are usually left on the agricultural fields to conserve the soil 

organic carbon (SOC) budget [6,7]. Typically, a precautionary principle is applied, suggesting a crop-

dependent threshold ranging from 15% to 60% [8] to avoid SOC losses related to the harvest of crop 

residues. 

In addition, soil organic carbon 

plays a crucial role in supporting 

biogeochemical cycles and plant nutrition 

in tropical croplands [12,13]. Soil organic 

matter can enhance the mineralization 

and availability of nutrients such as 

nitrogen, phosphorus, and sulfur, which 

are often limiting factors in tropical soils 

[14,15]. Moreover, soil organic matter 

can also improve soil structure, water-

holding capacity, and infiltration, leading 

to increased soil productivity and crop 

yields in tropical croplands [9,16]. 

Given the high potential for soil carbon sequestration especially in tropical croplands, there is 

a need for effective strategies to increase soil organic carbon stocks and mitigate carbon losses. This 

can be achieved through the implementation of sustainable agricultural practices, which aims to 

minimize soil disturbance and maintain soil cover with the use of cover crops and mulching [14]. 

Furthermore, the use of organic amendments such as compost and manure can also promote soil 

carbon sequestration and improve soil health in tropical croplands [13,17]. Overall, the maintenance 

and enhancement of soil organic carbon are crucial for the sustainable management of tropical 

croplands and the provision of ecosystem services such as carbon sequestration, nutrient cycling, and 

food security. 

In this context, agricultural soils can behave either as a source or sink of C in response to stress 

induced by farming management practices [10]. Various studies have addressed diverse agricultural 

Soil organic carbon is especially important 

for soil health and functioning in tropical croplands 

due to their high soil biodiversity and fertility, as 

well as year-round intensive agricultural practices 

that promote soil degradation and carbon losses [9]. 

Tropical soils can store large amounts of carbon, and 

the incorporation of organic matter through the use 

of cover crops and the application of organic 

amendments can help maintain soil health and 

fertility [10,11]. 
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practices to induce SOC sequestration, including the insertion of cover crops [11] and grasslands 

[18,19] in crop rotations and the recycling of organic resources [20] as exogenous organic matter 

(EOM) to soils. EOM can be defined as any byproduct material of biological origin derived from 

industries, livestock breeding, or municipal wastes, that can be applied as a soil amendment to 

promote C storage, enhance soil fertility, and reduce soil degradation [21,22]. 

The potential of various EOMs (e.g., manure, compost, sewage sludge) to improve agriculture 

and offset environmental impacts has been studied by various authors [21–24], with results depending 

on the specific pedoclimatic characteristics associated with the soil and the composition of the EOM, 

itself determined by the original feedstock and production conditions. Nevertheless, the application of 

EOMs to soils is highlighted as an attractive strategy for building up SOC stocks while recycling material 

otherwise considered waste. Moreover, previous studies have revealed that the actual harvesting 

potential of crop residues to supply bioeconomy services could increase if the coproduct of the process 

returns to the soil as an EOM [8,25,26].  

Due to the high costs associated with SOC measurements, soil models able to simulate the soil 

response to EOM application are a valuable tool for developing soil C sequestration policies [27]. 

Previous studies have investigated the inclusion of EOMS with varying degrees of recalcitrance, such 

as biochar and digestate, in soil models, including RothC [26,28–30], Century [31], APSIM [32], EPIC 

[33], CTOOL [25], AMG [34], and CANDY [35]. Notably, Andrade Diaz et al. [8] have included five 

different EOMs simultaneously in AMG and applied the model to French croplands. However, SOC 

modeling including recalcitrant EOMs has been predominantly studied for temperate regions and 

research is needed to expand their application to other biomes.   

In fact, according to IPCC [36] tropics can potentially sequestrate 1.1 – 1.6 Pg C yr−1, which 

represents approximately 70% of the global potential carbon sequestration from 1995 to 2050. On the 

other hand, the favorable pedoclimatic conditions, wide crop biodiversity, and high soil fertility allow 

for year-round intensive agricultural practices that promote soil degradation and carbon losses in 

tropical croplands [12]. Tropical croplands are thus key for supplying renewable carbon to the 

bioeconomy if C sequestration strategies can be implemented.  

This study aims to estimate at a high-spatial-resolution the i) SOC storage potential of tropical 

cropping systems under various scenarios entailing the harvest of crop residues followed by the 

application of recalcitrant EOM, and iii) the CO2 emissions mitigation potential of these scenarios. We 

modeled the SOC dynamics of Ecuadorian croplands (0 – 30 cm), with and without harvesting crop 

residues to supply various bioeconomy pathways, allowing for the return of recalcitrant EOMs. Albeit 

Ecuador is a well-known biodiversity hotspot, vulnerabilities regarding the maintenance of SOC stocks 
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have already been identified [37,38] and were thus selected as an illustrative case of tropical lands. 

When it comes to CO2 mitigation, the scope of the work is only related to the changes in crop residues 

management from the soil perspective. A complete assessment should also consider the full biomass 

conversion processes and activities, as well as substitution effects, which is outside the scope of this 

work.  

2. Methods 

2.1 Modelling framework 

We used a spatially-explicit approach to assess the SOC storage potential in tropical lands, 

under four mitigation scenarios involving the conversion of crop residues into stabilized EOMs as 

compared to a business-as-usual (BAU) reference scenario where crop residues remain on soils. The 

study was based on the framework developed by Andrade et al. [8] and applied with a high-spatial 

resolution for the Ecuadorian croplands as a representative case. A near-term (2020-2040) and long-

term (2020-2070) timeframe were considered for all the scenarios. The BAU scenario reflects the 

current cropping systems of Ecuador and assumes that crop residues (100%) are left on soils as a source 

of C. As opposed, each mitigation scenario considers that all the technically harvestable crop residues 

are exported to supply the bioeconomy and then partially returned as a stabilized EOM rich in 

recalcitrant carbon. The BAU is then a benchmark for contrasting the mitigation scenarios. The EOMs 

considered here are biochar produced under gasification and fast pyrolysis, hydrochar from 

hydrothermal liquefaction (HTL), and digestate from anaerobic digestion (AD). To avoid confusion 

between the mitigation scenarios, biochar is referred as pyrochar and gaschar for the pyrolysis and 

gasification processes, respectively.  

The framework entails four consecutive stages (Fig 1) detailed in the subsequent sections: i) 

first, we clustered the country according to its pedoclimatic characteristics and define the area of 

study, ii) then, we described the baseline cropping systems and quantify the spatially explicit potential 

of crop residues in Ecuador, iii) thereafter, the RothC [39] soil model was adapted and applied with 

high resolution to determine the SOC storage potential of each mitigation scenario (compared to the 

BAU), and iv) we finally performed a sensitivity analysis to evaluate the influence of the key parameters 

driving the soil model. 
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Fig. 3 Modelling framework applied for Ecuador, to quantify the spatially-explicit long-term SOC storage potential 

under four mitigation scenarios, entailing the return of exogenous organic matter. ISRIC: International Soil 

Reference and Information Centre, NCAPSS: National Continuous Agricultural Production and Surface Survey of 

Ecuador, known as ESPAC, RPR: residue to product ratio, RtS: root to shoot ratio, RCP: Representative 

concentration pathway, SOC: soil organic carbon, EOM: exogenous organic matter, BAU : business as usual, DPM, 

RPM, HUM, BIO, HUM : soil pools in RothC. [a] [40], [b] [41], [c] [37], [d] [42], [e] [43], [f] [38], [g] [44], [h] [45], 

[i] [46] 

2.2 Spatially explicit cropping systems  

The wide pedoclimatic diversity of Ecuadorian croplands was represented by the so-called 

agricultural pedoclimatic units (APCU, [8]), which are unique combinations of soil characteristics, 

meteorological variables, and crop rotations in agricultural lands. The creation of the APCUs is 

thoroughly detailed in the supplementary information (SI)1, while the original and processed data are 

transparently documented in “a companion data paper [47]”, inhere we succinctly explore the 

essential concepts to build the APCUs.  The APCUs were built upon the contribution of the Ministry of 

Agriculture of Ecuador (MAG) for the global Soil Organic Carbon Sequestration (SOC) map [37,38], by 

intersecting the national SOC stock map at 0-30 cm [41], the climate layers extracted from Terraclimate 

[40] and the national land use map for the period 2009 – 2015 [42]. The average data reported for the 

period 2016 – 2019 on the National Continuous Agricultural Production and Surface Survey (ESPAC; 

[48]) was used to select the study area based on crop yields and surface. The selected representative 
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crops include 10 different annual, semi perennial and perennial species (i.e., banana, barley, cocoa, 

coffee, maize, rice, plantain, oil palm, sugarcane, and wheat) (Table S1), representing 95% of the 

national production and over 90% of the national croplands surface [47]. The APCUs included in this 

study where only those dedicated to the selected crops, with at least 10 ha of surface, and for which 

the Ecuadorian SOC sequestration map presented successfully modelled SOC stocks for 2040 under a 

BAU development [38]. This selection yielded 15,782 APCUs covering 1.19 Mha, which represents 52% 

of the total Ecuadorian croplands (further detailed in SI1) in 2009-2015. 

The potential residual biomass contributing to the soil C inputs in the BAU scenario was 

determined based on the average yield extracted from the data reported on the historical ESPAC for 

the period 2002-2019. The above- and belowground C inputs per APCU were calculated by multiplying 

the main product yield (t ha-1) per crop by the residue-to-product (RPR; [49]) and root-to-shoot (RtS, 

[50]) ratios and the corresponding C content (see Andrade et al. [47]), respectively. The C inputs in the 

mitigation scenarios were determined as in the BAU, with the premise that all the technically 

harvestable fraction (Table S1) was mobilized to supply the bioeconomy and partially returned to the 

soils as a recalcitrant EOM. The detailed procedure to determine the potential crop residues and C 

inputs in the Ecuadorian cropping systems is detailed in SI1 and in the associated data paper.  

2.3 Mitigation scenarios 

The mitigation scenarios consider the application of four different EOMs to offset SOC stock 

losses and climate change. The EOM-SOC dynamics are directly affected by the quantity of C in the 

EOM and its recalcitrance to degradation when input in soils. The recalcitrance represents the fraction 

of carbon in the EOM that is more resistant to mineralization [51] and is represented by the carbon 

recalcitrance (CR) coefficient. The more easily degradable fraction of carbon is referred to as labile (CL), 

and is expressed as 1 – CR. The amount of carbon input through each EOM is affected by the carbon 

conversion (CC) coefficient [52]. Both CC and CR are specific for each EOM and are governed by the 

process conditions and the feedstock material composition.  

The EOMs included in this study are pyrochar produced under fast pyrolysis conditions, gaschar 

obtained as a coproduct of gasification, hydrochar produced from hydrothermal liquefaction (HTL), 

and digestate resulting from anaerobic digestion (AD). The process conditions assumed to produce 

each of the EOMs are described in SI1. While thermochemical processes (i.e., pyrolysis, gasification, 

and HTL) are conducted under extreme pressure and temperature conditions that favour the 

appearance of aromatic carbon related to high CR values [53], biochemical processes, such as AD, do 

not change the original structure of the C contained in the raw biomass [54]. The CR and CC values used 

were retrieved from the study by Andrade et al. [52]; the former taken directly as presented in the 
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original study, whereas the latter included the expansion of the database to include the tropical crop 

residues assessed in this study (Table 1).  

Due to their recalcitrant nature, EOMs used as soil amendments can change the normal rate 

of SOC mineralization. This effect is commonly referred to as priming effect (PE) and is considered to 

be positive (+PE) if the mineralization rates observed in the BAU are accelerated by the input of the 

EOM, and negative (-PE) if the rate is slower [55]. Due to the tremendous role played by the 

mineralization rate on SOC dynamics [30], the PE was considered a key parameter to assess the EOM-

SOC dynamics in this study (Table 1). 

Table 1. Mitigation scenarios and inner characteristics of the carbon structure of the EOMs included in 

this study. a 

EOM Production conditions 

CC 

CR b CL PEc 
kL b 

(y-1) 

kR b 

(y-1) 
Cereal 

straw b 

Fibres and 

leaves c 

Pyrochar 350°C – 700°C, seconds 

to 2 hours, DM > 90% 

0.44 0.51 0.95 0.05 0.286 118.00 0.003 

Gaschar 600°C – 1200°C,  

DM > 90% 

0.20 0.31 0.95 0.05 0.449 69.67 0.007 

Hydrochar d 180°C – 400°C, catalyst, 

DM < 20% 

0.31 0.31 0.89 0.11 0.803 27.64 0.099 

Digestate  Mesophilic: 30°C – 

50°C, 1-3 months,  

DM < 35% 

0.36 0.69 0.68 0.32 0.803 199.96 0.815 

CC: Carbon conversion CR: Carbon recalcitrant fraction, CL: carbon labile fraction (1-CR), PE: Priming effect, kL: mineralization 

rate of the labile fraction, kR: mineralization rate of the recalcitrant fraction. a Parameters considered for the main simulations 

of this study, considered as the default average parameters. PE is 1 for the main simulations and the PE reported in here is 

only considered for the sensitivity analysis (section 2.5). b Value used as in Andrade Díaz et al. (2023). c Average value from 

110 data records reported in Andrade et al. [56] to include lignin rich crop residues. PE values of pyrochar and gaschar were 

defined according to the global meta-analysis by [57]. PE for pyrochar was used as the percent change of the organic carbon 

content in the soil observed by the application of biochar produced at medium temperature (350 – 600°C) and the value 

observed for high temperatures (> 600 °C) was used as proxy for gaschar. The determination of PE as presented in here is 

further detailed in section 2.4.4 and SI1. PE for digestate was calculated from a meta-analysis (unpublished) including 79 data 

records contrasting the SOC changes observed after the application of digestate with a control situation where no digestate 

is applied. d No data regarding the hydrochar represented in this study was found, therefore CC and CR defined in Andrade 

Díaz et al. (2023) for cereal residues were used as a proxy. Since HTL processes tolerate wet feedstocks as in AD processes, 

and the recalcitrance lifetime of hydrochar was found to be on the decadal scale as opposed to the hundreds found for other 

biochar (pyrochar and gaschar) [53,58], the PE defined for digestate was used as a proxy for hydrochar.  
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2.4 SOC modeling 

2.4.1 Soil model RothC Overview  

The Rothamsted Carbon model (RothC) 26.3 [39] is a widely used multicompartment model 

for predicting soil carbon turnover. It was initially developed to simulate the SOC dynamics in croplands 

and later expanded to forests and grasslands. RothC has been tested and well-validated under different 

soils and climates worldwide, including tropical regions [59–62].  

The model operates in a monthly timestep and is structured to allocate the carbon inputs in 

five different soil compartments (Fig. 2a). The decomposable plant material (DPM), resistant plant 

material (RPM), microbial biomass (BIO), and Humified organic matter (HUM) compartments are 

considered active and mineralize the C inputs according to specific decay rates (k) in each pool, 

following first-order kinetics. The inert organic matter (IOM) pool is a small compartment resistant to 

decomposition. The k values for the active pools are constants in decreasing order: kDPM= 10 y-1, kRPM= 

0.30 y-1, kBIO= 0.66 y-1, kHUM= 0.02 y-1, with a mean residence time (MRT) of 1 k-1. 

The carbon inputs are split between DPM and RPM according to the DPM: RPM ratio of the 

material. The default DPM: RPM ratio for croplands and grasslands is 1.44 (i.e., the material contains 

59% DPM and 41% RPM). A portion of the carbon in each compartment is mineralized as CO2 and the 

remaining fraction is allotted in the BIO (46%) and HUM (54%) pools. The soil clay content determines 

the proportion of emitted CO2.  

2.4.2 Adapted RothC for the mitigation scenarios 

We adapted RothC to include two extra pools to allocate the labile (CL) and recalcitrant (CR) 

carbon fractions of the EOMs under study (Fig2b). The model, hereon RothC-Bioeconomy, is built upon 

the study of Pulcher et al. [30] for including biochar in RothC. The CL and CR coefficients (Table 1) 

distribute the EOM’s C between the decomposable exogenous organic matter (DEOM) and the 

recalcitrant exogenous organic matter (REOM) pools, respectively. RothC-Bioeconomy assumes that 

the EOM is partly mineralized into CO2 and the remaining C is transferred to the BIO and HUM pools. 

The carbon mineralization in the DEOM and REOM pools is defined by their respective mineralization 

rates (kL and kR) and is affected by the priming effect of the EOM. The size (CL and CR) and mineralization 

rates (kL and kR) allotted to the DEOM and REOM pools are EOM-dependent and were used as reported 

in the study of Andrade et al. [52], as further detailed in SI1.  

The pyrochar PE was retrieved from the global meta-analysis by Chagas et al. [57], where the 

mean effect on SOC stocks determined for the application of biochar produced at pyrolysis 

temperatures ranging from 350°C to 600°C was used to represent the pyrochar PE in this study. Due 
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to lack of information regarding the PE of gaschar, the SOC change determined by Chagas et al. [57] 

for pyrolysis temperatures above 600°C was used as a proxy for gaschar PE. A meta-study (unpublished) 

was performed to contrast the SOC stocks attained under digestate application against a control 

situation with no digestate inputs and it was used to derive the PE of digestate. The data used to 

determine the digestate PE is openly reported in Andrade et al. [56]. If no PE is considered by the input 

of the EOM, then PE is set as 1. If the EOM input involves a PE on the mineralization rates, then the PE 

value is summed or subtracted from 1, for a positive and negative PE, respectively. The details on 

implementing the RothC-Bioeconomy parameters (i.e., CC, CR, kL, kR, and PE) are further explored in 

SI1.

 

Fig 2. RothC model a) original configuration, and b) RothC-Bioeconomy adapted in this study. DPM: 

Degradable Plant Material. RPM: Resistant Plant Material. BIO: Microbial Biomass. HUM: Humified 

Organic Matter. IOM; Inert organic matter. k: mineralization rate. PE: Priming effect. EOM: Exogenous 

organic matter. DEOM: decomposable exogenous organic matter. REOM: recalcitrant exogenous 

organic matter. EOM: exogenous organic matter. kLab: mineralization rate of the labile fraction. kRec: 

mineralization rate of the recalcitrant fraction. Green solid line represents the allocation of the crop 

residue carbon in the soil pools. Red solid line depicts the allocation of EOM carbon in the soil pools. 

Dotted lines represent mineralization of the carbon inputs as CO2.   
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2.4.3 Input data for RothC-Bioeconomy 

RothC requires minimal and relatively easily obtainable climate, soil, and management data. 

The climate data comprises monthly rainfall (mm), monthly evapotranspiration (mm), and average 

monthly air temperature (°C). The temperature and precipitation data for the period 2020 – 2070, 

were obtained from the Sub-secretary of Climate Change of Ecuador [44], for the RCP4.5 climate 

trajectory (Representative Concentration Pathway; [63], downscaled by the ensemble model IPSL-

CM5A-MR/MIROC-ESM/GISS-E2-R/CSIRO-Mk3-6-0. The evapotranspiration was calculated using the 

Thornthwaite method [61,64] within the Standardized Precipitation Evapotranspiration Index (SPEI 

package SPEI v1.7, updated 2019) package [46,65]. The preparation of the spatially-explicit 

meteorological data is detailed in [47]. Soil data includes clay content (%) at simulation depth, initial 

(0 - 30 cm) SOC stocks (t C ha-1), and initial SOC allocation among the different pools. Data regarding 

SOC stocks and allocation across the soil pools, as well as the clay content (%), were retrieved from the 

contribution of MAG to the Global SOC sequestration potential map [37,38] at a 1km resolution. The 

bulk density was retrieved from Soilgrids [43]. 

The management data comprise information on whether the soil is covered or bare, an 

estimate of the decomposability of the plant material (DPM:RPM ratio), and the monthly input of 

carbon (t C ha-1) from the crop residues, farmyard manure, and other EOMs. The DPM:RPM ratio used 

was 1.44 as suggested by default in RothC for cropping systems [39]. The monthly above- and 

belowground C inputs were calculated based on the average (years 2022 to 2019) production data 

reported in the ESPAC [45] for the sow/harvest schedule of the crops included in this study (Fig S1), as 

further detailed in SI1.  

2.4.4 SOC storage potential calculation 

The SOC storage potential of any mitigation scenario, compared to the BAU, is determined as 

the SOC change observed at the end of the simulations in each scenario (mitigation vs BAU). The SOC 

stocks change is calculated in each APCU using Eq (1) [8] and scaled at national level as the weighted 

average according to the APCU surface (Eq (2)). 

∆𝑆𝑂𝐶	/+0%123+(%) = G45"-$%&%45"-'()
45"-'()

H
+
∗ 100   (4) 

∆𝑆𝑂𝐶	/;0%123I (%) = ∆𝑆𝑂𝐶	/+0%123+ ∗ 𝑤+   (5) 

where ΔSOCbio-BAUi (%) is the SOC stocks change percentage observed by implementing a 

mitigation scenario, relative to the BAU, in the APCU i. SOCtbio is the SOC stock at time t for the 

mitigation scenario and SOCtBAU is the SOC stock at time t for the BAU scenario. Here, t corresponds to 
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December at the years 2040 and 2070 for the near-term and long-term simulations, respectively. 

Scenarios representing a potential SOC storage, as compared to the BAU, return positive ΔSOCbio-BAU 

values, while scenarios with a SOC losing potential return a negative ΔSOCbio-BAU. ∆𝑆𝑂𝐶	/;0%123I (%) is 

the weighted average SOC change observed per scenario at a national scale, considering a pondering 

coefficient w, which represents the contribution of the surface of APCU i to the total surface simulated. 

The net SOC storage potential of the mitigation scenarios, defined as the total Mt C gained or loss 

(mitigation vs BAU) at a national level (only APCUs studied) is calculated using Eq (3): 

𝑇𝑜𝑡𝑎𝑙	𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙	∆𝑆𝑂𝐶𝑛𝑒𝑡 = 	∑ (𝑆𝑂𝐶/+0 − 𝑆𝑂𝐶123)+ ∗ 	𝑆2:"3++            (6) 

Total national ΔSOC net (in Mt C) is the sum of the difference between the SOC stocks in the 

mitigation and the BAU scenarios at the end year (2040 or 2070) per APCU, times the APCU surface 

(SAPCU). The total croplands surface of Ecuador is 2.19 Mha but after the selection criteria described in 

section 2.2, only 1.19 Mha were included in the study (see SI). 

The SOC stocks change in time, for a given scenario (mitigation or BAU) is calculated as the SOC 

observed at the final year minus the initial SOC stocks (Eq (4)). 

∆𝑆𝑂𝐶6%<%,/(%) =
45"-,%,/%45"+

45"+
∗ 100     (4) 

where ΔSOC0-t,i,x (%) is the percent change of SOC stocks from the initial conditions (year 2020) 

until the end of the simulation (near-term: 2040, long-term: 2070); SOC0 corresponds to the initial SOC 

stocks and SOCt,I,x to the final SOC stocks at time t, APCU i, and scenario x. 

RothC calculates the SOC storage has a direct effect on the CO2 flux from soil, which are 

accounted as the difference of the CO2 outflows [38] in the mitigation scenario vs the BAU (Eq 5).  

∆𝐶𝑂= =	𝐶𝑂=_/+0 − 𝐶𝑂=_123  (5) 

where ΔCO2 (t C ha-1 y-1) is the amount of CO2-C emitted or avoided by each mitigation scenario 

at the end of the simulation, for CO2_bio representing the emissions in the mitigation scenario and 

CO2_BAU the emissions in the BAU. 

2.5 Sensitivity analysis 

The carbon inputs, EOM’s recalcitrance, and priming effect parameters included in the adapted 

RothC-Bioeconomy can vary in function of the process performance [52]. Moreover, knowledge gaps 

are still open regarding the PE of the studied EOMs thus entailing important differences on PE values 

across the available literature [57,66].  
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The effects of carbon inputs and of recalcitrance values have been addressed in a previous 

publication [8]. Therefore, we here focus on addressing the effect of PE for the pyrochar scenario as a 

representative of high negative PE (i.e., 71.4% slower mineralization rates, [57]). To this end, we ran a 

simulation for which all the parameters were as default (Table 1) but instead of using a PE of 1, the PE 

was set to be the one presented in Table 1.  

3. Results  

3.1 SOC evolution in the BAU scenario 

The SOC stocks in Ecuadorian croplands (i.e., only the PCUs included in this study), at the 

baseline (2020), range from 7.43 to 235 t C ha-1 (average 61.76 t C ha-1), which represents 70.2 Mt C 

for the 1.19 Mha inhere studied (SI). At the national level, the BAU results show a potential increase 

of the national SOC stock by a mean of 4% and 7% in the short- (2040) and long-term (2070), 

respectively (Table 2). Despite this expected average increase, SOC stocks are, by 2040, shown to 

decrease in 79% of the simulated areas (up to 65% loss), representing a loss of 0.984 MtC (Fig S3). 

However, this loss stabilizes to 0.77 MtC (up to -90%) by 2070, due to a slight recovery between 2040-

2070. The SOC lost in Ecuadorian croplands induces total cumulated emission of 304.51 Mt CO2-C at 

the end of the simulations. The spatial explicitness of the study revealed the influence of the cropping 

systems diversity on the SOC dynamics. The highest SOC sequestration is observed in the areas with 

presence of sugarcane, followed by areas dedicated to banana, while the highest SOC loss is observed 

in the areas dedicated to cereal crops (i.e., rice and maize) (Fig S2).  

3.2 Exogenous organic matter linked to SOC dynamics 

The potential SOC storage (Table 2), as well as the area affected (Fig 3 and 4), differed greatly 

among the mitigation scenarios, with national SOC changes ranging from -7 (AD) to 17.70 (Pyrolysis) 

Mt C in 2040 and from -10.5 to 44.7 Mt C in 2070. Pyrochar shows the highest SOC storage, with a 

potential increase by a mean of 64% (max 231%) compared to the BAU, while the greatest SOC loss is 

observed in the AD scenario with a mean change of -15.3% (min -31.8%).  

Pyrochar shows increased SOC stocks in all (100%) the simulated areas for the two timeframes 

studied. However, a 3-fold increase of SOC sequestering potential is observed between 2040 and 2070, 

with SOC changes ranging from 0.5 to 69% in 2040 and from 2 to 231% in 2070. 

Albeit gaschar predicted additional SOC stocks of 1.24 Mt C (∆𝑆𝑂𝐶?5@AB123 of 1.5%) at a 

national scale, approximately 8.58% of the simulated area could decrease SOC stocks (up to -12.3%) in 

the near term (2040). The SOC loss observed, could be compensated by sustained gaschar inputs, 

attaining additional 12.03 Mt C (∆𝑆𝑂𝐶?5@AB123 of 15%) by 2070, with no SOC losses observed in any 
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PCU. This difference reveals a 10-fold increase on SOC storage in 30 years of gaschar inputs. Moreover, 

while 60% of the simulated area predicted a maximum SOC increase of 2% by 2040, approximately 

54% of the areas show a maximum increase of 16.5% by 2070. 

The SOC storage response to the exchange of crop residues by EOMs produced under mild 

process conditions (i.e., hydrochar and digestate) is highly spatially heterogeneous (Figs 3 and 4) and 

is greatly influenced by the time extension of the simulations. For instance, at the near-term 

simulations (2040), the HTL scenario shows SOC stocks changes ranging from -14.8% to 13.1% (mean 

of -4.6%), which results in a SOC loss of 3.52 Mt C at a national scale. For the same period, the AD 

scenario shows a cumulated loss of 7.08 Mt C compared to BAU, with SOC variations across the PCUs 

ranging from -29.1% to 3% (mean of -10%). If the simulations are extended until 2070, the long-term 

SOC stocks are predicted to loss 6.43 and 10.5 Mt C under the HTL and AD scenarios, respectively. 

These losses represent a mean SOC change of -9.1% and -15.3% for each scenario. We must note that 

the SOC loss observed for both scenarios and both timeframes represent 99.9% of the simulated area, 

this due to positive SOC storage observed in only 1 single PCU covering 19.4 ha. 

3.3 CO2 emissions and key spatial observations 

All the EOM scenarios represent a significative mitigation potential for CO2 emissions, 

compared to the BAU scenario at the near- and long-term timeframes (Table 2). The pyrolysis and 

gasification scenarios represent a 40% decrease of CO2-C emissions, with net reductions of 125 and 

126 Mt C, respectively at the year 2070. Despite the negative effect on SOC stocks shown by the AD 

and HTL scenarios, the CO2 emissions are reduced by 32% and 20%, which represents national CO2-C 

emissions reduction of 99.2 and 61.65 Mt C in each scenario. 

The highest SOC storage potential achieved by the conversion of crop residues into recalcitrant 

EOM is observed in the Northeast and Central West regions, for the pyrolysis and gasification 

scenarios. In particular, the provinces of Imbabura, Orellana, Guayas, Manabí, El Oro, and Loja show 

the greatest SOC stocks increase across the simulated area. On the opposite, these areas showed the 

most marked SOC stock losses for the HTL and AD scenarios (Fig 3, 4). 

3.4 Sensitivity analysis 

Various combinations of carbon input (CC), recalcitrant fraction (CR), mineralization rates (kR 

and kL), and PE were tested according to Table S4. Across the different parametric configurations, the 

greatest effect was related to the priming effect. A one-at-a-time test for the pyrolysis scenario, 

allowed comparing the SOC stock evolution under the average expected PE of pyrochar (-0.714) against 

the default scenario of this study where the PE was set to zero (Fig 5). This allowed to separate the PE 
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from the other set of parameters that could have been tested. The SOC stocks were doubled in the 

pyrochar scenario. This test revealed that if we consider the PE, pyrochar SOC storage potential is 

increased, representing 2.54-fold the potential SOC storage observed with no PE by the year 2040, 

with an expected decrease to 1.8-fold if the timeframe is extended to 2070. 

 

Fig 3. SOC change between EOM scenarios and BAU at year 2040 a) pyrochar, b) gaschar, c) hydrochar 

d) digestate. Fixed ranges are used for comparison purposes, net values are presented in [68]. 

Minimum and maximum values presented. White areas were not included in the simulations. 
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Fig 4. SOC change between EOM scenarios and BAU at year 2070 a) pyrochar, b) gaschar, c) hydrochar 

d) digestate. Fixed ranges are used for comparison purposes, net values are presented in [68]. 

Minimum and maximum values presented. White areas were not included in the simulations
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Table2. Soil organic carbon storage potential and CO2 emissions avoided of the mitigation scenarios, relative to the BAU, for the near-term (2040) and long-

term (2070) simulations, at a national level. Results shown as total MtC and weighted average percentage for all the APCUs. a 

Scenario 

 2040   2070 

Total national SOC change c 
 Average national SOC 

change d  

 
Total national SOC change c 

 
Average national SOC change d  

Total Min e Max e CO2
f  Mean Min e Max e CO2

 f  Total Min e Max e CO2
 f  Mean Min e Max e CO2

 f 

Mt C  %  Mt C  % 

BAU b -1.0 -0.2 1.1 125.8  3.7 -65.4 738.9 -  -0.8 -0.3 1.7 304.5  6.7 -89.6 1167.6 - 

Pyrolysis 14.7 2.8E-6 0.4 -47.0  21.1 0.5 68.5 -34.3  44.7 1.3E-5 1.3 -125.3  64.3 2.2 231.5 -39.4 

Gasification 1.2 -1.4E-2 0.1 -47.0  1.5 -12.3 25.6 -34.3  12.0 1.6E-6 0.5 -126.2  15.3 0.2 90.3 -39.6 

HTL -3.5 1.2E-4 -0.1 -38.7  -4.6 -14.8 13.1 -28.4  -6.4 1.7E-4 -0.2 -99.2  -9.1 -21.2 20.6 -31.2 

AD -7.1 -0.2 2.8E-5 -21.85  -10.0 -29.1 3.0 -16.0  -10.5 -0.3 5E-05 -61.7  -15.3 -31.8 6.2 -19.2 

Pyrolysis_PEg 36.4 6.55E-05 1.1 -  54.1 14.8 154.6 -  79.8 9.5E-5 2.5 -  120.9 27.5 404.5 - 

SOC: Soil organic carbon, BAU: Business as usual, HTL: Hydrothermal liquefaction, AD: anaerobic digestion, APCU: Agricultural pedoclimatic units. a Results 

are presented with a maximum of three significant digits to ensure tractability. b BAU scenario represents the change between SOC at the year of study 

(2040 or 2070) vs initial SOC at 2020 under the BAU conditions. c Sum of all APCUs. d Average SOC change for an APCU at national scale, considering the 

APCU surface to obtain the weighted average. e Minimum and maximum result observed across all the APCUs modeled. f Avoided C-CO2 emissions. The C 

used in the main product delivered by the mitigation scenario has been deducted from the avoided C-CO2 emissions to prevent overestimation of the 

mitigation potential of each scenario. g One at a time sensitivity analysis performed for the pyrolysis scenario, considering same parameters as pyrolysis with 

the difference of using a negative PE of 0.714. CO2 emissions avoided were not accounted for this scenario.  
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Fig 5. One at a time sensitivity analysis for the pyrochar scenario, considering a negative priming 

effect of 0.714 for the year a) 2040 and b) 2070. White areas were not included in the simulations. 

4. Discussion 

4.1 Carbon storage potential in Ecuador 

Agricultural practices in Ecuador are highly intensive in frequency and rely primarily on 

monoculture systems. This intensity is mainly related to the favorable pedoclimatic conditions found 

in tropical regions, where one harvest season can last as fast as two months and a new season starts 

immediately (SI). These, however, pose great pressure to soils and the current cropping systems are 

projected to lose SOC stocks by 0.77 Mt C in the near term. Our observations follow the same trends 

as the potential SOC sequestration map contribution to the global database [38], which reports 

projected SOC losses of 0.6 MtC for the same period (2040). The insight regarding SOC storage in the 

BAU scenario, for 20 and 50 years, is explored in SI1 and the results are contrasted to those of FAO 

[37]. The temperature and high humidity have a direct relationship with OM mineralization because 

hot and humid environments can stimulate microbial enzymatic activity [69]. However, the relative 

nature of our results, comparing the bioeconomy vs the BAU scenario, neutralizes all the functions 

accounted equally in both developments, and results are related to the main structural differences 

across the scenarios. As expected, pyrochar has a weighted average SOC storage potential of 21% in 

the 2040 scenario, (Fig4a) which increases by 3-fold in the 2070 projections (Fig5a). This potential is 

attributed both to the recalcitrant nature and carbon content of pyrochar, which represents 50% of 

the C in the raw biomass for the typical lignin-rich residues found in Ecuador (Table 1). Besides SOC 
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storage, pyrochar can contribute to soils health by increasing the water holding capacity, aggregates 

stability and nutrient retention in the micropores which diminishes the leakage of nutrients [70–73]. 

Although gaschar is also composed of 95% recalcitrant carbon, the process efficiency yields less 

amounts in the gaschar and therefore in the soil C flow balance. Accordingly, the reduced C inputs have 

a greater negative effect in the near term, which is neutralized in the long-term. The SOC losses 

observed in the near-term gaschar application which are offset in the long-term assessment, highlights 

the importance of the temporal scope of SOC modeling. Overall, pyrochar and gaschar can be 

completely harvested with expected increase of SOC stocks by 2070, thus supplying extra 113 PJ for 

the bioeconomy. 

 Both hydrochar and digestate are less recalcitrant than the pyrochar and gaschar. The 

recalcitrant fractions are 0.89 and 0.68, each corresponding to a MRT of ca. 11 years and 1.2 years, for 

the hydrochar and digestate respectively. The lower recalcitrant and carbon inputs considered in these 

scenarios affect the overall soil C balance negatively. Andrade Diaz et al. 2023, showed that hydrochar 

could potentially prevent SOC losses in 87% of French croplands (10% considered not included) if all 

the technically harvestable crop residues are collected, while digestate would have the same effect on 

50% of the surface. The expected positive effect on the French case is mainly related to lower 

temperatures, which are recognized to avoid microbial stimulation.  

4.2 Implications of the priming effect 

The approximate 2-fold increased on SOC storage potential observed with the PE is attributed 

to the lower rates of mineralization exerted by the interaction of biochar with the biochemical 

functions of soils. Wang et al [51]., demonstrated that biochar application improves the soils moisture 

retention and decrease the N bioavailability on soils. The combination of these effects resulted in 

improved structures on the microbial communities and induced carbon utilisation regulation for the 

microorganisms. The PE still poses a conundrum on soil sciences with results observed ranging from 

positive to negative effects. However, the average biochar PE observed [57] is on the negative side, 

attributed to the better carbon utilisation induced by the presence of biochar. The input of recalcitrant 

matter to soils, leads to a better distribution and usage of carbon reserves, and thus the lower 

mineralization rates observed, which are often assorted with microbial respiration, do not necessarily 

denote less microbial activity. Whereas PE has been relatively well studied for pyrochar, the PE exerted 

by the other coproducts remains a knowledge gap. For instance, digestate, which is often rich in N, 

poses an opposed effect to that observed with biochar, by providing extra N. However, research in this 

area is still necessary to understand the extent of the PE and the inclusion of microbial pools on SOC 

models is promoted [74] as the new step for more realistic ready to go conversion pathways.  
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4.3 Strengths and limitations of the study 

Despite Ecuador’s economy being highly sustained by the agriculture sector [75], there is 

sparse information that systematically documents the spatially explicit farming management practices 

in the country (e.g., crop rotations, amount and frequency of irrigation, depth of tillage, among others). 

Moreover, neither the projected future evapotranspiration rates nor the spatially-explicit biomass 

disponible in the country have been previously documented. In this study, we present the baseline 

crop residue potential in Ecuador for ten crops deemed as key for the bioeconomy (see section 2), 

which expands and updates the Bioenergy Atlas of Ecuador [76] with high spatial resolution. Also, we 

deliver the spatially explicit evapotranspiration (mm) in a monthly timestep until the year 2070 

according to the RCP4.5 (see companion data paper). 

Besides the construction and conveyance of the baseline data used (see companion data 

paper) for the specific case of Ecuador, this study draws key insights for each mitigation scenario 

investigated, to support science-based decisions regarding the potential of crop residues in tropical 

croplands. For instance, the policies endeavoured by the Ecuadorian government to attain the goals of 

circular economy [77], which rely on the research and development of bioenergy [78] and biomaterials 

can be supported by the RothC-Bioeconomy tool presented in here.  

However, it is worth noting, that data remains scarce and highly variable for both the baseline 

preparation and the soil model adaptation. Therefore, the conclusions to retain rely on the general 

trends observed and the sensitivity of the model rather than the absolute values foreseen. 

Limitations encountered on the baseline preparation regard the lack of information on crop 

rotations and residues management. Despite information on crop rotations has been reported at 

parcel levels in Ecuador [79], this is not compatible to be scaled at the national level and fine granularity 

considered in the study. Consequently, the assumption of no crop rotations along the year may 

influence the overall C inputs. Moreover, the C inputs and exports are directly dependent on the RPR, 

RtS, and crop residue composition, which is highly variable across the literature [7,49,80,81]. [49] 

denoted a high variability on the potential biomass production depending on the equation used to 

estimate the RPR. This calls for attention on the overall net value of crop residues potential reported 

in here (see companion data paper). Another limitation is the knowledge on the current use of the 

crop residues, which can be delivered to animals or used for the bioeconomy. In fact, the BAU scenario 

considers that all the residues remain on fields while grey literature reports that farmers burn crop 

residues open-to comply with the intense harvesting cycles in Ecuador. This consideration may create 

unbalances on the amount of C inputs in real life vs the simulated scenarios because the ashes 
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remaining from open burning are nearly C depleted [82] while the studied scenarios consider that all 

(BAU) or a part (mitigation) of the C remains on soils.   

Another source of uncertainty is related to the size and recalcitrance of the EOMs, based on CC 

and CR, respectively. Sparse literature reports the C balance for the EOMs studied (i.e., biochar, 

digestate, hydrochar, gaschar) using tropical crops (e.g., coffee, cocoa, banana, among others) as 

feedstocks or their C recalcitrance, for processes fed with the tropical crops considered. While the CC 

and CR parameters used for cereal-based crop residues stem from an exhaustive review comprising 

over 600 data records [52], scarce data provides useful information to derive the same parameters for 

tropical crop residues. The PE, which plays a key role on the SOC evolution in the mitigation scenarios 

is still hardly understood by soil scientists, and the values observed are in extreme ranges. For instance, 

Zimmerman et al., 2019, reported that the application of biochar prepared from sugarcane increased 

the SOC mineralization in 91%, while the global metanalysis of Moura found an average decrease by 

71.4%. More research regarding the microbial response to the recalcitrant EOMs is needed, which 

could provide science-based data to stablish the microbial degradation processes in the soil model 

[83].  

5. Conclusions 

The high temperatures, extreme moisture variation (high rain and high evapotranspiration), 

and intensive agricultural practices promote the loss of SOC stocks in tropical croplands. Our results 

show that soil application of recalcitrant EOMs as a replacement of harvested crop residues could aid 

to maintain the carbon balance and even promote higher SOC sequestration than if crop residues 

remained on soils, while providing renewable carbon for the bioeconomy.  

The simulated APCUs, representing 52% of croplands in Ecuador, can deliver extra 113 PJ 

biomass from crop residues to supply the bioeconomy goals in the country, with no SOC losses 

expected, for the pyrolysis and gasification scenarios, compared to the BAU. In fact, SOC is expected 

to double in 8% of the cropland surface in the pyrolysis scenario in 50 years. The recalcitrance of 

digestate and hydrochar EOMs produced in the AD and HTL scenarios, respectively, does not 

compensate for the lesser C inputs returned, triggering SOC losses in all the studied APCUs.  

Moreover, harvesting residual biomass with return of the co-products brings GHG mitigation 

in comparison to leaving the residues on land, translating into 19-39% reduction of CO2 emissions over 

50 years, depending on the bioeconomy pathway (C supplied to the bioeconomy already accounted as 

extra source of emissions). 
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Data availability 

The data that support the findings of this study are openly available in “TBI - Toulouse Biotechnology 

Institute - T21018” at https://doi.org/10.48531/JBRU.CALMIP/VLKG8V [56] (input data) and 

https://doi.org/10.48531/JBRU.CALMIP/54SOW9 [68] (output data). 
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Supporting documents and data 
Chapter 4 implements the framework developed in Chapter 3 to a different climate context, using 

Ecuador as a case study to apply the newly adapted SOC – Bioeconomy model RothC-Bioeconomy. This 

chapter produced the cropping system baseline for Ecuador, detailing the crop residues potential of 

the country, a soil model suitable for bioeconomy contexts, and a spatial explicit prediction of SOC 

dynamics in Ecuador until 2040 and 2070. The large amount of data used and produced during this 

chapter, as well as the detailed manipulation procedure are transparently documented in the 

appendixes and databases associated: 

 

Towards Chapter 5 

Albeit agriculture is a pillar of the Ecuadorian economy, the sector is mainly sustained by 

artisanal agriculture, thus data involving cropping systems are not well systematized in the country. 

The lack of policies to incentive better farming practices has been translated into uninformed farmers 

that deploy intensive agriculture systems. No systematic information exists reporting the management 

activities regarding crop rotations or residue disposal or valorization. Moreover, although the mapping 

registry of croplands is of high spatial resolution, the statistical survey reporting national production is 

of gross spatial granularity at a province scale, which diminishes the valuable details found in the land 

use map. Here, we developed the first baseline for current cropping systems in the country, containing 

pedological, climatic, and farming management practices, with high spatial resolution. This baseline 

includes the ten key crops representing the national production. This chapter also produced a second 

SOC-Bioeconomy model, able to simulate the SOC dynamics under a bioeconomy context in tropical 

croplands. Due to the great difference between temperate (France) and tropical (Ecuador) biomes, the 

results observed in Chapter 4 differ from those in Chapter 3. However, in both contexts, biochar 

• Appendix A3a: Data paper presenting the cropping systems baseline of Ecuador. 

• Appendix A3b: Supplementary information of the paper, detailing the adaptation 

of the soil model. 

• Background data: The database containing the input data prepared in this 

chapter is openly available in the following repository: DOI: 

10.48531/JBRU.CALMIP/WYWKIQ. The database presenting the final output 

obtained with the SOC model are allocated in the repository: 

https://doi.org/10.48531/JBRU.CALMIP/54SOW9. 
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(pyrochar and gaschar) highlights as a promising alternative for maintaining or building SOC stocks 

while supplying renewable carbon to the bioeconomy.  

Nonetheless, the scope of the studies developed in Chapters 3 and 4, remained on SOC 

dynamics and only the carbon balances of the studied processes were studied. Accordingly, chapter 3 

and 4, did not consider any other environmental implication beyond SOC stocks, nor the net mass and 

energy balances involved in the process. Policy makers require thorough studies to take informed-

based decisions, therefore Chapter 5 deals with the full environmental implications involved in the 

bioeconomy conversion pathways. In that sense, the next chapter aims to unravel the tradeoffs 

between supplying renewable C to the bioeconomy while maintaining the SOC reserves and the full 

environmental implications of this decision.  
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5. CHAPTER 5: LCA for maritime fuels – 

Tradeoffs between SOC maintenance and 

overall environmental performance 

5.1 Context 

The tools developed in Chapters 3 and 4 reveal that for some conversion pathways (e.g., 

pyrolysis) all the technically available crop residues can be supplied to the bioeconomy under a C-

neutral harvest strategy (see Chapter 3). However, if we consider the environmental impacts generated 

over the full supply chain, including the use of the main product and what it replaces, the most 

interesting conversion pathway may differ from the ones ensuring a C-neutral harvest. 

Here, we performed a full LCA for the pyrolysis and anaerobic digestion processes studied in 

the previous chapters, as end-of-intervals of all the pathways addressed to represent the tradeoff 

between sequestration of additional SOC (in comparison to BAU) and the overall impacts of the supply 

chain. We considered the case of upgrading the bio-oil and biogas produced in each conversion 

pathway, to supply the service of sustainable maritime fuels (SMF), to displace the use of conventional 

fossil maritime fuels. This was selected given the rising interest in SMF and because both products can 

be used to this end. 

The life cycle inventories (LCI) build upon previously published studies for the base 

technologies (fast pyrolysis and anaerobic digestion). To these, it was however necessary to include 

the upgrading procedures and combustion in marine vessels.  

The case of pyrolysis considered a catalytic hydrotreatment to remove oxygen from the bio-

crude and produce stabilized bio-oil suitable as a drop-in biofuel to substitute heavy fuel oil. The 

pyrolysis-biocrude LCI was developed from the study by Brassard et al. [40]  and adapted to cereal-like 

feedstock using unpublished laboratory results kindly provided by Brassard et al. [54]. The upgrading 

process was modeled based on the catalytic hydrodeoxygenation process by Jones [55]. 

The anaerobic digestion scenario considered an upgrading process comprising cryogenic 

liquefaction, to produce bio-liquefied natural gas (bio-LNG) suitable to replace fossil LNG. The LCI for 

the anaerobic digestion process was retrieved from the anaerobic digestion module developed by 

Javourez [40] and the cryogenic-liquefaction upgrading was incorporated into the module. The LCA 

was performed using Activity Browser, with the Ecoinvent 3.9.1 consequential database, and the 

environmental impacts included in the EFv3.1 model. 
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The LCA presented inhere follows the transparency requirements of the ISO standards 14040 

and 14044 [36,37] but is not ISO-compliant as it does not contain a state-of-the-art uncertainty 

analysis. It, nevertheless, allows answering the research questions and objectives 3 and 4, respectively: 

• RQ3. What are the trade-offs between a C-neutral harvest and the overall environmental 

performance of the bioeconomy conversion technology if the use of the principal product 

obtained in the bioeconomy pathway is considered in a holistic manner? 

• RO4. Perform a lifecycle assessment considering the full use of the main product and the 

return to soils of the coproducts.  

. 
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Abstract 

The transition to zero-net emissions raises trade-offs between the services competing for 

sustainable carbon sources. Here, we performed a consequential LCA to understand the full 

environmental performance of managing 1 tonne of wet crop residue to produce sustainable marine 

fuels, while preserving or enhancing the SOC stocks in French croplands. Three management scenarios 

were considered: i) decay of crop residues on soils (reference), ii) conversion of crop residues to 

hydrotreated pyrolysis oil (HPO) to replace heavy fuel oil in maritime transportation, with biochar 

return to soil, and iii) conversion of crop residues to cryogenic liquefied biomethane (bio-LNG) to 

replace liquefied natural gas in cargo ships, with digestate return to soil. Besides the replacement of 

fossil fuels, a system boundaries expansion was applied to account for the valorization of the 

coproducts obtained along the whole supply chain of each system. Results per tonne of crop residues 

show, for all impacts assessed, a better environmental performance of using crop residues for 

maritime biofuels in comparison to their direct ploughing to soils, for all environmental impacts 

assessed. Notably, major GHG savings are observed, representing avoided emissions of 563 and 946 

kgCO2etww-1 of crop residues for the HPO and bio-LNG, respectively. The impact was scaled to the 

national potential that can be harvested for each pathway without losing SOC stocks (C-neutral 

harvest), implying a greater potential for the HPO pathway. While bio-LNG was the most performant 

pathway per tonne of residues (except for marine eutrophication and particulate matter), the scaled 

results show greater savings with the HPO pathway, except for freshwater eutrophication and water 

scarcity. The results show that converting crop residues to biofuels while returning the recalcitrant 

mailto:andraded@insa-toulouse.fr
mailto:christhel.andrade@utm.edu.ec
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coproduct of the conversion pathway to soils allows, in the HPO case, net environmental benefits for 

all the assessed environmental impacts as well as for SOC stocks. While bio-LNG shows net savings in 

most impacts, it shows a net impact for marine eutrophication because of the nitrogen losses 

associated with the digestate management. Overall, the results do not show, for the assessed 

pathways and impacts, a trade-off between SOC maintenance and net environmental impacts, if a C-

neutral harvest is ensured with the co-product return to soil. This reflects the importance of fossil fuels 

substitution beyond the sole climate impact. 

Keywords  

LCA, maritime biofuels, cryogenic liquified biomethane, climate change 

1. Introduction 

Bioeconomy, in particular bioenergy, plays a key role in achieving the 2050-climate-neutrality 

goal pledged by national  [1–3] and supranational [4–6] entities. However, the transition to low fossil 

carbon economies raises trade-offs between the involved sectors striving for renewable carbon. One 

current issue is that posed by the soil carbon lock-up and crop residue harvesting [7–9] competition. 

Soil organic carbon (SOC) is crucial for soil health because it regulates the biogeochemical cycles 

involved in soil fertility [10], crop productivity [11], and climate change mitigation through carbon 

sequestration [12]. However, the SOC dynamics and evolution are regulated by the equilibria between 

C inputs from plants and exogenous organic matter (EOM) (e.g., animal manure, organic fertilizers) 

[13,14] and the outputs related to heterotrophic respiration [15]. Therefore, recommendations 

suggest limiting the harvesting of crop residues to generic values depending on the crop type [7,16–

18] to avoid SOC disturbances. These constraints hinder the sourcing of green carbon to feed 

bioeconomy conversion pathways.  

Previous studies [19,20] have investigated the concurrence between SOC enhancement and 

crop residues removal, with clear positive synergies observed when the final use of crop residues is 

accounted for and the carbon is partly returned in a transformed stabilized state (e.g., biochar, 

digestate, hydrochar) [21,22]. Moreover, the SOC response to changes in C inputs in agricultural lands 

is spatially explicit, in other words, it depends on the specific site pedology, climate, and farming 

management practices [14,23,24]. 

Our previous study [20] determined the spatial-explicit amount of crop residues that can be 

harvested in French croplands to be used in five specific bioeconomy conversion pathways while 

preserving SOC stocks. There, we demonstrated that the often-suggested removal limit (31.5% of 
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harvestable biomass in France [25]) can be well surpassed without losing SOC if the bioeconomy 

coproduct is returned to the soil (i.e., pyrolysis and gasification biochar, hydrochar, and digestate) 

allowing a surplus 71-225 PJ for the bioeconomy. The study was later replicated in a tropical context, 

for the specific case of Ecuador (Chapter 3), revealing similar conclusions with an estimated C-neutral 

harvest potential of 113 PJ from crop residues. However, the scope of these studies was constrained 

to the soil carbon balance and disregarded other aspects associated with crop residue harvesting. In 

fact, no previous study has simultaneously evaluated the potential of crop residues to supply the 

bioeconomy while restraining SOC stock diminishment and assessing the whole environmental 

implications along the supply chain of the conversion pathway. 

This study thus aims at shedding light 

on the SOC stocks, crop residues, and 

bioeconomy supply tradeoffs with a special 

focus on the overall environmental impact of 

harvesting crop residues for biofuel 

production, beyond sole SOC stock 

preservation.  To this end, we performed a life 

cycle assessment (LCA) for biofuel production 

through pyrolysis and anaerobic digestion, 

both retained as end-of-intervals conversion 

pathways in the study of Andrade Diaz et al. 

[20]3.  

The case of maritime fuels was selected as a key sector for biofuel implementation because 

sea transport represents ca. 80% of international trade, consuming 330 Mt of maritime fuels per year, 

of which 77% is heavy fuel oil (HFO) [27]. This consumption accounts for 2-3% of global CO2, 4-9% SOx, 

and 10-15% of NOx emissions [28], with a forecasted increase of over 30% from 2015 until 2050, only 

in the European Union (EU) [29]. In order to address the sea-transport-derived emissions, some 

regulations have been imposed by the International Maritime Organization (IMO) [30] and the sector 

has been recently included for the first time in the greenhouse gas emission (GHG) reductions 

commitment of the EU [31]. The IMO aims to reduce by 50% the total GHG maritime transport 

emissions by 2050 (compared to 2008) while the EU targets an 80% reduction in the same period 

(compared to 2020 levels), with special attention to vessels over 5000 gross tonnage (e.g., cargo ships) 

 
3 Also, in Chapter 4 of this thesis. 

The LCA is applied to the specific case 

of sustainable maritime fuels (SMF) for cargo 

ships [26]. Therefore, we compare the 

conventional management of harvestable crop 

residues (no harvest) to the use of crop 

residues to produce upgraded fuels as 

substitutes for marine conventional fuels. The 

comparison to other upgrading technologies or 

valorization alternatives (e.g., CHP, grid 

injection, etc.) is out of the scope of this study. 
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[29,32,33]. Accordingly, since 2020 maritime fuels must comply with the low sulfur fuel regulation 

[34,35], which sets the maximum sulfur content of maritime biofuels at 0.5%.  

Cargo vessels are predominantly fueled with HFO, which is a low-quality end-of-the-barrel 

residue from petrol refinement. However, the use of liquefied natural gas (LNG) and marine distillate 

oil (MDO) for sea transportation has increased to comply with sulfur regulations [28]. In this context, 

the transition to SMFs is of foremost importance. Therefore, inhere we studied the production of 

stabilized pyrolysis oil, suitable to substitute HFO and the displacement fossil liquefied natural gas 

(LNG) by liquefied biomethane, also known as bio-LNG, produced by anaerobic digestion.  

2. Methods 

2.1 Life cycle assessment implementation 

A consequential modeling approach was implemented according to the ISO 14040844 LCA 

standards [36,37] to track the environmental impacts of SMF. Accordingly, a system boundaries 

expansion approach was followed to assess displacement multifunctionality and the consequences of 

using crop residues for SMF production. The main goal of the LCA was to unravel the tradeoffs between 

the C-neutral harvest of crop residues to supply the bioeconomy and the overall environmental 

impacts related to the use for which the crop residues are streamed. The consequential methodology 

[38] considers the counterfactual use of the resources (i.e., the otherwise use of crop residues) and 

the avoided or induced effects of supplying the resources to the conversion pathways (e.g., coproducts 

valorization, heat requirements meet through other sources). The functional unit (FU) was defined as 

“the management of one wet tonne of harvestable crop residues per year”. The FU is common for all 

the scenarios as the same crop residue composition is considered across the cases to allow comparing 

the environmental implications of the different management options. The harvestable portion 

considers the technical constraints described in Andrade Diaz et al. [20]. 

The geographical scope of the study was set to France, which defined the type of crop residues, 

energy mix, and legal implications of the scenarios. However, most of the inputs required in the 

conversion processes were considered to be internationally traded. Therefore, data were selected 

prioritizing the French scope, and when international markets were required, the “Global”, “Rest of 

the World” or “Europe” scope were selected. The temporal scope was set to reflect future optimal 

performance, in particular, the heat requirements were considered to be electrically supplied as 

defined in the long-term scenarios proposed by Su-ungkavatin [39].  

To the extent possible, only marginal suppliers (described in SI1) reacting to a change in 

demand were considered. Foreground life cycle inventories (LCI), i.e., specific to this study, were built 
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on previous similar works by Brassard et al. [40], Su-ungkavatin [39], and Javourez [41] and were 

expanded based on published literature and stoichiometry balances as further detailed in the 

supplementary information (SI) 1. Background LCI data were retrieved from the Ecoinvent 3.9.1 

consequential database [42]. The LCI data for each scenario, detailing all the input and output flows 

involved in each operation is detailed in SI2 and SI3 [43]. The environmental impacts of these flows 

were calculated using the Environmental Footprint (EF) v3.1 Life Cycle Impact Assessment (LCIA) 

methodology [44] with the open-access software Brightway 2.0 through the Activity Browser interface 

[45]. Five environmental impacts are addressed (key substances contributing to the impact in 

brackets): Climate change with a 100-year horizon (CC; CO2, CH4, N2O), respiratory inorganics reflecting 

particulate matter emissions (PM; soot, NOx, SO2), eutrophication from exceeding phosphorus 

(freshwater) and nitrogen (marine) emissions in water reservoirs, and water scarcity (WS). These 

impacts were selected at the light of key global environmental stakes such as climate change and 

planetary boundaries where the safe operating space is exceeded, and in the light of issues specific to 

the maritime sector, such as the exhaust emissions from ships  [33]. For the climate change impact in 

particular, the biogenic CO2 emissions were considered following a so-called 0/0 approach [46] (uptake 

and releases having a characterization factor of 0 kg CO2e per kg CO2, while induced sequestration 

flows have a characterization factor of -1 kg CO2e per kg CO2 sequestered). This approach considers 

that biogenic CO2 emissions are part of a short cycle where exchanges between the different reservoirs 

over short periods (from a few months to several decades) are stable. Conversely, fossil CO2 emissions 

are associated with long cycles requiring millions of years to reach equilibrium.  

2.2 Case scenario description 

The LCA scenarios reflect the conversion of crop residues to SMFs for cargo vessels. Cargo 

vessels are predominantly fueled by HFO and propelled using two—stroke engines [47]. However, the 

IMO [33] reports a 7% decrease in HFO consumption triggered by a 6% and 0.9% increase in marine 

diesel oil and liquefied natural gas (LNG) over the period 2012 – 2018. To comply with the market 

trends, the SMFs scenarios consider i) the substitution of HFO by drop-in pyrolysis bio-oil, and ii) the 

use of liquefied biomethane (bio-LNG) from anaerobic digestion as an alternative for fossil-LNG. In 

accordance with the aim of this study, the reference scenario comprises a situation where crop 

residues are managed by plowing them back into arable fields to avoid diminishing SOC stocks [24].  

The pyrolysis and anaerobic digestion conversion pathways were selected because i) they can produce 

oil and gas fuels ready to replace the current market fuels, and ii) they represent the extremes of the 

pathways addressed in our previous studies (Chapters 3 and 4) evaluating the C-neutral potential of 

crop residues to supply the bioeconomy.  
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Both scenarios assess the harvesting of crop residues to source the conversion pathways to 

produce the selected SMF and return a C-rich coproduct suitable to be spread on soils as a source of 

Carbon. The observations for 1 wet tonne of crop residue, are then scaled to the national potential C-

neutral harvest determined by Andrade et al. [20], to contrast the overall environmental implications 

of supplying crop residues to the bioeconomy while maintaining the SOC stocks in French croplands. 

The crop residues composition, reference scenario y combustion emissions of the fossil fuels 

are detailed in the SI1. 

2.2.1 Pyrolysis scenario: Hydrotreated pyrolysis oil (HPO) 

As the main goal of the case study is to supply SMF for cargo shipping, a fast pyrolysis process 

was selected to favor the bio-crude yields [48]. Along with the bio-crude secondary coproducts in solid 

(biochar) and gaseous (syngas) states are produced. Pyrolysis biocrude has high water (∼15-30%)	and 

oxygen (20 – 50%) contents, high acidity (pH 2.5 – 3), low heating values (15 -18 MJ kg-1) [49], and may 

contain traces of ashes, solids, alkali, among others [48] which detriment its potential as a drop-in fuel 

[27]. Therefore, the biocrude must undergo an upgrading process in order to remove oxygen and 

increase the H:C ratio to fit fuel standards. Upgrading alternatives for pyrolysis bio-oil include solvent 

addition, fractionation, catalytic and no-catalytic hydrodeoxygenation (HDO), hot condensation, and 

catalytic hydrocracking, among others [48,50]. Among these, catalytic HDO coupled with 

hydrocracking distillation can produce a high-quality bio-oil with suitable quality to completely replace 

fossil oils [51,52]. However, since ship propulsion systems already operate low-quality fuels, such as 

HFO, the highly refined pyrolysis oil is more attractive for the aviation than maritime sector. Therefore, 

here we consider an upgrading process performed by a two-column HDO to produce stable bio-oil, 

instead of a refined biofuel. The hydrotreated pyrolysis oil (HPO) is then of suitable quality to 

completely replace HFO in slow-speed engines [32]. The process flow diagram for the HPO, including 

all the unit operations, counterfactual utilization, and displaced products is shown in Figure 1 and the 

details are further explored in SI1.  

Briefly, the scenario considers four stages, namely i) biomass supply and pretreatment, ii) fast 

pyrolysis, iii) HDO upgrading, and iv) HPO combustion onboard. The system boundaries expansion, 

further explained in section 2.3, includes what is affected by harvesting the crop residues for HPO and 

the use of the coproducts. 

The biomass supply stage accounts for the crop residues harvesting and transportation while 

the pretreatment considers the storage, size reduction, and moisture conditioning. The harvested crop 

residues are considered to be baled and stored until their use, with a 4.8% mass loss during storing 

[53]. The pretreatment includes size reduction to 1 – 3 mm by means of grinding (1% mass loss as 
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dust), which favors the heat transfer during pyrolysis [40] and drying to achieve a maximum of 10% 

water content as required by the reactor. The fast pyrolysis process was modeled according to the 

study by Brassard et al. [40] and the biocrude, aqueous phase (hereon vinegar), biochar and syngas 

yields reflected the results obtained at a semi-pilot scale auger reactor for the pyrolysis of wheat straw 

[54] as a proxy of the crop residues in France (the crop residue composition is detailed in SI1). The 

pyrolysis products are considered to be separated by a condensation system operating with a glycol-

water mixture (50:50). The pyrolysis bio-crude is upgraded to reduce the oxygen content to be suitable 

for substituting HFO to fuel cargo vessels. The coproducts are recovered and used within the system 

boundaries (Fig.1). 

The upgrading process consists of a catalytic HDO in multiple fixed bed reactors to attain a bio-

oil with less than 2% content oxygen. The HDO upgrading was modelled according to the PNL report 

by Jones [55], and assumptions from Elliot [56] and Vienescu [49] were also considered. The process 

comprises three stages: i) stabilization, ii) first hydrotreatment, and ii) second hydrotreatment. The 

three stages require H2 and catalysts supply. The stabilization and first HDO stage employ a Ruthenium 

catalyst, while the second HDO is performed using a Molybdenum based catalyst. The overall H2 

consumption of the upgrading stage is of 5.8% H2 per biocrude feed. The H2 is assumed to be produced 

by alkaline water electrolysis according to the model by Javourez [41]. The H2 plant assumes the partial 

recovery of excess heat but due to lack of current technology the O2 is considered to be vented (this is 

not represented in Fig 1). The pyrolysis, HDO, and H2 plant details are compiled in SI1.  

The upgraded bio-oil is assumed to be combusted onboard the cargo ship, with emissions 

assumed according to the Fourth IMO GHG study for MDO.  
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Fig 1. Process flow diagram for the hydrotreated pyrolysis oil (HPO) scenario. The process comprises a first fast-

pyrolysis stage, followed by an upgrading process to remove oxygen excess from the bio-crude. The upgrading 

process is performed by a two column hydrotreatment, preceded by a stabilization process [55]. Doted arrows 

and boxes represent avoided/displaced products and services as a consequence of implementing the process. 

The final product stabilized oil displaces HFO to fuel cargo vessels for deep-sea shipping. The non-condensable-

gases (NCG) produced during the pyrolysis and hydrotreatment processes is considered to be used for heat and 

power cogeneration (CHP), avoiding marginal heat and electricity for the energy mix of France as further detailed 

in SI1. The electrolysis also produces heat (partly recovered, thus avoiding marginal heat) and oxygen (here not 

recovered). 

2.2.2 Anaerobic Digestion (AD) scenario: Cryogenic liquefied biomethane (bio-LNG) 

 Biogas produced during AD can be directly burned or upgraded to be used as transportation 

biofuel or injected in the electricity grid. LNG has been one alternative to replace HFO in order to 

comply with the low sulphur regulations, thus cargo vessels are already transitioning to use this type 

of fuel [57]. Biogas can be upgraded to biomethane by CO2 removal, and then compressed to be used 

as bio-LNG to substitute the fossil-based LNG. Among the myriad of technologies to upgrade biogas to 

biomethane, cryogenic upgrading is an attractive alternative because it allows to recover CO2 and 

compress the CH4 to be used directly as LNG [58,59]. For this scenario, we considered the cryogenic 

upgrading of biomethane, by successive steps of compression and freezing (Cryopure technology) to 

be used in cargo vessels running on steam turbines [28]. This procedure, allows obtaining, besides bio-

LNG, pure CO2, which can be used for other technologies. 
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The anaerobic digestion (AD) scenario was built on the module developed by Javourez [41] and 

expanded to include the biogas upgrading as liquefied natural gas (bio-LNG). The AD process considers 

an infinitely stirred mesophilic bioreactor and includes the following stages: i) pre-treatment, ii) 

methanation, iii) digestate storage, iv) digestate spreading, and v) biogas valorization. The 

pretreatment includes the collection of straw as bales, comminution, and extrusion, with an average 

3% mass loss [60]. The diffuse feedstock is transported to the collection platform (40 km assumed) and 

then to the AD facility (40 km assumed), accounting for 80 km of transportation (assumed based on 

the gasification module of [41]). The pretreated residues are assumed to be ensiled before entering 

the AD process, with a 1.95% mass loss. The biomethane yield was estimated to be 75% of the 

theoretical biomethane potential (TBMP), based on Tonini et al. [61] while the TBMP was calculated 

based on the Symon and Busswell [62], equation using the biochemical composition of the input 

feedstock.  

The heat and electricity requirements were assumed to be represented by 8% auto 

consumption. The biogas valorization as bio-LNG considers the cryogenic separation of CH4 based on 

the sublimation condensation of CO2 at different temperatures [59]. The bio-LNG is considered to have 

a CO2 content below 50 ppm to avoid freezing problems in the process [58]. The cryogenic bio-LNG was 

assumed to substitute liquefied natural gas (LNG) for marine transportation.  

 

Fig 2. Process flow diagram for the bio-LNG scenario. The process comprises a first stage of anaerobic digestion 

in a mono-digestion system, at mesophilic conditions and including the addition of water to attain the required 

humidity for the process (>65 %). The biogas is upgraded by cryogenic liquefaction to obtain liquefied 

biomethane referred to as bio-LNG, which has similar characteristics to fossil liquefied natural gas (LNG). Here, 

doted lines and boxes represent the avoided/displaced services and products as a consequence of implementing 

the case scenario. The bio-LNG is considered to displace fossil-LNG as maritime fuel for cargo vessels.  

The life cycle inventories (LCI) per technology are based on previously published works and 

adapted to include the upgrading to produce drop-in fuels suitable for maritime transport in carrier 

ships. Pyrolysis LCA (biocrude) was based on Brassard et al. [40,54], whereas the bio-LNG scenario is 
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built on the AD module developed by Javourez [41] and expanded to include the cryogenic upgrading 

according to the Cryopure process [58,63,64]. The bio-LNG was modeled to be fuel a bulk carrier to 

substitute fossil LNG. The detailed life cycle inventories are presented in the supplementary 

information SI and repository [43]. 

2.3  System boundaries 

The system boundaries of the scenarios follow a well-to-wake approach [65], including all the 

processes from the raw materials acquisition to the fuel production and use onboard, accounting for 

the utilities, waste management, and emissions associated with each life stage of the process. The 

systems are illustrated in Figures 1 and 2 and the LCIs are detailed in SI 1, 2, and 3. This study aims to 

compare the tradeoffs between a C-neutral [20] harvest of crop residues to supply the bioeconomy 

with the overall environmental implications of the system. Capital goods are included to the extent 

possible, with a few exceptions because of a lack of data (i.e., ship vessel construction, engine 

production). Yet, these appear in both what is induced (maritime transportation with biofuel) and 

avoided (maritime transportation with conventional fuels), and it is considered reasonable to neglect 

eventual differences in the engines (in terms of the environmental impacts related to their 

production). 

The use of crop residues to produce SMFs avoids counterfactual management. This 

counterfactual is considered as the reference business-as-usual (BAU) scenario, where the residues 

decay on soil (i.e., ploughing considered here). Moreover, various coproducts are released along the 

supply chains in each scenario and are considered to displace marginal services. In the HPO scenario 

dust, biochar, syngas, and an aqueous stream (vinegar) are produced during the fast pyrolysis stage 

with an extra syngas release in the upgrading stage (Fig 1). In the bio-LNG scenario, the coproducts of 

the whole conversion chain are digestate and CO2 (Fig 3). We consider that dust and syngas can be 

recovered for energy production to displace marginal heat and electricity from the future energy mix 

of France [39]. Similarly, digestate, vinegar, and biochar are recovered to be spread on fields as soil 

amendments. Digestate and vinegar are considered to displace mineral fertilizers and inorganic 

pesticides, respectively, while biochar is used for carbon sequestration (i.e., fertilizing properties of 

biochar not accounted for). The purified CO2 stream from the bio-LNG production is accounted to 

supply the chemical industry, displacing commercial CO2. It should be noted that the final use of CO2 is 

not accounted for, and only the avoided production of CO2 from fossil sources is considered. 

 

 



Chapter 5: LCA for maritime biofuels: To harvest or not? 

182 
 

 

3. Results 

The study examines the environmental impacts of three scenarios and presents the findings 

for five impact categories. Figure 3 illustrates the key contributors to each impact category for the 

three scenarios. The bars in the figure represent the positive (above zero) or negative (below zero, 

avoided processes) environmental impacts, while the triangle indicates the overall net environmental 

performance of each scenario. The environmental impacts for the other categories assessed within the 

EFv3.1 methodology are shown in Appendixes SI2 and SI3 for the HPO and bio-LNG scenarios, 

respectively. The environmental impacts are expressed and analyzed for 1 tonne of wet crop residues 

(1tww). 

3.1 Analysis per environmental impact 

3.1.1 Climate change 

The results for climate change are accounted for on a 0/0 methodology, as explained in section 

2.1. Figure 3 shows that both biofuel pathways allow environmental reductions on climate change 

compared to the BAU. Harvesting and using crop residues for bioeconomy purposes avoids 

approximately 1519 kgCO2eq.tww
-1 that would otherwise be emitted if the residues were simply 

ploughed into the soils.  

The full supply chain for the HPO achieves a net reduction of 562.5 kg CO2eq.tww
-1 compared to 

the BAU. The 20 t.day-1 input modeled in the HPO system can therefore reduce 2700 MgCO2 per year. 

The major contributor to emissions reduction is the potential C sequestration through biochar 

spreading, for which 75% of the C is assumed to remain in the soil as SOC after 100 years [66,67]. The 

biochar recalcitrance can thus induce the sequestration of 463.6 kgCO2.tww
-1. Moreover, replacing HFO 

with HPO, results in a net reduction of ca. 234.33 kg CO2.tww
-1, emissions, accounting for the emissions 

induced by the HPO (3.7 kgCO2.tww
-1) and avoided by HFO (-238.0 kg CO2eq.tww

-1) production and 

combustion. The positive emissions are mainly related to the supply and pretreatment stage, attaining 

133.3 kgCO2eq.tww
-1. The pyrolysis and HDO stages represent emissions of 53.2 kgCO2, of which 52% 

corresponds to the pyrolysis process, 8% to the condensation of the pyrolysis products, and 40% to 

the HDO upgrading of the biocrude. The counterfactual use of coproducts other than biochar (i.e., dust 

generated during grinding, vinegar and syngas from pyrolysis, and syngas from pyrolysis) represent a 

total emission of 36.1 kgCO2eq.tww
-1. These emissions are offset by the avoided heat, electricity, and 

pesticide application, which represents 87.2 kgCO2eq.tww. Therefore, considering the consequences of 

valorizing the HPO coproducts represents an emissions reduction of 52 kCO2eq.tww
-1.  
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The bio-LNG pathway represents total emission reductions of 945.5 kgCO2.tww
-1, of which 84% 

are attributed to the substitution of fossil LNG (avoided 856.33 kgCO2e.tww
-1 production and use) by 

bio-LNG (emitted 62.7 kgCO2eq.tww
-1) combustion to fuel the cargo vessel. While the pretreatment and 

AD stages release 36.63 kgCO2eq.tww
-1, the cryogenic liquefaction avoids the emission of 238.7 kg 

CO2eq.tww
-1. Both the AD and upgrading stages account for the emissions related to methane slips 

during the process and pipeline injection. Albeit digestate avoids 71.3 kgCO2eq.tww
-1 by replacing 

mineral fertilizers, its management (i.e., storage and spreading) releases 121.6 kgCO2eq.tww
-1 with a 

total net contribution to emissions of 50.2 kgCO2eq.tww
-1. 

3.1.2 Freshwater eutrophication (EUF) 

The SMFs scenarios avoid 8.66 x10-3 kgPO4eq.tww
-1 emissions. This represents a 198% reduction 

in freshwater eutrophication for the HPO system, compared to the BAU. Overall, the whole HPO supply 

chain emits 0.03 kgPO4eq.tww
-1 to freshwaters, which is counterbalanced by the reduction of 0.043 

kgPO4eq.tww
-1 emissions. While the HPO production and upgrading process, comprised of the pyrolysis, 

condensation, and HDO, represents 61% of the EUF emissions, its use to replace HFO contributes to 

7% of the EUF reduction. The major contributor to decreasing EUF (76%) corresponds to the 

biopesticide avoided. Moreover, despite the recovery of coproducts (except vinegar) and their 

application (e.g., syngas and dust combustion, biochar spreading, etc.) representing emissions of 0.007 

kgPO4eq.tww
-1 to freshwater, these emissions are almost neutralized (-0.007 kgPO4eq.tww

-1) by the 

avoided heat and electricity they provide.  

The bio-LNG represents higher EUF reductions than HPO, with total emission reductions of 

0.09 kgPO4eq.tww
-1. The whole supply chain induces the emission of 0.012 0.007 kgPO4eq.tww

-1, of which 

the digestate management (storage and spread) is the main contributor (74%), followed by the 

pretreatment operations (20%). Due to the CO2 recovery associated, the cryogenic liquefaction has a 

net negative EUF impact, with a reduction of 0.06 kg PO4eq.tww
-1. Moreover, bio-LNG displaces fossil 

LNG, which reduces emissions by 0.025 kgPO4eq.tww
-1. Albeit digestate represents the greatest EUF 

impact, it induces avoiding a mineral fertilizer, which is composed of ca. 9% phosphates (P2O5) and 

thus represents 16% fewer PO4eq emissions. 

3.1.3 Marine water eutrophication (EUM) 

The whole HPO supply chain reduces this impact by 147% compared to the BAU. The HPO 

combustion is the major contributor to EUM, representing 84% of the total emissions. However, the 

main contributor to the EUM reduction is the avoided HFO, accounting for 93% of the avoided 

emissions. Therefore, the net balance for the onboard fuel combustion is negative, achieving emissions 

of -0.60 kgNeq.tww
-1 (HPO and HFO combustion accounted). The coproducts utilization accounted by the 
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system boundaries expansion (i.e., combustion of dust and syngas, biochar soil application, vinegar 

application) represents 0.06 kgNeq.tww
-1, which are offset by the avoided services of marginal heat and 

electricity, as well as chemical pesticide replacement, which reduce emissions by 0.136 kgNeq.tww
-1. 

The bio-LNG scenario EUM reduction is 41% of the HPO and 60% of the EUM. While the storage 

and bio-LNG use did not contribute to the freshwater eutrophication represented by P emissions, the 

NH3, N2O and NOx emissions observed in these operations are contributors to the marine 

eutrophication represented by N. The main contributor to this impact is digestate management 

(storage and spread), which releases 1.31 kgNeq.tww
-1, accounting for 55% of the positive emissions. 

However, the effect of digestate is partially offset by a reduction of 0.63 kgNeq.tww
-1 resulting from 

avoiding mineral fertilizers. The major contribution to the EUM impact reduction (61%) compared to 

the BAU in the bio-LNG scenario is attributed to the fossil LNG replacement by bio-LNG. 

3.1.4 Respiratory Inorganics, representing particulate matter (PM) emissions 

This impact represents the impact on human health (disease incidence) by NOx, SO2, and 

particulates (<10µm and <2.5µm) as the main pollutants. This is the only category analyzed where a 

SMF has worse environmental performance than the BAU. Here the bio-LNG has a positive impact on 

4.9E-5 disease incidence whereas 1.6E-6 disease is avoided by ploughing the crop residues in soils (BAU). 

In fact, almost the whole supply chain of bio-LNG represents positive PM emissions with reductions 

observed only by avoiding the fossil LNG (-1.2E-5 disease incidence) and mineral fertilizer (-7.6E-6 

disease incidence). The major emissions are related to the digestate management (storage and spread) 

accounting for 73% of the disease incidence of PM. This is explained by the high N content in digestate, 

which is emitted during storage and is later mineralized, relatively fast, when applied on fields.  

On the opposite, the HPO scenario represents major PM disease incidence reductions 

compared to the BAU (-9.27x10-5 disease incidence). HFO is a residue like fuel, for which high SOx, NOx, 

and PM emissions have been attributed compared to other maritime fuels. Therefore, this impact is of 

major importance when analyzing the replacement of HFO by SMFs. Accordingly, the avoided 

combustion of HFO by implementing HPO is responsible for 97% of the 1.58E-4 disease incidence 

reduction. Likely, the HPO combustion contributes to 77% of the scenario disease incidence. The other 

operations represent minor flows in this impact category compared to the onboard combustion of the 

fuels.  

3.1.5 Water scarcity 

The bio-LNG shows the best performance to avoid water scarcity, which corresponds to 3.4-

fold the reductions observed in the BAU. The reductions are attributed to the upgrading stage and the 
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avoided use of fossil LNG and mineral fertilizer. These three operations, contribute almost equally to 

the offset of water scarcity, representing 39%, 32%, and 29% of the total reduction, respectively. The 

whole supply chain represents total induced water scarcity of 6.20 m3weq.tww
-1, of which 46% is 

attributed to the water addition process during the AD stage. 

The HPO scenario represents approximately 50% of the reductions observed for the bio-LNG. 

The unit processes along the supply chain represent a positive (thus impactful) WS impact, with total 

consumption of 28.6 m3weq.tww
-1. However, the avoided products (HFO, fungicide, heat, and electricity) 

represent a 2.6-fold reduction of emissions, yielding a net impact of -46.9 m3weq.tww
-1. Of these, the 

avoided fungicide represents 60% of the WS reduction, followed by heat production (31%).  

3.2 Overall environmental impacts and SOC implications 

The results show that the SMFs have a better environmental performance for all the five impact 

categories as compared to the BAU scenario. The major contributors to the impacts reduction are the 

avoided fossil fuel combustion and the coproducts and services replaced/avoided by the system 

expansion. Beyond the environmental impacts assessed, this study aims to analyze the overall trade-

offs between the whole environmental impacts along the supply chain and the SOC stocks 

maintenance achieved by returning the recalcitrant coproduct released before the upgrading process. 

Table 1 shows the environmental impacts scaled to the total biomass available for a C-neutral harvest 

of crop residues, considering the national potential of France as reported by Andrade Diaz et al., [20]. 

For the crop residues potential of 18.7 Mt DM.year-1 (13.24% water content), the BAU scenario would 

emit 32.17 MgCO2eq, which are related to an average loss of 178 kt C per year as SOC (considering an 

annualization over 100 years). The results show, that the SMFs scenarios are both favorable in terms 

of SOC sequestration and climate change mitigation. For the HPO scenario, based on the SOC results, 

100% of the crop residues potential can be harvested to supply the pyrolysis process with no SOC 

expected to decrease. Therefore, the return of biochar in the HPO scenario builds up average annual 

SOC stocks by 7740 kt C (considering an annualization over 100 years).  while avoiding 11.91 MgCO2eq 

due to the substitution of HFO by HPO. All the impacts included in the study are as well scaled to the 

national crop residues potential (C-neutral harvest potential), which represents a 21-fold of the results 

shown in Fig 3 for the BAU and HPO scenarios.  

For biogas with digestate return, the C-neutral harvest of crop residues was shown to be possible in 

approximately 50% of French croplands, with a national potential of 10 Mt DM.year-1. Accordingly, the 

bio-LNG has 1.7-fold the climate change mitigation potential of the HPO. Scaling the results at national 

level for a C-neutral harvest results in a higher mitigation potential for the HPO, which corresponds to 

1.1-fold that of bio-LNG.  
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Fig 3. Environmental impacts contribution per process for each scenario. Net process contribution 

represented as a triangle. SMF: Sustainable maritime fuels; HDO: hydrodeoxygenation; BAU: business 

as usual, HPO: hydrotreated pyrolysis oil; bio-LNG: liquefied biomethane. 
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Table 1. Tradeoffs between SOC and the whole environmental performance of the bioeconomy supply 

chain for producing HPO and bio-LNG to fuel the maritime industry. Results per tonne of crop residues 

and scaled to the C-neutral harvest potential involved for each technology, as defined in Andrade et 

al. [20]. 

  Results per tonne of crop residues 

Results scaled to the national C-neutral 

harvest potential involved by the 

technology 

Parameter Units BAU Pyrolysis 
Anaerobic 

Digestion 
BAU Pyrolysis e 

Anaerobic 

Digestion e, f 

Crop residue potential 

per technology a 

Mt DM 1.00 1.00 1.00 21.18 21.18 11.32 

C sequestered in soil, 

per year b 

kt C - - - -178.0 c 7740.00 7.60 

Climate change 

GWP100 d 

MgCO2-eq 0.02 -562.50 -945.47 32.17 -11911.51 -10706.52 

Eutrophication 

Freshwater (P) 

kgPO4-eq 0.01 -0.01 -0.09 0.19 -0.18 -0.99 

Eutrophication Marine 

(N) 

kgN-eq 1.08 -0.50 0.43 22.82 -10.68 4.82 

Particulate matterg 

formation 

disease 

incidence 

-1.63x10-6 -9.27x10-5 4.88x10-5 -3.45x10-5 -1.96x10-3 5.5 x10-4 

Water scarcity m3_w-eq -28.14 -46.90 -95.07 -595.87 -933.19 -1076.58 
a At the national scale of France considering 3.48 Mha of croplands, as determined using the soil-plant 

model STICS by Launay et al., [68] and used in Andrade-Díaz et al., [20] in AMG. A water content (w.c.) of 13.24% 

is considered according to [69] b Relative SOC sequestration within the technologies, compared to the BAU, for 

a 100-years’ timeframe [20] comprising the period 2020 – 2120. Here, the results of Andrade Diaz [20] were 

divided to 100 to obtain the sequestration rate per year. c SOC change in baseline corresponds to the difference 

between year 2120 and year 2020. d The offset potential considers that the whole supply chain CO2 emissions 

related to crop residues are neutralized due to their biogenic nature according to the 0/0 methodology [46]. In 

other words, the CO2 emitted along the process has a biological source being sourced from the crop residues and 

once emitted plants will uptake to lock the biogenic carbon cycle (ref). e The biomass potential and SOC 

sequestration accounts only for the "base" processes, namely pyrolysis and anaerobic digestion, and thus not 

consider the SOC effects of the upgrading technology. The environmental impacts consider the whole supply 

chain for the scenarios studied (HPO and bio-LNG). f Only Areas with no expected SOC decrease are considered. 
g in units of disease incidence per kg of PM2.5 emitted. 
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4. Discussion 

4.1 Potential of biofuels for the maritime sector regarding climate impact goals 

Albeit biofuels are currently increasing their share on the road and aviation energy mix their 

use on the maritime sector is still limited due to a myriad of technical and policy drawbacks, e.g., engine 

incompatibility to combust the novel fuels in current vessels. Historically, cargo ships have been fueled 

by low-quality HFO, which are bottom-of-the-barrel leftover from the refining of petrol [47] entailing 

low costs. Accordingly, the current fleet has been designed with slow-speed propulsion systems with 

limited suitability to different fuels [28]. Since emissions regulations had not been put in action before 

the last decade [29] , the maritime industry actors have continued to favor the low-cost low-quality 

HFO and new vessels and engines capable to carry and burn new alternative fuels are still under 

research and development [32]. However, the latest GHG emission reduction target set by the IMO  

[30] along with the 0.5% sulfur limit and the latest inclusion of the maritime industry within the 

emissions target of European call for immediate action to transition to renewable fuels.  

The IEA [32] has estimated that lignocellulosic fuels have the potential to supply all the 

maritime fuel demand (455-805 Mt oil equivalent potential vs 330 Mt oil equivalent demand) while 

reducing the industry emissions, otherwise expected to increase by 30% in 2050 [30] Yet, there are 

also multiples competing demands on lignocellulosic resources, as discussed in e.g. [70]. All the 

environmental impacts addressed showed a better environmental performance for the SMFs scenarios 

than the BAU. In summary, the CC, EUM, and WS impacts were better performing for the bio-LNG, 

while the EUF and PM presented the most pronounced emissions reduction in the HPO scenario.  

Approximately 137% and 162% GHG emission reduction can be attained if crop residues are 

harvested and transformed to HPO and bio-LNG, and used to substitute HFO and LNG, respectively. 

These tremendous emissions savings are mainly related to the avoided mineralization of crop residues 

on fields, which would else be released as CO2, and by the replacement of the fossil counterpart fuel 

as well as the marginal heat, electricity and fertilizer/pesticides currently used. In this study, we 

considered an optimistic energetic performant future, where all the energy services (heat and 

electricity) are electrified. If more conventional sources of heat would else be used (and replaced), the 

emission reduction would be even larger, as more heat is produced than used. 

In fact, compared to the fossil alternatives the SMF represent over 90% less CO2-eq emissions. 

The HPO combustion represents a 98% reduction of GHG emissions as compared to the HFO. Likely, 

the combustion of bio-LNG represents 92% less CO2eq emissions than the fossil alternative. Our results 

are in accordance with previous studies, where it has been reported that approximately 50 to 90 % of 
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the life cycle impacts are related to the avoided fossil alternative [71], highlining the ability of bio-LNG 

to reduce 90% of the fossil LNG GHG emissions [72]. 

Besides GHG emissions, the maritime industry is responsible for NOx, SOx, and PM emissions 

[33], which represents a main environmental risk. Therefore, the marine water eutrophication (N) and 

particulate matter (NOx, SOx, and PM) impacts are of key importance in the maritime transport’s 

context. Replacing HFO with HPO, reduces the PM impact by 67% and the marine eutrophication by 

33%. Likely, transitioning to bio-LNG shows 36% less PM impact and 24% less marine eutrophication.  

4.2 Trade-offs with SOC sequestration 

Both the HPO and bio-LNG allow recovering a C-rich coproduct, deemed as recalcitrant [66,73], 

that can be applied on soils as C amendment, namely biochar and digestate, respectively. Nonetheless, 

the different nature of both products was considered within the modeled LCA, producing contrasting 

results for each. Biochar, which is composed by 95% recalcitrant carbon (i.e., degradation resistant 

carbon) is expected to heavily remain in soils, i.e. 75% of its C after 100 years [66]. This represented 

82% of the GHG emission reduction for the HPO scenario. However, it does not affect any of the other 

four impact categories.  

On the other hand, digestate has been reported to have a behavior similar to crop residues 

[74,75] with the difference that the labile fraction responsible of the major share of CO2 emissions in 

the BAU has been removed and converted to biogas. The recalcitrant carbon fraction of digestate has 

a short mean residence time (ca. 1.2 years) associated [66]. Moreover, the nitrogen content in the 

digestate is concentrated during the AD process (as other fractions are lost to the gas phase), while 

the ratio inorganic : organic N is enhanced as a result of the process, granting fertilizing properties [76]. 

Results show that digestate is the major contributor in four of the five impacts investigated for the bio-

LNG scenario. For instance, the digestate mineralization during storage and on field is responsible of 

55% of the positive CO2eq emissions (not through CO2, but CH4 and N2O losses), 58% of the 

eutrophication of marine water, 75% eutrophication of freshwater, and 73% of particulate matter 

formation in the bio-LNG scenario. These emissions are directly related to either the high N and P 

content of digestate.  

However, although digestate contribute to the major share of emissions in the bio-LNG 

scenario, these are offset by the reduced and avoided overall emissions along the whole supply chain. 

Aligned with the aim of this study, we have compared the trade-off of the C-neutral harvest of the crop 

residues to produce the SMFs and the full environmental impacts associated. 
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Scaling the environmental impacts of one wet tonne of crop residues to the national C-neutral 

harvest potential of each technology in France (Table 1), shows that HPO is the most environmentally 

performant scenario both in terms of emissions and SOC sequestration. Interestingly, the bio-LNG 

potential to offset water scarcity and freshwater eutrophication is 5.5-and 1.15-fold that of HPO, even 

when harvesting only half the same amount of crop residues. Overall, Table 1 does not show any trade-

offs between the addressed environmental impacts and SOC stocks maintenance for the investigated 

SMFs scenarios. The C-neutral harvest of crop residues thus pose major environmental savings if the 

recalcitrant coproducts are returned to soils, allowing to not simply maintain SOC stocks, but to 

improve them. 

The LCA results reveal, that the precautionary practice of leaving the crop residues on soils 

results in higher GHG emissions than valorizing the residues for biofuel production. This also applies 

for all other environmental impacts addressed. Harvesting crop residues to produce biofuels, here HPO 

and bio-LNG for maritime use, while ensuring the return of the C-rich coproducts to soils is a win-win 

option because it allows to sequester C in soils, provide the energy service to displace fossil fuels, and 

consequently reduce the overall GHG emissions along with other environmental impacts of the system. 

Despite the bio-LNG scenario is environmentally performant to reduce C-related emissions, digestate 

is held responsible of major N losses, including N2O, NH3, and nitrate losses to water. This is critically 

detrimental for the overall scenario performance because N2O represent almost 300 times the global 

warming potential of CO2. It is also detrimental to other impacts, most importantly the marine 

eutrophication (Table 1), being one of the two impacts where a net positive impact is observed. 

Therefore, measures to reduce the soil-denitrification induced by digestate application need to be 

addressed. As the N2O result from the nitrification and oxidation of ammonium, already existing 

techniques such as nitrification inhibitors can be used [77]. Other techniques regarding microbial 

enrichment [78] and farming management activities (e.g., tillage, irrigation) [79] can be implemented 

in order to offset the N-flux contribution from digestate. Techniques such as digestate acidification at 

the spreading stage can also limit nitrogen losses (here NH3) and hence reduce the marine 

eutrophication impact. Moreover, biochar has well recognized N-offset properties [80] and could be 

applied in tandem with digestate to create synergies from the nutrient-fertilizer effect of digestate and 

reduced C and N mineralization from biochar. 

4.3 Key aspects to consider  

Though comparing the renewable fuels vs the fossil ones, HPO shows a better environmental 

performance than fossil HFO, bio-LNG exhibits less overall emission along the whole supply chain, per 

wet tonne of crop residue. This is in part explained because the system modeled in this study considers 
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that the cryogenic upgrading allows separating a CO2 stream, which can then be recovered to avoid 

the production of fossil derived CO2 for the chemical industry. In fact, avoiding this fossil-derived CO2 

has a significant impact (~0.9 kgCO2e per kg fossil CO2 avoided). However, it remains unclear to which 

extent a 100% recovery can be considered representative of future biogas plants as the recovery 

efficiency could be lower. Moreover, the biogas injection to the cryogenic liquefaction process may 

entail some gas slips [64] that were considered negligible herein (yet, losses were considered at the 

moment to inject the non-upgraded biogas to the biogas pipelines transporting the gas to the 

upgrading site). 

In fact, fossil LNG has been promoted to reduce GHG emissions in the maritime sector 

compared to other fossil fuels. However, this characteristic is counterpoised by the risk of slipping CH4 

while processing the natural gas, which has a global warming potential 30 times that of CO2. It has 

been determined that a 3.5% natural gas slip on ship operation, may result in 3 to 9% higher emissions 

than HFO. Therefore, it is crucial to evaluate the possible fugitive losses during the LNG production 

process [81]. The fossil LNG used from Ecoinvent 3.9.1, assumes an 8.6% natural gas consumption to 

run the liquefaction process, a 0.05% gas leakage, and that all the CO2 separated is emitted. These 

assumptions are fundamentally different than those consider in the bio-LNG scenario, where we have 

considered an optimized future in terms of energy performance, and the full recovery of the separated 

CO2. However, as we considered a bio-LNG driven future where the biogas is transported through a 

dedicated pipeline to the upgrading facilities located next to the harbor port, we penalized the 

upgrading process by assuming a total 1.70% leakage due to the pipeline injection and upgrading 

operation. In order to have transparent comparisons, it is necessary to consider the same leakage 

assumptions for the fossil and biofuel scenarios, which could be considered in further sensitivity 

analyses.  

The cryogenic upgrading of biomethane is still limited due to technology development issues, 

high costs, and high energy consumption to comply with the cryogenic process requirements [82]. 

However, according to the Danish Energy Agency [64], this technology may develop in future years due 

to the lower energy costs envisioned at commercial scale, high purity of the biomethane, expected 

leakages below 1%, and possibility to recover coproducts such as CO2 and N.  

Regarding the HPO process, pyrolysis oil is not considered a drop-in fuel due to the lack of compliance 

with fuels standards (e.g., high water content, high O2 content, acidity). However, when upgraded, the 

stabilized oil, here HPO, is an attractive biofuel for the sea transport able to replace HFO with notorious 

reduced emissions in multiple impact categories. Nonetheless, fast pyrolysis remains at a pioneer stage 

and the potential development of this technology at commercial scale is still uncertain [64]. Moreover, 
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one critique that detracts the hydrodeoxygenation performance is the high requirement of H2, which 

can represent 15% [49,52] of the produced biofuel and is mainly supplied by steam reforming of fossil 

fuels [55]. Here, we modeled the production of the H2 by means of alkaline electrolysis [41]. One 

consequential benefit of using electrolysis-derived H2 is the ability to recover O2, which can reach up 

to 95% of efficiency. However, to remain conservative, we considered no O2 recovery in this study. 

Recovering and substituting conventional O2 could increase the environmental performance of the 

HPO scenario and could be analyzed in further sensitivity analyses. 

5. Conclusion 

The analysis of the LCA results observed here coupled to the SOC stocks simulations allows 

inferring that harvesting the crop residues to supply the bioeconomy, followed by the return of the 

recalcitrant coproducts to soils, allows to not only maintain, but to improve the soils C budget, while 

at the same time triggering emission reduction for the climate change, marine and freshwater 

eutrophication, particulate matter, and water scarcity environmental impact by replacing fossil fuels 

and marginal energy (i.e., electricity and heat).  

For the particular case of HPO and bio-LNG studied in here, these biofuels have the potential 

to offset over 90% of the GHG emissions produced by the combustion of the traditional fossil HFO and 

LNG. HPO is of key interest to reduce the particulate matter impact of HFO by 67%, associated with 

NOx, SOx, and PM emissions, which is a key issue in the sea transport mitigation goals. Similarly, bio-

LNG has the highest potential to reduce freshwater eutrophication, climate change, and water scarcity 

if the whole system is considered. The results show that managing crop residues by just plowing them 

back to soils, does not only hamper the biomass supply to the bioeconomy but also results in higher 

environmental impacts as well as lower SOC stocks. 

However, the validity of our study relies on the transparency and representativeness of the 

data used in the models. Current LCI data related to maritime biofuels are still sparse, and existing 

studies are often not directly comparable, which complicates a further in-depth assessment of a full 

well-to-wake LCA for the sea transport industry. From the perspective of decision-making, the results 

shown here must be considered under the umbrella of a further sensitivity and uncertainty analysis to 

shed light on the sensitive and uncertain parameters the model involved.  
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Data availability 

This manuscript is supported by a supplementary information document and the LCI foreground 
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https://doi.org/10.48531/JBRU.CALMIP/1JXQK3 [43] 

Supporting documents and data 

The supplementary information accompanying this paper is presented in Appendix A4a. 
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6. CHAPTER 6 : Conclusions, limitations, and 

future perspective 

6.1 Summary and key findings 

The aim of this thesis was to understand the interactions between the return of recalcitrant 

bioeconomy coproducts to soil and the long-term SOC dynamics in a C-neutral harvest context. To do 

so, the research questions and objectives shown in Chapter 1 have been answered and fulfilled. 

First, the notion of “C-neutral harvest” has been introduced and defined as a situation where 

the long-term SOC stocks do not decrease when crop residues are managed to supply a bioeconomy 

conversion pathway, compared to a reference situation where the residues are left on soils.  This thesis 

has identified and parametrized the factors interrelating the use of crop residues for the bioeconomy 

and the SOC dynamics in croplands when a return of the bioeconomy coproducts to soils is considered. 

Here, a novel framework was developed to integrate the parametrized factors within soil models, 

providing useful tools for decision-making regarding the management of crop residues. The study was 

performed spatially explicitly with high resolution, providing insights for the specific contexts of 

national French and Ecuadorian croplands. Moreover, a full life cycle assessment of the whole 

bioeconomy supply chain contrasted the SOC-driven observations with the full environmental 

performance of the C-neutral harvest of crop residues. This work is thus the first, to the author's 

knowledge, to propose a SOC assessment methodology for multiple bioeconomy coproducts, 

applicable to various climate contexts, focused on supplying renewable C to the bioeconomy.  

The RO1 was achieved in Chapter 2 through an exhaustive literature review harmonizing 620 

data records that trail the carbon balance and recalcitrance of pyrochar, gaschar, hydrochar, digestate, 

and the solid (cake) and liquid (molasses) fraction remaining after the second-generation alcohol 

production. The carbon balances were systematically sequenced to express a coefficient defined as 

“carbon conversion CC”, which tailors the fraction of carbon remaining in the coproducts at the end of 

the bioeconomy conversion pathway. Based on laboratory incubations, field trials, and modeling 

assays, the fraction of recalcitrant carbon in the coproducts was expressed as the “recalcitrant carbon 

CR” coefficient. The CR coefficient was categorized into various subgroups related to the variability of 

the coproducts, driven by the process conditions and assessment methodology. Chapter 2 also 

presents a depth revision of twelve soil models with the aim of understanding their ability to integrate 

bioeconomy coproducts. Eight models [1–10] were identified as already adapted for including other 

inputs than plants and manure, and thus the procedures were thoroughly documented to derive a 

tailored procedure for including the coproducts studied in this thesis. Fig 6.1 summarizes the products 
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delivered on Chapter 2 to reach RO1. The completion of RO1 led to answering RQ1, namely “What are 

the key factors determining the interrelation between the supply of crop residues to the bioeconomy 

and the maintenance of SOC stocks in croplands?” Albeit soil models present different configurations 

based on the interactions considered (e.g., plant-atmosphere, SOC only, C-N, etc.) [11–13], the SOC 

focused models can be simplified by two key functions: i) the size of the C input and ii) the time that 

the carbon will remain in the soil pool. The latter function is in turn related to defining the soil pool 

where the carbon fraction will be allocated, which is also simplified by representing the carbon as labile 

and recalcitrant. Therefore, the CC and CR coefficients are useful parameters to interrelate the effect 

of harvesting crop residues, converting them to recalcitrant coproducts while supplying renewable 

carbon to the bioeconomy, and retuning to the soils as C amendments. The CC allows thus measuring 

the C input returning, and the CR defines the amount of recalcitrant carbon allocated in the most stable 

soil pool. 

 

Fig 6.1. Approach followed in the review presented in Chapter 2 and main deliverables. 

While Chapter 2, framed by the RO1 and RQ1 set the theoretical basis of this thesis, the main 

research question is primarily answered by achieving RO2 and RO3, both interlinked to RQ2 (How 

much additional biomass from crop residues is available if a C-neutral harvest is practiced and 

recalcitrant bioeconomy coproducts are returned to soils, compared to business-as-usual approaches 

defining a harvest threshold?). The SOC-bioeconomy framework integrating the harvest of crop 

residues to supply the bioeconomy with the return of recalcitrant coproducts was developed in 

Chapter 3 and applied to French croplands. Chapter 3 thus adapted the CC and CR parameters within 

the SOC model AMG [14,15] by allocating the recalcitrant carbon in the coproducts to the inert soil 

pool in the case of pyrochar and gaschar (i.e., coproducts with mean residence lives longer than the 
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simulation timeframe) (RO2). The newly adapted AMG was then used to model the bioeconomy-

induced SOC dynamics in French croplands at a national scale with high spatial resolution (RO3). The 

study comprised over 60,000 simulation units in a horizon of 100 years (2020-2120) and entails 

plausible variations in the CC and CR coefficients to assess the sensitivity of the model, resulting in 79 

scenarios modeled for the five coproducts. Chapter 3 provides a tailored answer for the main research 

question for each coproduct, in the temperate context. The study revealed a 100% C-neutral harvest 

rate (of the technically harvestable fraction) for both the pyro- and gaschar scenarios with SOC stocks 

expected to increase by 106% and 43% for each scenario respectively. For the hydrochar and digestate, 

the harvest rates were of 98% and 53%, respectively, while for the bioethanol-molasses it is not 

possible to achieve a C-neutral harvest (0%). Note that the actual amount of crop residues is spatially 

explicit and is influenced by the pedoclimatic conditions (i.e., soil characteristics and meteorological 

variables) and farming management (e.g., crop rotations, application of organic fertilizer, irrigation) 

and this value can be retrieved from the maps provided within the study and from the detailed files 

deposed in the accompanying database. The identified harvest rates are higher than the one proposed 

by Agrimer (31.5%) [16] for France, entailing an additional supply of 71 – 225 PJ (digestate and pyrochar 

represented in these extremes), which answers the RQ2. 

The framework developed in Chapter 3 was adapted to a tropical context, for the 

representative case of Ecuador, to answer the second part of the main research question. AMG has 

been well tested and validated with good results for temperate lands [12,15] but has yet to be 

validated and calibrated for tropical contexts. Therefore, a second SOC model well tested in tropical 

regions, namely RothC, was adapted in the second part of the thesis. Chapter 4 thus adapts the RothC 

model for pyrochar, gaschar, hydrochar, and digestate and then applies it to model near- and long-

term SOC dynamics in Ecuadorian croplands. Based on the results of Chapter 3, the bioethanol 

molasses was deemed as not performant for C-neutral harvest scenarios and was thus not included in 

the Ecuadorian case. Ecuador is a megadiverse country, characterized by the high fertility of 

agricultural soils and a high economic dependency on the agroindustry. However, cropping systems 

have not been yet systematized and farming management information is practically non-existent. 

Moreover, the productivity information is reported only at Province scale (i.e., Ecuador is comprised 

by 24 provinces), which hampers the high spatial resolution of the land-use map of the country (250m). 

To achieve RO3 for Ecuador, the previously inexistent baseline for the cropping systems of the country 

was developed, including the quantification of the potential crop residues production, potential above- 

and belowground carbon flows, and projected climate variables under the RCP4.5. This baseline 

(RO3.1) is thus one key deliverable of this thesis, involving an intense level of data manipulation and 

maps production and was therefore valorized as a side data paper (Appendix A3a). The Ecuadorian 
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cropping systems revealed a 100% C-neutral harvest rate for the pyrochar and gaschar scenarios in the 

long-term frame (2020-2070). This result is aligned with the ones observed for the French case, 

although the net level of C sequestration was observed to be markedly lower in the tropical case. The 

less recalcitrant products hydrochar and digestate demonstrated non-C-neutral harvest potential in 

the tropical context. A potential surplus 113 PJ was quantified for Ecuador by means of a C-neutral 

harvest, with expected SOC increases (answer to RQ2). Figure 6.2 integrates the tools produced within 

this thesis, which can serve to support decision making related to crop residues mobilization and SOC 

implications. 

 

Fig 6.2. Summary and integration of chapters 3 and 4. Five bioeconomy conversion pathways were studied and 

adapted into two soil models (AMG and RothC), for two agricultural contexts (temperate and tropical), and three 

timeframes (20, 50, and 100 years), modeled with high spatial resolution. The models represent tools able to 

support policy and decision makers regarding crop residues management, and the results provide ready to use 

maps to locate areas where a bioeconomy development may be of greater or lesser interest in terms of SOC 

sequestration. Solid lines represent the flow of carbon from crop residues. Dotted lines represent the carbon 

flows from bioeconomy coproducts. 

Chapters 3 and 4 are the core of this thesis and several observations can be extracted to 

understand the results. Despite the net results differ, there is a clear trend favoring the return of 

pyrochar and gaschar as a SOC enhancement strategy. The difference observed in the net values 

attained and moreover on the opposed results for the hydrochar and digestate scenarios are related 

to the intrinsic characteristics of the coproducts (CC and CR) and the pedoclimatic variability across the 

systems. Thermochemical bioeconomy processes exhaust the readily degradable carbon in crop 

residues into a main economic product while the degradation resistant carbon is converted in aromatic 
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functional groups. The higher aromaticity of a coproduct results in lesser mineralization when used as 

a soil amendment. Therefore, thermochemically produced coproducts, such as pyrochar, gaschar, and 

to some extent hydrochar are highly recalcitrant coproducts. 

Under mild process conditions, the readily degradable carbon is converted into the main 

product, while the lignin fractions remain unchanged, exhibiting the same characteristics as in the 

unconverted biomass. For the case of anaerobic digestion, digestate contains the same lignin as in the 

untreated parental feedstock, and the difference between undigested and digested matter lies within 

the labile fraction, which is removed during the biogas production. The hydrolysis process performed 

during the bioethanol production breaks the lignin walls in crop residues, and thus molasses is rich in 

a form of non-so-recalcitrant carbon, that is readily available for microorganisms. While soil application 

of molasses could be used to improve microbial activity of soils targeting fertility goals, it is not 

attractive as a carbon sequestration strategy. Tropical climates are exposed to extreme meteorological 

conditions, such as high temperature, intense raining seasons and excessive evapotranspiration 

(attributed to the high temperatures). All these conditions converge to promote SOC mineralization 

[17] which is observed in lower SOC stocks in the studied scenarios, compared to the temperate 

context, where the colder climate allows for better SOC retention [18]. The differences observed 

between the two case studies are also related to the models’ configuration. RothC requires less input 

information and thus the SOC dynamics are entirely influenced by the climate and clay content. On the 

other hand, AMG computes for more parameters, including farming practices as irrigation or tillage, 

and considers more soil parameters (e.g., CaCO3, pH). Moreover, the inclusion of the recalcitrant 

products in AMG was achieved by allocating the pyrochar and gaschar in the inert pool, while in RothC 

they were allocated in the humified pool. However, one key point of improvement applied in RothC 

was the consideration of the priming effect. In fact, the sensitivity analysis showed change of directions 

in the results (from positive to negative and vice versa) when the priming effects were accounted. 

However, the priming effect of coproducts like biochar and digestate remains an open question in soil 

science, which makes a difficult endeavor to set a definite value to this parameter. Moreover, while 

the recalcitrance of biochar has been more or less validated across different soil systems, the priming 

effect is highly variable across regions and conversion pathways [19].  

The results observed in chapters 3 and 4 indicate that crop residues can be completely 

harvested for pyrolysis processes with marked expected SOC improvements if the biochar is returned 

to soils. However, these chapters did not account for other environmental impacts that could arise by 

the management of crop residues as a bioeconomy feedstock, nor the energy balance of the pathways. 

This leads to RQ3 (What are the trade-offs between a C-neutral harvest and the overall environmental 

performance of the bioeconomy conversion technology if the impacts related to the use of the 
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principal product obtained in the bioeconomy pathway are fully addressed?). The LCA presented in 

chapter 5 shows that harvesting the crop residues for supplying the bioeconomy with maritime 

biofuels does not only improve SOC stocks but contributes to environmental mitigation for the five 

environmental impacts considered. The avoided fossil fuels, as well as the substitution associated to 

the various coproducts produced along the conversion processes led to net environmental benefits for 

almost all impact categories (i.e., the benefits associated to these substitutions are greater than the 

impacts associated with the conversion processes). Solely the particulate matter and freshwater 

eutrophication represented increased impacts for the bio-LNG. Moreover, for the case of anaerobic 

digestion, the selection of a cryogenic upgrading with CO2 recovery results in already negative 

emissions in the production stage. However, the assumptions considered in the LCIs developed in 

chapter 5 envision a better energy performant future (electrified) and should be contrasted with other 

possible alternatives.  

6.2 Limitations of the study 

Several limitations were encountered during this study. Here the most prominent limitations 

are highlighted as a voice of alert for the use and interpretation of the results. 

• Although biochar recalcitrance has been a hotspot on soil science for already over a decade, 

the interaction with the soil microbiome and induced priming effects from soil application are 

still unknown. This knowledge gap is open mainly because of the difficulty and high costs [21] 

associated to perform long-term observations, moreover biochar has an expected mean 

residence life over the hundreds of years, which makes their understanding a difficult 

endeavor. Studies indicate that biochar can improve the soil physicochemical characteristics 

which can promote fertility and productivity. Moreover, microorganisms have demonstrated 

to be able to adapt to new sources of C, thus it is possible that the application of the coproducts 

may exert changes in the short-term, but these will attain the equilibrium in the long-term. 

However, this pose another question, if the microorganisms can adapt in the long-term, will it 

mean a reduction on the GHG offset potential of recalcitrant materials as biochar? These 

questions are still open and research is ongoing to elucidate an answer.  

• One key issue to consider when dealing with soil models, is the ability of transforming the real-

life observations into mathematical equations and extrapolating lab-scale results to open 

fields. Therefore, selecting a soil model depends on the aim for which it is going to be used 

and the validity to the physical area that is expected to represent. 

• The CC and CR parameters derived within this thesis are highly influenced by the conversion 

pathway conditions. A high variability on operational conditions is thus translated to a high 
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variability on the potential carbon balance of the process and composition of the coproducts, 

which determines the inner recalcitrance. This limitation was considered through the 

sensitivity analyses performed for the two case studies. 

• While this study is driven by the SOC stocks dynamics, the application of the bioeconomy 

coproducts may alter the normal function of soils, which could result in changes on fertility 

and productivity. Zhang et al, has observed in his metadata analysis, that the amount of 

biochar application plays a key role on the soil response. Excessive values of coproducts may 

result toxic or create a barrier impeding soil respiration, while too low values may not induce 

any positive effect and only contribute to GHG emissions. This was slightly considered by 

modeling one scenario where the biochar application was limited to 50tC ha-1 in 100 years, 

which did not affect the previous conclusions. 

• Besides the questions regarding the parameters characterizing the coproducts, limitations 

were also encountered regarding the data inputs. For instance, the French case study reused 

the 4p1000 data base (ref.) which was modelled with STICS, and for which all the cereals were 

considered as wheat. This assumption was maintained in our study. Also, when we modeled 

digestate, we considered the crop residues to be subjected to a mono-digestion process. A co-

digestion process including manure or slurry may result in different SOC dynamics. SOC 

evolution is tightly dependent to climate variables, in this study we considered the RCP4.5 

projections, however, other climate trajectories may cause a variation in the results, mainly 

for the anaerobic digestion scenario where the SOC balance was close to the BAU. 

• Ecuador representation is limited due to lack of data on crop rotations, irrigation, and farming 

management. Moreover, here we considered that crop residues are left on soils and contribute 

to input C but in fact, the most common practice in the country is open-field burning. This 

induces CO2 emissions and the material remaining on soils are mainly C-depleted ashes (90% 

Silica). In fact, the relative results from the bioeconomy compared to BAU would be greater 

than shown in here if the combustion scenario would have been considered as BAU. 

• Detailed foreground data to build the LCIs for the maritime biofuel scenarios is hardly 

available. Moreover, it has been identified that LCA studies on maritime fuels lack harmony 

among them, which hardens the comparison between studies. Most of the studies; however, 

relay on similar data, which is in cases the result of one single laboratory experiment but 

considered as a referent by the number of studies citing it.  
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6.3 Future perspectives and further research 

The limitations encountered during this research and described in section 6.2, are open 

knowledge gaps that call for further investigation to better comprehend the bioeconomy-SOC 

interactions.  

Currently, investigations are trying to understand the coproducts effect on the soil microbiota 

and finding ways to translate the laboratory observations to mathematical models [22]. Several 

ongoing modelling and experimental projects try to converge to a unanimous response regarding the 

biochar behavior in soils and their link effect to other environmental impacts. These efforts are needed 

to better represent the potential effects that recalcitrant matter could exert on soil health [23,24] 

The commitment of nations and institutions towards the net-zero goals have resulted in series 

of regulations and incentives programs that incentive GHG emissions reduction and C sequestration. 

The interest of the industrials on addressing soil challenges is expected to increase along with 

alternatives to maintain C in soils. In this context, tools like the models and databases developed in 

this thesis result valuable to explore SOC sequestration alternatives. 

Here we studied each conversion pathway as a separated scenario. A more realistic 

representation must assess the simultaneous implementation of various pathways to evaluate the 

competitions and synergies among them and derive the best management alternative. 

Inclusion of parallel C sequestration practices in these scenarios were SOC is expected to 

decrease may result in an interesting alternative to valorize the crop residues without imposing 

pressures to SOC stocks. For instance, the inclusion of cover crops or temporary grasslands in crop 

rotations has demonstrated to be an efficient alternative for SOC improvements. Coupling the 

introduction of cover crops, with the application of coproducts like digestate or molasses, may help to 

offset the negative results. 

The maritime sector is transitioning a transformation era. It has been included for the first time 

within the European Union GHG targets/ Moreover, the IMO is imposing more regulations to decrease 

the emissions from sea transport. These regulations can only be met by replacing fossil fuels with 

renewable fuels (e.g., biofuels, but also electricity). These transitions have resulted in a clear need of 

robust databases modeling maritime biofuels for LCA studies. In fact, the IMO has called for a 

harmonized methodology to perform well-to-wake LCAs for sea transport. This poses a great 

opportunity to develop studies like the one conducted in this thesis, coupling SOC modeling with LCA 

methodologies to shed light to the tradeoffs between environmental impacts.  
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1 Review Methodology 

The review was conducted in two consecutive stages to collect the data records 

regarding the C flows and recalcitrance per technology, used in this study, which are available 

in Andrade et al. [1]. First, the literature was reviewed to collect information on recalcitrance of 

coproducts when applied in soils, limited to laboratory incubations, field trials, and modelling 

studies. Data was retrieved from an exhaustive systematic revision on Web of Science (WOS). 

The search criteria included “All databases”, all years of publication until September 2020 (1950-

2020), (key) search terms “recalcitrance”, “carbon mineralization”, “carbon stability”, “soil 

incubation”, “stability in soil”, followed by the words “biochar”, “hydrochar”, “molasses”, 

“digestate” in a separate search for each coproduct. Given the scarcity on studies regarding 

bioethanol coproducts recalcitrance, we performed an extra search using the word “vinasse” 

instead of “molasses” along with the mentioned key search terms. All the papers were revised 

and only those presenting C mineralization data which allowed to determine the C lost only from 

the coproduct during the incubation were kept. The C recalcitrance search included only crop 

residue feedstock to the extent of data availability, and in the case of data scarcity, the most 

representative proxies (wood and grass) were considered. All studies per technology were 

considered, without differentiation by duration or type of soil used in field and laboratory 

assays. If results from the same experiment were in more than one publication, only the data 

for the studies with the longest duration were selected. 

In a second stage, to determine the carbon flows per technology, data was retrieved 

from a non-exhaustive literature revision of reported yields and C content per coproduct and 

technology. Papers retrieved for the recalcitrance database, which presented the products 

yields and C content, or allowed to perform carbon mass balances, were as well included in this 

step. To expand the database, an extra data search was performed using WOS, searching in “All 

databases”, including all years of publication (from 1950 until July 2021), using the search terms 

“mass balance”, “carbon balance”, “carbon pathway” followed by the words “biochar”, 

“hydrochar”, “molasses”, “digestate” in a separate search for each coproduct. The search term 

“biomethane potential” was used specifically for digestate. Unpublished data was also obtained 

as courtesy from some authors. The C balance included crop residue feedstock to the extent of 

data availability, and in the case of data scarcity, the most representative proxies (wood and 

grass) were considered. If data was present in more than one publication (due to consecutive 

publications with extended experiments), we chose the most actual and complete study. 
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A conceptual review was carried out to describe each bioeconomy pathway, including 

process generalities and working conditions. Likely, SOC models were reviewed by checking the 

official website of each model, the user manual, and highlighted literature (e.g., first apparition 

of the model, adaptations of the model, usage across different climates). 

2 Bioeconomy conversion pathways description 

2.1 Pyrolysis 

Pyrolysis employs high temperatures in absence of oxygen to convert biomass into bio-

oil syngas and a solid residue herein called pyrochar. Bio-oil, which releases lower amounts of 

SOx and NOx than fossil fuels, can be combusted in turbines for power and heat generation or 

upgraded to be used as transportation fuel [2]. Biochar can be used for pollutants sorption, as a 

precursor for the production of activated carbon, as a soil amendment to improve soil quality 

and fertility [3–5], or buried in soils as a way to induce additional negative emissions [6–8]. 

The yields of the products depend on the feedstock characteristics and the process 

conditions, such as residence time, temperature, pressure, etc. [2,9,10]. A recent review on 

biochar [11] found correlations between the residence time and product yields as well as 

between the process temperature and the characteristics of the products in pyrolysis processes. 

Fast pyrolysis is optimal for bio-oil production, with yields of around 75% bio-oil as 

further detailed in section 3.2 of the main text, while slow pyrolysis delivers approximately equal 

ratios of products and favors biochar production with typical yields of 35% biochar [9,11]. 

The biochar yield observed in this study is slightly higher than the yield derived from 

using the empirical equation proposed by Woolf et al. [12] (Eq 4) to estimate what the authors 

referred to as the dry ash-free biochar yield (YBC). Applied for a low temperature (T) (350-450°C) 

pyrolysis of wheat straw with a lignin content (L) of 12.3% [12], a pyrochar yield of 25-29% (by 

DM) is predicted. 

𝑌1" = 0.1261 + 0.5391𝑒%6.66DE + 0.002733𝐿 
(Eq 

4) 

This difference can be explained because the value reported by Woolf et al.[12] was 

defined only for wheat straw, while in this study, the feedstock was considered as a mixture of 

various cereal straws. 

Pyrolysis temperature plays a key role in the chemical and structural properties of 

biochar. During pyrolysis, an array of reactions such as dehydration, cleavage, and 
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decarboxylation take place, which are favored at higher temperatures [2,11]. Elevated 

temperatures promote the volatilization of other elements, mainly H and O, hence increasing 

the C content in the biochar and producing biochar with fewer O- functional groups. Moreover, 

longer exposures to heat allow the production of a higher number of aromatic compounds, 

resulting in more recalcitrant biochar [13,14]. Large proportions of aliphatic compounds in 

biochar are related to more lability and solubility in soils [15]. 

Biochar produced at high temperatures is considered more recalcitrant (i.e., has more 

aromatic groups ) [11] compared to low temperatures, while long residence times yield more 

biochar than fast processes [16]. Due to the beneficial properties of biochar on soil [17], biochar 

production may be the main driver in some pyrolysis systems. In those cases, the process will 

aim to produce the highest amount of high-quality biochar, therefore, a compromise between 

pyrolysis type (fast vs slow) and temperature (high vs low) is required. 

2.2 Gasification  

Gasification is a complex process that encompasses a series of steps such as 

volatilization of the biomass, cracking and reforming of the volatiles, and gasification of the chars 

formed [85]; the reactions involved in these processes are the water-gas shift, Boudouard, 

steam reforming, and methanation reactions [19–21]. Besides syngas, other light hydrocarbons 

(HCs), as well as a mixture of residual materials, composed of char, ashes, and tar, are produced, 

as shown in (Eq 5)(Eq 5) [22]. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐻=𝑂
F*B+G+H*'+0,
W⎯⎯⎯⎯⎯⎯⎯⎯Y 𝐶𝑂 + 𝐻= +𝐻=𝑂 + 𝐶𝑂= + 𝐶𝐻D +𝐻𝐶𝑠 + 𝑡𝑎𝑟𝑠 + 𝑐ℎ𝑎𝑟 

(Eq 

5) 

Syngas can be directly used for heat and power generation, upgraded to produce 

transportation fuels, or used for chemical feedstock production [18]. Like pyrolysis biochar, 

gasification char can be valorized for different uses, including as an amendment to enhance soil 

health [23]. 

Typical conversion efficiencies of biomass DM to syngas range between 50 and 70%, 

with the amount of tar formed and the heating value of syngas being dependent on the oxidizing 

agent. The use of air as an oxidizing agent introduces considerable amounts of nitrogen to the 

process, which dilutes the CO and H2 concentrations, and yields syngas with heating values of 4-

10 MJ Nm-3. Pure oxygen can produce syngas with heating values up to 28 MJ Nm-3 and the 

highest CO concentration, nevertheless its use is limited due to elevated costs. Steam is an 

attractive agent as it yields high H2 concentrations and heating values in the range of 10-18 MJ 

Nm-3. [19,20] 
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The main challenges of gasification are tar formation and moisture control of the 

biomass. Various authors have comprehensively reviewed the implications of the feedstock and 

operating conditions for biomass gasification, as well as the chemical reactions involved, the 

reactor design, pretreatments, tar removal processes, and novel gasification technologies using 

catalysts or supercritical fluids [18–21,24–27]. Still, there is scarce information regarding the 

char C recalcitrance and its behavior when used as a soil amendment, as further detailed in 

section 3.2.2 of the main text. 

2.3 Hydrothermal Liquefaction 

Compared to other thermochemical processes, HTL is considered a more energy-

effective technology as it allows the use of a wide variety of feedstocks, from lignocellulosic to 

algal biomass [28], without previous drying steps, and as it produces a biocrude with lower 

oxygen and water content, yields less tar, and requires lower amounts of chemical additives and 

heat consumption [29–32]. 

During HTL, biomass undergoes, as in the case of gasification, multiple reactions, 

including hydrolysis, dehydration, polymerization, Maillard reaction, decarboxylation, and 

repolymerization reactions [29,32], to convert the carbohydrates in the feedstock into biocrude, 

biochar, and gasesFig.. 

Catalysts can influence the HTL processes to improve the bio-oil yield and properties, 

decrease the hydrochar yield [28], reduce operation times, hinder secondary reactions, such as 

repolymerization and cracking of long-chain hydrocarbons, and reduce the pressure and 

temperature dependency of the process [33]. This effect is influenced by the type of catalyst, 

process conditions, and biomass used [30]. Basic catalysts are preferred in HTL operations over 

acid catalysts, to avoid system corrosion. For instance, K2CO3 accelerates the water-gas shift 

reaction in HTL processes conducted at low temperatures. Zhu et al. [34] found that C conversion 

from the feedstock to hydrochar decreased from 41% to 9% when K2CO3 was applied. 

It should be noted that there is a similar process called hydrothermal carbonization 

(HTC), where instead of bio-oil, the intended product is hydrochar. This yields approximately 50-

70% hydrochar (of the initial DM; [35,36]), while the hydrochar yield is approximately 25% with 

HTL, as further detailed in section 3.2. Similarly, an alternative process referred to as 

hydrothermal gasification (HTG) has been developed to focus on the gas as the main product. 

The HTC processes are normally carried out at lower temperatures than HTL, commonly from 

180 to 250 °C at 2–10 MPa [37] and for longer time (hours) than HTL. HTG, on the other hand, 

operates at temperatures above 400°C [38], in the range of 650-700 °C or 400 – 550°C if catalysts 
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are used [39], which favors the formation of syngas (80 – 95 % C converts to gas), with minor 

hydrochar production in comparison to HTL [40]. 

2.4 Anaerobic Digestion 

The co-digestion of a mixture of two or more substrates, typically organic wastes and 

animal manure, is commonly used to ensure consequent biogas production. According to the 

type of substrates being used, the process may be carried out in wet (typically <20% DM) or dry 

(typically well above 20% DM) systems [41], though the former is the most commonly 

implemented [42]. 

Most anaerobic digestion systems (wet and dry) operate at temperatures around 30-

40°C or 50-60°C [43]. Although some organisms can produce biogas at higher or lower 

temperatures, lower methane rates have been observed at psychrophilic temperatures (~10°C), 

and accumulation of fatty acids is associated with temperatures above 60°C [44]. The optimal 

retention times are reported to be between 10 and 25 days [46]. 

During AD, the more readily degradable components are converted to biogas while the 

non- or less-readily degradable materials remain in the digestate [47,48]. Digestate is mainly 

composed of lignin, cellulose, and hemicellulose [49]. During AD, cellulose and hemicellulose 

degrade at about 50% and 80%, respectively, while the lignin remains unconverted. Digestate 

commonly contains 9-13% DM, of which between 28 and 47% correspond to the total carbon 

content [45,48], as further detailed in section 3.2. Besides carbon, digestate is rich in nitrogen, 

potassium, phosphorus, and other minerals, which makes it attractive as a fertilizer or soil 

conditioner [52]. 

2.5 Second-generation lignocellulosic bioethanol 

The energy content of cellulosic bioethanol ranges between 16.7-21.2 MJ L-1 depending 

on the feedstock, which represents around 66% of the energy content in gasoline [53]. In 

contrast with gasoline, bioethanol contains 35% oxygen, denoting a 15% higher combustion 

efficiency [54]. Wheat, rice, corn, and sugarcane residues are the most common feedstocks for 

lignocellulosic bioethanol, also called second-generation biofuel (2GEtOH). 

Bioethanol production involves a series of steps to hydrolyze the complex polymers in 

the biomass, into soluble sugars, which are fermented with the aid of microorganisms. The 

hydrolysis process can be performed using chemicals, enzymes, or a mixture of both, and can 

take place in separate rectors for the hydrolysis and fermentation processes (SHF) or in one 

single reactor where all the steps are carried on (SSF) [55,56]. 
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The acid hydrolysis can be carried out using dilute (4%) or concentrated (70 – 77%) acids 

(e.g., H2SO4, HCl, H3PO4, HNO3) for short times at high temperatures (180°C), or long times 

(minutes – hours) at low temperatures (120°C), while the alkaline hydrolysis (e.g., NaOH, KOH, 

NH4OH) can be performed at room temperature lasting from seconds to days [54]. The 

enzymatic hydrolysis usually occurs under mild conditions: low pressure, long retention times in 

the range of 48-72h, pH around 5, and temperatures below 50°C [54–56]. The fermentation 

process can be carried out by different microorganisms, including yeast, bacteria, and fungi, of 

which the yeast Saccharomyces cerevisiae is the most frequently used. 

While the SHF system allows optimal temperatures for each process (50°C for hydrolysis, 

and 28-32°C for fermentation), the SSF configuration involves one reactor operated at 

temperatures around 38°C where the hydrolyzed sugars are fermented immediately. Higher 

bioethanol yields and lower process duration and costs have been observed for SSF processes, 

compared to SHF, and are the most common systems at pilot scale [55]. 

After removing the cellulose and hemicellulose from the biomass for bioethanol 

production, the more complex sugars, such as lignin, remain in the coproducts at a 3-fold higher 

concentration than the original substrate [57]. Before distillation, the non-fermentable 

components are removed as a stream called stillage, rich in waxes, yeast cells, soluble nutrients, 

and lignin content [58,59]. Stillage can be utilized as animal fodder, fertilizer, or to produce 

energy (i.e., electricity and biogas) [60]. Stillage typically undergoes filtration, from which liquid 

and solid fractions are generated, each suitable for different uses. The resulting liquid fraction 

is known as molasses, of which approximately 15% is recycled as process water [61] and the 

remaining fraction can be used as feedstock for biogas production in anaerobic digestion 

facilities [62] or condensed by evaporation. The solid fraction, composed of small unfermentable 

biomass particles, is hereon referred to as cake. Contrarily to first-generation processes, the 

2GEtOH cake has a poor quality to be used as animal feed and is thus typically burned to produce 

energy [62]. 

Bioethanol coproducts have a higher C concentration than the original crop residues 

[57], with the largest fraction of C ending in the solid residue. Moreover, the lignin and N 

concentration of bioethanol coproducts can triple that of the raw feedstock, which makes them 

attractive as soil amendments [57]. 
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3 Carbon conversion 

Table S1. Summary of Carbon conversion data (CC)  

Conversion 
Pathway 

Coproduct 
Total 

papers 
reviewed 

Total 
data 

collected 

Coproduct 
of interest 

yield 
(%) 

Other 
products 

yielda 
(%) 

SD 

C content 
in the 

coproduct 
(%) 

SD 
CC 

(%) 
SD nb Ref.c 

(n) 
Ref. 

Gasification Gaschar 5 25 20 80 7 51 22 20 7 25 5 

[22,63,64]; Borooah et al., 2021 
(unpublished). Courtesy of R. 
Borooah, during EUBCE 2021. Su-
ungkavatin et al., 2021 
(unpublished). Courtesy of P. Su-
ungkavatin, INSA Toulouse, France. 
Unpublished data from on-going 
work, supplied in 2021 

Pyrolysis Pyrochar 21 44 35 65 7 58 13 48 10 44 21 

[65–84] ; Brassard et al. 2021 on 
wheat straw (unpublished). Courtesy 
of P. Brassard, IRDA, Canada. 
Unpublished data from on-going 
work, supplied in 2021 

HTL Hydrochar 10 31 24 76 16 55 8 31 22 31 10 [29,34,85–93] 
AD Digestate 34 68 69 31 14 25 10 36 14 16 9 [94–127] 

2GEtOHd 
Liquid fraction 

3 3 
21 47 11 34 5 21 15 

3 3 [124,128,129] 
Solid fraction 33 47 18 59 26 44 21 

HTL: Hydrothermal Liquefaction; AD: Anaerobic Digestion; 2GEtOH: Second Generation Bioethanol; SD: Standard deviation. a Includes the main product and other produced 

coproducts; b number of data records; c Number of references after outliers’ removal; d The other products consist of bioethanol and CO2 only 
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4 Carbon recalcitrance 

Table S2. Summary of data collected on C recalcitrance 

Conversion 
Pathway 

Coproduct Subclasification 
Total 

papers 
reviewed 

Total data 
collected 

Average Results Data records Ref. 
% C 

recalcitrant 
% C 

labile 
SD 

Incubation 
days 

SD MRT years SD n a 
Ref. b 

(n) 
 

Gasification Gaschar 

All 

10 36 

95 5 5 523 893 141 219 33 10 [23,130–
135,135–

138] 
 

500-600°C 100 0 0 140 0 n/a n/a 9 1 
700-800°C 95 5 3 349 429 n/a n/a 6 3 
>1200°C 95 5 4 876 1269 n/a n/a 15 6 

Pyrolysis Pyrochar 

All temperatures 
and feedstocks 

34 144 

96 4 5 264 367 3014 23352 131 32 
[18,67–

74,77,79,80,
82,84,139–

158] 
 

<300°C 97 3 3 705 474 106 84 10 4 
300-500°C 95 5 6 249 403 632 2068 74 26 
>500°C 97 3 4 193 183 6616 36773 49 17 

HTL Hydrochar 

All feedstock 

16 104 

89 11 11 199 167 10 7 97 15 
[135,139,150

,159–171] 
 

Crop residues 83 17 18 201 148 11 6 29 8 
Grass 77 23 13 352 190 4 4 12 5 
Sugar 85 15 15 100 94 10 8 21 3 
Wood 96 4 2 186 170 10 4 7 4 

AD Digestate 

All feedstocks 

17 114 

70 30 15 147 118 1.23 1.99 104 16 

[49,140,144,
172–185] 

 

Cattle manure 66 34 11 230 120 0.67 0.37 21 5 
Cattle slurry 72 28 11 105 72 0.03 0.02 20 4 
Crops/Biowaste 68 32 14 122 121 0.40 0.00 31 6 
Pig slurry 53 47 33 168 130 1.89 2.35 21 7 
Poultry manure 85 15 0 87 8 1.38 0.71 13 2 

2GEtOH 
Cake and 
molasses 

All coproducts 

10 51 

47 53 31 164 127 1.3 1.2 51 10 
[57,140,144,

186–192] 
 

Rapeseed meal 68 32 30 147 169 2.8 1.3 8 3 
Solid Residue 42 58 33 161 128 1 1 28 6 
Vinasse 46 54 22 192 81 1 0 15 4 

HTL: Hydrothermal Liquefaction; AD: Anaerobic Digestion; 2GEtOH: Second Generation Bioethanol; SD: Standard deviation. a number of data records; b Number of 
references after outliers’ removal. 
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5 Soil carbon models previously adapted for bioeconomy coproducts 

5.1 Century 

CENTURY [193] is a biogeochemical plant-soil nutrient cycling model designed to simulate the 

carbon and nutrient dynamics for different types of ecosystems. It integrates the effects of soil 

characteristics, climatic conditions, and agricultural management, including crop rotation systems and 

tillage practices, to analyze the effects of management and global change on productivity and 

sustainability of agroecosystems. Century is able to simulate the long-term plant growth and soil 

carbon C, nitrogen N, phosphorus P, sulfur S, and water dynamics to centuries and millennia for 

grassland, agricultural crop, forest, and savanna systems. The model runs in a monthly timestep and is 

based on three soil organic matter pools, considered as active, slow, and passive, with different 

decomposition rates, above and belowground pools and a surface microbial pool. CENTURY has been 

run and tested across a variety of pedoclimatic conditions across the world [194–199]. CENTURY has 

been further modified into the daily timestep version Daycent [200,201], which has been used in 

different studies around the world more frequently than Century in the last times [202,203]. Daycent 

maintains the same structure, inputs, and simulation outputs as CENTURY but in a daily basis and 

includes other processes such as GHG emissions assessment.  

5.2 CANDY  

CANDY (Carbon and Nitrogen Dynamics) [204] is an integrated agroecosystem model to 

simulate soil C and N dynamics,  temperature, and water balance in a daily timestep. The model runs 

on a user interface built over a complex structure composed of four modules dedicated to i) 

temperature, ii) hydrological processes considering water drainage, interception of water by crops, 

runoff, potential and actual evapotranspiration, iii) crop dynamics, and iv) organic matter turnover 

[205]. While some modules are mandatory, others can be turned off according to the user 

requirements and thus the modeling objective must be clearly defined at the beginning to prepare the 

corresponding input data. The organic matter turnover and steady state is calculated based on an 

option defined as biological active time (BAT), which corresponds to the time required under optimal 

conditions (laboratory) to produce the same C-turnover as in real conditions (field) [206]. The C and N 

dynamics are calculated simultaneously based on the properties of the organic inputs (eg., manure, 

slurry, straw, compost) and the above and below ground plant material (i.e., residues, roots) not 

harvested. A simplified version of CANDY, the CANDY Carbon Balance (CCB), was derived to calculate 

the SOM dynamics on an annual time-step at field scale [206]. CANDY and CCB have been validated 

across different European locations [206–209]. 
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5.3 RothC 

Unlike agroecosystem models, which include a global balance of different subsystems, 

macromolecules, and nutrients, the Rothamsted Carbon model (RothC) 26.3 [210] is a soil process 

model focused on carbon dynamics. RothC is the most commonly used model to simulate SOC 

dynamics due to its simplicity and ability to be modified to include different considerations specific to 

the studied system. It simulates the SOC dynamics in a monthly timestep, in cropland, forests and 

grasslands, and has been tested under different soils and climates around the globe [211–213]. The 

standard structure of RothC- 26.3 splits the carbon inputs into five different compartments with a 

specific decay rate (k) for each compartment following first-order kinetics. Four compartments are 

considered as active pools, these are the decomposable plant material (DPM, kDPM= 10 y-1), resistant 

plant material (RPM, kRPM= 0.30 y-1), microbial biomass (BIO, 0.66 y-1) and the Humified organic matter 

(HUM, kHUM= 0.02 y-1). The fifth pool, the inert organic matter (IOM), is a small compartment resistant 

to decomposition. The model is based on relatively few soil parameters and requires limited and easily 

accessible input data, it has been parametrized for C inputs from plant sources and farmyard manure. 

The uncertainty in SOC stocks predicted by RothC has been estimated to be ±6.8–8.5 % when site 

specific data on climate, soil, and net primary productivity (NPP) are available (Falloon and Smith 

2003).  

5.4 C-TOOL 

C-TOOL [214] is a soil C model to simulate the medium- to long-term SOC dynamics of 

agricultural soils on a monthly basis. The latest version C-TOOL v2.3 is described in details in [215]. The 

model is represented by three C pools in topsoil (0 – 0.25 m) and subsoil (0.25 – 1 m), namely, Fresh 

Organic Matter (FOM; carbon half-life <1 y), Humified Organic Matter (HUM; carbon half-life 50 years), 

and carbon in Resistant Organic Matter (ROM; carbon half-life of 600-800 years). Carbon is modelled 

to move across the pools and soil layers. The C in one pool is mineralized and emitted as CO2 following 

a first-order kinetics reaction, dependent on temperature and clay content, while the more resistant 

organic matter is transferred to the other pools. C-TOOL has been validated and used to predict SOC 

dynamics in different cropping systems over Europe (Denmark, UK,  Sweden) [209,216,217]. The inputs 

required are limited to only average monthly air temperature, soil clay content, initial soil C:N ratio, C 

input to topsoil. Besides crop inputs, C-TOOL admits the input of manure as a C source. The model is 

not properly parametrized on soils with more than 6% organic carbon and should be applied with 

caution for soils exposed to prolonged dry seasons or water-logged soils [218]. 
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5.5 AMG 

AMG [219] is a SOC model that simulates soil carbon dynamics in agricultural soils following an 

annual timestep. The latest version of the model AMGv2 is detailed in [220]. The model has been 

validated and used to predict SOC dynamics for different cropping systems across different 

pedoclimatic conditions [209,220,221](Clivot 2019, Farina et al., 2020, Saffih-Hdadi and Mary 2008), in 

diverse locations, including France, Great Britain, Argentina [209,222–224] . AMGv2 splits the carbon 

from organic matter (OM) into three different compartments. The OM from crop residues, roots and 

EOM is allocated into the fresh organic matter (FOM) pool, where it could be decomposed or humified 

and is divided into an active pool (CA) and a stable (Cs) pool. The proportion of C that is incorporated 

into the CA pool is fixed by the humification coefficient (h) and is affected by the mineralization process 

following a first order kinetic with a k mineralization constant. The remaining fraction of C (1-h) is 

mineralized as CO2. The stable Cs pool is considered completely recalcitrant to mineralization. The 

mean residence time (MRT) of the active CA pool ranges from 7 to 26 years, while the stable Cs pool, 

which is set as 65% of total SOC by default, is considered inert during all the simulated period [220].  

The relative root mean square error of AMGv2 was calculated in Clivot et al. [220] to be 5.3%, which is 

comparable with the values for Century (6.8% [225]– 13.1% [226]), RothC (9.9%  [225]), C-TOOL (6.1% 

[218]), and CCB (8.5%[206]). 

5.6 EPIC 

The Environmental Policy Integrated Climate (EPIC) [227] is an agroecosystem model 

developed to assess the effect of land management on soil quality. EPIC was originally developed to 

evaluate the effects of land management on soil erosion alone [227] and was later expanded to include 

other components of agriculture, such as soil and water quality, carbon cycling, nutrients cycling, plant 

growth and competition, pesticide fate, weather, greenhouse gas emissions, and economics [228,229]. 

The model operates on a daily timestep and is able to perform long-term simulations in the millennial 

timeframe (1-4000 years) [229]. The simulation area, is a unit area of homogeneous land-use, 

management, soil aspects, geomorphology, and weather, typically up to 100 ha [230]. An extension 

model, the Agricultural Policy Environmental eXtender (APEX), was incorporated to EPIC to facilitate 

the simultaneous simulation of multiple field-scenarios, encompassing various land managements.  

EPIC is a complex model that requires a large number of input data regarding the management 

activities (e.g., crop rotations, fertilization, harvesting, irrigation, burning, among others) and plant 

information (e.g., leaf area index, harvest index, photosynthetically active radiation, root depth, etc.) 

[228]. However, it remains among the most used models and is continuously improved and validated 

across various pedoclimatic systems [230,231]. For instance, the EPIC-APEX algorithms have been 
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configured to be able to generate weather information at the run time, five different 

evapotranspiration equations can be selected, and specific parameters for over 80 crops (100 if grass 

and trees are included) are now embedded within the model [229,232]. Moreover, EPIC has been 

calibrated and validated in various agricultural systems [230], including the United States [233], 

Argentina [234], China [231], and several European locations [209,235]. 

5.7 APSIM 

The Agricultural Production Systems Simulator (APSIM) [236] is an agroecosystem model that 

simulates the interactions between soil and plant growth in cropping systems [237,238]. APSIM is built 

within a suite of biophysical modules that integrate various plant (i.e., crops, pastures, and trees), 

animal, soil, climate (i.e., solar radiation, maximum and minimum temperatures, rainfall), and 

management interactions [239]. The model operates on a daily timestep to simulate crop rotations 

soil C, N, P, and water dynamics, as well as soil pH and erosion [237]. The organic matter module 

includes tillage, leaching, and decomposition parameters of various crops to allocate the plant organic 

matter across three soil pools, namely, fresh organic matter (FOM), biological organic matter (BIOM), 

and humified organic matter (HUM) [240]. 

APSIM has been extensively used and validated in various agricultural contexts, especially in Africa [241–243] 

and Australia [244–247], and more recently in Asia [237,248]. The model is continuously improved with new 

submodules added to develop new modeling capacities [249–251] in an international initiative. 
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NH3, CH4 and 
CO2) 
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, [20], 
[109]
, [90], 
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a 3 pools plus 2 pools for litter matter decomposition; b 3 pools plus 3 pools for FOM decomposition. DPM: Decomposable plant material; RPM: Resistant plant 

material; BIO: Microbial Biomass; HUM: Humified organic matter; IOM: Inert Organic Matter; SOM: Soil Organic Matter; FYM: Farmyard manure; FOM: Fresh Organic 

Matter; EOM: Exogenous Organic Matter; SOC: Soil Organic Carbon; MRT: Mean Residence Time; ROM: Resistant Organic Matter; AOM: Active soil Organic Matter; 

S-SOM: Stabilized soil organic Matter; LTS-SOM: Long term stabilized soil organic matter; BAOM: Biological Active soil Organic Matter; BAT: Biological Active Time; 

FOC: Fresh Organic Carbon; SMB: Soil microbial biomass; SOM: Soil Orgnaic Matter; FOM: Fresh Organic Matter; FOMS: Soluble fraction of FOM; FOML: Labile fraction 

of FOM; FOMR: Resistant fraction of FOM; LAI: Leaf Area Index; BD: Bulk density; DOM: Dissolved Organic Matter; AOM: Active Organic Matter; ROM: Refractory 

Organic Matter; Min: Minimum; Max: Maximum; OM: Organic matter; USA: United States of America; EU: European Union; UK: United Kingdom 
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1. Pedoclimatic data 

The climate of France can be grouped into 8 typologies [1] as shown in Fig S1, while the 

soil texture of the agricultural lands [2] can be defined as sandy, balanced, silty, or clayey 

according to Fig S2. 

Fig S1. France climate typologies. Type 1: mountain climates, Type 2: the semi-continental climate and 

the climate of the mountain margins, Type 3: The degraded oceanic climate of the central and northern 

plains, Type 4: Altered oceanic climate, Type 5: The frank oceanic climate, Type 6: The altered 

Mediterranean climate, Type 7: The climate of the South-West Basin, Type 8: The frank Mediterranean 

climate, Hors interpolation: Out of interpolation. [1] 
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Fig S2. Dominant soil textures of the agricultural lands of France. Sableuse : sandy, équilibrée : balanced, 

limoneuse : silty, argileuse : clayey, pas de données : no data. Retrieved from. [2] 

The APCUs in Launay et al. [3] were created using the SAFRAN grid, while the climate data input 

to the model in this work came from DRIAS RCP4.5, therefore some points of the grid were lost 

during the adaptation. Besides, we used Launay et al. [3] yields obtained from STICS modeling, 

where some simulation units were lost during the modeling, thus no yields were available for 

those units. Changing the climate grid and recycling the simulated yields are major differences 

from Launay et al. [3] and resulted in 11,784 APCU and 60,390 simulation units in this study vs 

12,060 APCU and 62,694 simulation units in Launay et al. [3]. This also affected the total area 

included in the study, which decreased from 18.35 Mha to 14.89 Mha at the APCU level, and 

from 4.79 Mha to 3.48 Mha at the simulation unit level. 

2. Crop rotations 

The crop rotations were retrieved from Launay et al. [3]. Due to the high resolution of 

the data, a total of 1,472 crop rotations were included (or 1,588 if we considered the type of 

tillage as a differentiation in the rotation). The crops included in the rotations are grain and silage 

maize, winter wheat, winter and spring peas, rapeseed, sunflower, and sugar beet. The crop 

rotations also included temporary grasslands, alfalfa, and cover crops (mustard and ray-grass). 

Temporary grasslands, alfalfa, and cover crops were not considered to be exported for 

bioeconomy because they are already being fully used for other purposes such as animal 
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bedding and fodder (temporary grasslands and alfalfa) or are generally left on soils to maintain 

N levels (cover crops). 

The original retrieved data included only 33 years of information, with rotation durations varying 

from 1 to 13 years. To account for the 100 years of modeling, we recycled the 33 years of original 

data. As a limitation of this work, the recycling of each 33 years meant that for some simulation 

units the rotations at year 33 were not completed, but the following year 34 presented the crop 

corresponding to the first crop in the sequence. 

The product yield of each crop depends on the pedoclimatic characteristics and farming 

management; therefore, it varies among simulation units. We obtained the spatially explicit 

yields from the STICS results modeled in Launay et al. [3] and used the average value for the 30 

years considered there. This means that for a given simulation unit, the grain yield in tonnes per 

ha of a given crop in the sequence will be the same throughout the 100 years of the modeling 

done in this work. 

The total annual production of each crop (cover crops excluded) for the starting year 2020, as 

well as the technical harvestable fraction, are shown in Table S1.1. To determine the most 

representative crop in arable lands in France, the mean contribution of each crop to the whole 

mix of the considered crops was determined for the 100-year timeframe (Fig S3). The amount 

of crop residues currently exported is specific to each simulation unit and varies among the years 

according to the crop sequences. However, on average for 100 years on a national scale, 466,656 

tonnes grain ha-1 y-1 (DM) are produced on the cropland surface included in this study, of which 

46% of the residues are already being used for animals. The dataset containing the crop 

sequences, annual yields, and information about the current exporting of the crop sequences 

per simulation unit and the scripts to determine the total annual yield per crop, annual crop 

contribution to the mix, and annual percentage of crops exported are available in Andrade et al. 

[4] at https://doi.org/10.48531/JBRU.CALMIP/AUEEEJ. It must be noted that crops indicating 

current exports refer to a 100% exporting rate of the harvestable crop residue. 

  

https://doi.org/10.48531/JBRU.CALMIP/AUEEEJ
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Table S1.1. Crop residues considered to be exported for bioeconomy and the technical 

harvestable fraction of the residues. 

Crops included in this 

study 

Crop residue 

considered for 

bioeconomy 

Estimated crop 

residue potential at 

a national scale 

(Mtonnes y-1 DM)a 

Technical 

harvestable 

fraction of 

residues 

Estimated available 

harvestable crop 

residue potential at a 

national scale 

(Mtonnes y-1 DM)a 

Winter wheatb YES 35.43 0.60 11.48 

Grain maize YES 14.15 0.70 5.35 

Silage maize NO 0.26 0 0.00 

Protein peasc YES 2.41E-3 0.60 7.80E-4 

Rapeseed YES 3.18 0.55 0.94 

Sunflower YES 0.89 0.80 0.38 

Sugarbeet YES 1.20 0.91 0.59 

Alfalfa NO 0.05 0 0.00 

Temporary grasslands 

(English ryegrass) 

NO 1.13 0 0.00 

Potential biomass available for the bioeconomyc 30.39  18.74 
a Average yield for all the simulation units in the year 2021, determined with STICs. The yields vary with 

the year due to the crop rotations; b The crop rotations used here were the same as in Launay et al.[3]. 

They performed the SOC simulations using STICS and all the cereal-like crops (wheat, barley, oats, rice, 

etc.) were considered to be winter wheat. Since we recycled the crop rotations, we also consider the 

ensemble of cereal-like crops to be winter wheat; c winter peas and spring peas are considered protein 

peas in AMG, thus the total yield was calculated as a mixture of the two types of peas. 
cTotal crop residues considered for bioeconomy minus the fraction already exported for other services 

(46%). 
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Fig S3. Contribution of each type of crop to the total residual biomass production (DM) in France (average 

for a 2020 – 2120 timeframe). Red cross (x) indicates crops not harvested in the bioeconomy scenarios. 

3. Bioeconomy technologies 

The conditions assumed for each considered technology are briefly explained in this section. 

Pyrolysis: Pyrochar coproduct 

Pyrolysis is a thermochemical process that converts biomass to bio-oil at high 

temperatures in the absence of oxidants, with the coproduction of gas and biochar, hereafter 

referred to as pyrochar. The process can be classified as fast or slow pyrolysis. Fast pyrolysis 

comprises mid-range temperatures and low times (300-500°C, seconds to a few minutes), which 

enhance the production of bio-oil (75-50% bio-oil, 12-20% pyrochar, and 20-40% gas). [5] Slow 

pyrolysis is carried out at high temperatures and longer retention times (500-700°C, minutes), 

favoring higher yields of pyrochar (30% bio-oil, 35% pyrochar). [6] From an economic viewpoint 

(i.e., higher yield of bio-oil), we consider the use of the crop residues in a fast pyrolysis process. 

This set of conditions produces highly recalcitrant pyrochar, with a 95% fraction of recalcitrant 

carbon and an average mean residence time in soil (MRT) of 632 years. [7] 

Gasification: Gaschar coproduct 

Gasification is a thermochemical process, which, as opposed to pyrolysis, is carried out 

in the presence of an oxidant agent. Gasification generates syngas and co-products, such as 

gaschar, tar, and ashes. Since gasification is carried out at higher temperatures than pyrolysis 

(700-1200°C), it has been noted that a lower amount of biochar is produced (10%) but of higher 
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stability than that produced under pyrolysis processes. [8] In this study, we considered a 

gasification process carried out at temperatures ranging from 800-1200°C, followed by the 

return of the resulting gaschar to the arable land. We did not consider the tar (undesirable co-

product) or the ashes (high in silica and low in C) as EOM to the soil. Gaschar is defined as being 

slightly more recalcitrant than pyrochar. However, due to the sparsity of studies regarding 

gaschar compared to pyrochar, the recalcitrant fraction of the former has been defined as 95% 

as in pyrochar, with a MRT of 141 years. [7] 

Hydrothermal Liquefaction: Hydrochar coproduct 

Hydrothermal liquefaction (HTL) is a thermochemical process carried out at low 

temperatures of around 280-370°C with retention times of around 20-30 minutes. HTL use wet 

biomass (15-20% dry matter) in contrast to pyrolysis and gasification, which require a pre-

treatment to dry the matter to >90%.[9] HTL produces bio-oil and a solid residue called 

“hydrochar”. Note that there is a similar process called hydrothermal carbonization (HTC), in 

which the main product is hydrochar and not bio-oil. HTC processes involve higher temperatures 

(300-450°C) over a longer period comprising hours, making HTL hydrochar constitutively 

different from HTC hydrochar. Catalysts can enhance the efficiency of HTL processes, especially 

alkali catalysts such as K2CO3. [10] We consider an HTL process at temperature ranges of 300-

400°C aided by catalysts with the hydrochar as an EOM to soil. Due to the HTL operational 

conditions, the produced hydrochar contains more aliphatic groups than pyro- and gaschar, 

which is related to lower degrees of recalcitrance. On average, hydrochar is composed of 83% 

recalcitrant carbon with an expected MRT of ca. 11 years. [7] 

Anaerobic Digestion: Digestate coproduct 

In the anaerobic digestion (AD) process, the organic constituents of the biomass are 

decomposed by microorganisms in the absence of oxygen. AD generates biogas, which is 

composed of methane, carbon dioxide, and traces of other gases, as well as a coproduct known 

as digestate. AD uses a wide variety of biomass-based feedstock, which could be wet (15-35% 

DM) or dry (10%). The most common AD processes co-digest more than one substrate, at 

mesophilic temperatures (30-40°C) with retention times varying according to the feedstock 

(typically 10-25 days). The AD scenario of this study consists of a mixture of crop residues and 

manure (cattle, pig, and poultry), whereby the C return to the soil is computed from crop residue 

only. The digestate produced during anaerobic digestion is composed of the non-digestible 

matter in the feedstock, with an average recalcitrance fraction of 68%. Thomsen et al. [11] 

determined that 14% of the recalcitrant carbon in digestate remains after 20 years. 
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Lignocellulosic ethanol: Molasses coproduct 

Bioethanol is a biofuel produced from the fermentation of sugars in biomass and its 

conversion into alcohol by microorganisms. [12] In this work, we consider that crop residues are 

exposed to an acid pretreatment that frees cellulose and hemicellulose, followed by the 

hydrolysis to glucose and xylose, which are fermented to ethanol by the action of Saccharomyces 

cerevisiae, and finally purified by distillation. [13] The unconverted fractions are directed to a 

residual stream known as stillage, which is centrifuged to separate the liquid fraction (molasses) 

and the solid fraction. [14] The solid fraction is normally used as an animal feed supplement and 

for energy production in power plants, therefore, here we only consider the return of the 

bioethanol molasses to the soil. Molasses has significantly lower recalcitrance than the other 

coproducts included in this study. On average, the bioethanol molasses is composed of 45% 

recalcitrant carbon, with a MRT of ca. 1 year. [7] Note that only a few studies have determined 

the mineralization kinetics of bioethanol molasses, and thus the values may not be 

representative of the real MRT. 

4. Carbon inputs from bioeconomy and AMGv2 adaption  

Modifications were performed on AMGv2 to consider the input of the bioeconomy co-

products as C sources in the soil.  

4.1 Calculation of C inputs: Carbon conversion (CC) 

We define C conversion (CC) as the percentage of initial C in the biomass that is present 

in the co-product. It is the mass of C in the solid co-product divided by the mass of C in the initial 

dry biomass (Eq S1).  

%𝐶" =
"IJ∗"I"
1#"

∗ 100			 (Eq S1) 

where CC is the carbon conversion (%), CpY is the coproduct yield (kg Cp kg-1 biomass), 

which corresponds to the amount of coproduct resulting from the treatment of 1 kg of feedstock 

during the bioeconomy process, CpC is the carbon content in the co-product (kg C kg-1 Bp), and 

BmC is the initial carbon content in the biomass (kg C kg-1 biomass).  

Andrade et al. [7], reviewed the literature to determine the C pathway from crop 

residues to understand the amount of feedstock C that is present in each coproduct considered 

in this work. The study employed Eq S1 to determine the CC coefficient used for each technology. 
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BmC was determined for each technology dataset ranging from 0.41-0.5 kg C kg-1 biomass DM 

in Andrade et al. [7]. 

CC is a parameter fed to AMG that allows determining the C input based on the crop 

yields. CC was used in Eq (S2) to determine the amount of C from a given co-product that would 

be applied in a given simulation unit per year. 

𝑇𝐶𝑝𝐶 = 𝑊𝑡(𝑑𝑚)+ ∗ 𝑊𝑡𝐶𝑐+ ∗ 𝐶𝑐    (Eq S2) 

where TCpC is the total coproduct C applied [t C ha-1 y-1], Wt(dm)i is the crop residues 

mass available for crop i [t crop residues ha-1 y-1], WtCci is the Crop residue carbon content for 

crop residue i [t C t-1 crop]. The suffix i denotes the different crops that could be included in the 

rotation. AMG follows an annual timestep, therefore, it allows for input of only one main crop 

per year. 

Wt(dm)I is determined for each crop in each simulation unit based on the HI and 

allocation coefficients [15] and the grain yield [t biomass DM ha-1 y-1] input, while WtCCi was 

defined as 0.444 g C g-1 biomass DM. [16] 

4.2 AMG adaptation: Carbon Recalcitrance (CR) of bioeconomy coproducts 

The soil carbon partitioning in AMG is described by Eq S3 and Eq S4. [16] 

𝑄𝐶	 = 𝑄𝐶4 + 𝑄𝐶2              (Eq S3) 

LM"(
L'

= ∑ 𝑚+ℎ++ − 𝑘𝑄𝐶2          (Eq S4) 

where QC is the total SOC stock (t ha-1), QCA and QCS are the C stocks of the active and 

stable C pools (t ha-1) respectively, mi is the annual C input from organic residue i (t ha-1 yr-1), h 

is its humification or retention coefficient and k is the mineralization rate constant of the active 

C pool (yr-1). 

The bioeconomy coproducts are assumed to be composed of two carbon fractions, one 

called labile, and another known as stable or recalcitrant. The labile fraction is easily 

mineralizable as CO2, while the recalcitrant fraction is less prone to degradation and is 

mineralized at a slower rate than the former one. The size (%) of each fraction and the time of 

residence in the soil of the recalcitrant one vary for each coproduct as a function of the 

technology conditions.  
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For the less recalcitrant coproducts (digestate, hydrochar, molasses), the labile fraction 

has sizes of around 20 – 50%, while the recalcitrant fraction of this group tends to exhibit MRT 

values lower than 26 years, which are values considered to be close to the MRT of the active 

pool. Thus, for this group of products, the fraction remaining after one year (h) is considered to 

correspond to the recalcitrant fraction defined by the coefficient CR. Therefore, CR is defined as 

the active retention coefficient (ha) and is completely allocated in the active pool CA where it will 

be slowly mineralized. 

The recalcitrant fraction of the highly recalcitrant co-products (pyrochar and gaschar) 

constitutes 95% of the coproduct total carbon and exhibits MRTs longer than the 100 years of 

simulation conducted here, thus they were treated by way of simplification as inert in our 

modeling approach. For this group, the adapted AMG version considers that the recalcitrant 

fraction determined by CR is directly allocated in the CS pool of the model as the stable retention 

coefficient (hs). The labile fraction (5%) is considered to be readily mineralized at the annual time 

step. 

5. Sensitivity Analyses (SA) 

Based on the range of CC and CR values reported on [7], an average result was obtained 

for the distinct types of feedstocks considered for a given technology. Then, the first and third 

quartiles were selected as a low and a high value, respectively, to be tested in the SA. This 

approach permitted testing the range of values observed while not being influenced by the less 

likely-to-happen extreme values. This approach results in three levels for each parameter. 

The “main scenarios” for each technology consisted of the combination of the average 

values of each parameter (CCmean – CRmean). The SA constituted new scenarios, which considered 

the different possible combinations between the two coefficients and the three levels. 

Combining a mean value with a low or high value would allow identifying the sensitivity of the 

model to the change in the parameter modified as low or high (i.e., CCmean- CRhigh allows to identify 

the effect of CR). The combinations between low and high values allowed identifying the 

combined effect of changing both parameters (i.e., CClow- CRlow, CClow- CRhigh, etc.). 

The manner of determining CR plays a role in the modeled SOC evolution. We considered 

this source of uncertainty by calculating CS under two different methods for the pyrolysis 

scenario. 
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In the first method, as explained in the main body, section 2.3.3, we considered that the 

recalcitrant fraction would be allocated directly in the CS pool, and we assumed that nothing 

would be allocated in the active pool CA.  

Various modeling assays linked to laboratory incubations and field trials have 

determined that the recalcitrant fraction would not be inert but would follow a very low decay 

rate. Therefore, in the second method, we determined the amount of C mineralized during the 

first year based on incubation assays lasting less than 1 year. It was noted that 80% of the labile 

fraction (5% of total C) would be mineralized in the first couple of months and the other 20% 

would have a mean life of 10 years. [6] In that sense, 4% of the biochar would be directly 

mineralized in the first year, and the remaining 1% would be allocated to the CA pool to be slowly 

mineralized.  

The C lost in 100 years has been determined by various authors for different crop 

residues-based biochar [17–19] using Eq S5. [20] 

𝑀' = 𝑀7-1 − 𝑒%&*'1 + 𝑀=-1 − 𝑒%&0'1  (Eq S5) 

where Mt is the Carbon mineralized in mg C g-1 biochar at time t, M1 is the labile 

mineralizable fraction, M2 is the recalcitrant C fraction, and k1 and k2 are the first-order 

degradation rate constants for the labile and recalcitrant pools, respectively.  

Mean values of 26% C lost in 100 years have been obtained in Andrade et al. [7] from 

the studies performing modeling in a 100-year timeframe. This value falls under the IPCC [21] 

guidelines, which suggest that 80% (±11%) of biochar (pyrolysis, 450-600°C) remains after 100 

years. Although evidence suggests that biochar losses in a century could be significantly low [22], 

and the MRT obtained from the ensemble of works in Andrade et al. [7] at pyrolysis 

temperatures of 300 – 500°C is 632 years, we opt to be conservative. Therefore, we defined that 

75% of pyrochar is inert during the 100 years of modeling and is allocated in the CS pool as the 

hs coefficient. After considering the losses in the first year (1-hs), the labile fraction, and the inert 

fraction (100 years), the ha coefficient was calculated to be 0.21 using Eq S6. 

ℎ*_IN(0 = 1 − (80%)(𝐶$) − ℎ4  Eq S6 

where ha_pyro is the active retention coefficient for the pyrochar scenario alternative 

method, CL is the labile fraction of pyrochar (5%), and hS is the stable pool corresponding to the 

inert fraction of pyrochar for 100 years (75%). 
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As was done for the first method, we examined three levels of ha and hS, based on the 

mean value and the first and third quartiles presented in [7]. The combination of “main 

scenarios” and “SA scenarios” yielded a total of 54 scenarios explored (Table SI2). Considering 

the limitations regarding the return of pyrochar and gaschar and decreasing the export rate in 

the scenarios exhibiting SOC losses, a total of 24 extra scenarios were generated. In total, 

including the BAU scenario, 79 scenarios were explored in this work. 

Table S1.2. Different combinations of parameters considered for sensitivity. The recalcitrant 

carbon has been split between the retention coefficients for the active and stable soil pools. 

Bioeconomy 

pathways 

Recalcitrance (CR) 
 (CC) 

ha hS 

Low Mean High Low Mean High Low Mean High 

Pyrochara n/a n/a n/a 90 95 99 34 44 54 

Pyrocharb 36 21 7 60 75 89 34 44 54 

Gaschar n/a n/a n/a 90 95 99 14 20 25 

Hydrochar 80 83 96 n/a n/a n/a 12 31 45 

Digestate 58 68 77 n/a n/a n/a 29 39 49 

Lignocellulosic 

bioethanol molasses 
28 45 60 

n/a n/a n/a 
18 24 30 

CR: Carbon recalcitrance, ha : retention coefficient in the active pool, hs : retention coefficient in the stable 

pool, CC : Carbon conversion 
a First method of introducing CR for inert fractions in AMG 
b Second method of introducing CR for inert fractions in AMG 

n/a under h denotes that the CA pool was not considered in the model while under CS denotes that the 

CS pool was not considered in the model. 

A total of 9 extra SA tests were performed to assess the effects of limiting the pyrochar and gaschar 

application rate and decreasing the exporting rate when SOC losses were observed (AD, HTL, and 2G 

Ethanol production scenarios). 
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1.1 SA Result Figures 

 

Fig S4. Sensitivity analyses (SA) for the pyrolysis scenario determined without the active pool: a) LL: Low 

CC – Low CR , b) LM: Low CC – Mean CR , c) LH: Low CC - High CR , d) ML: Mean CC – Low CR , e) MM: Mean CC 

– Mean CR  (Main scenario), f) MH: Mean CC – High CR , g) HL: High CC – Low CR , g) HM: High Cc – Mean CR 

, i) HH: High CC – High CR   
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Fig S5. Sensitivity analyses (SA) for the pyrolysis scenario determined with the active and stable 

pools: a) LL: Low CC – Low CR, b) LM: Low CC – Mean CR, c) LH: Low CC - High CR, d) ML: Mean CC 

– Low CR, e) MM: Mean CC – Mean CR (Main scenario), f) MH: Mean CC – High CR, g) HL: High CC 

– Low CR, g) HM: High CC – Mean CR, i) HH: High CC – High CR  
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Fig S6. Sensitivity analyses (SA) for the gasification scenario: a) LL: Low CC – Low CR, b) LM: Low 

CC – Mean CR, c) LH: Low CC - High CR, d) ML: Mean CC – Low CR, e) MM: Mean CC – Mean CR (Main 

scenario), f) MH: Mean CC – High CR, g) HL: High CC – Low CR, g) HM: High CC – Mean CR, i) HH: 

High CC – High CR 
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Fig S7. Sensitivity analyses (SA) for the hydrothermal liquefaction scenario: a) LL: Low CC – Low 

CR , b) LM: Low CC – Mean CR , c) LH: Low CC - High CR , d) ML: Mean CC – Low CR , e) MM: Mean CC 

– Mean CR  (Main scenario), f) MH: Mean CC – High CR , g) HL: High CC – Low CR , g) HM: High CC – 

Mean CR , i) HH: High CC – High CR   
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Fig S8. Sensitivity analyses (SA) for the anaerobic digestion scenario: a) LL: Low CC – Low CR , b) 

LM: Low CC – Mean CR , c) LH: Low CC - High CR , d) ML: Mean CC – Low CR , e) MM: Mean CC – 

Mean CR  (Main scenario), f) MH: Mean CC – High CR , g) HL: High CC – Low CR , g) HM: High CC – 

Mean CR , i) HH: High CC – High CR 
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Fig S9. Sensitivity analyses (SA) for the lignocellulosic ethanol scenario: a) LL: Low CC – Low CR , 

b) LM: Low CC – Mean CR , c) LH: Low CC - High CR , d) ML: Mean CC – Low CR , e) MM: Mean CC – 

Mean CR  (Main scenario), f) MH: Mean CC – High CR , g) HL: High CC – Low CR , g) HM: High CC – 

Mean CR , i) HH: High CC – High CR   
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Appendix A2b 

Supplementary Information of Chapter 3 – Section 2 

The content of this appendix was published as supplementary information of the paper in 

doi.org/10.1016/j.apenergy.2022.120192 in Applied Energy, and is reproduced with permissions from 

the journal. This document is a reproduction of the Excel file accompanying the mentioned paper.  

The crop residue conundrum: maintaining long-term soil organic carbon 

stocks while reinforcing the bioeconomy, compatible endeavors? 

Supplementary Information 2 

Contents 

Table S2.1 SOC change (%) per areas affected (%) at PCU scale. Breaks fixed after considering the 

max and min values.  This sheet allows to compare the tecnologies at the same range of 

breaks grouped as high recalcitrant or low reclacitrant coproducts. (Values as shown in 

FigS4-8) 
 

Table S2.2 SOC change (Bioeconomy vs BAU)  at year 2120 for the whole cropland surface modeled. 

Total SOC change in MtC (total sum of SOC change per PCU). Average SOC change percent 

for all the cropland surface modeled (SOC change % per PCU). Includes all the Cc and Cr 

combinations, the exporting rates decrease, and limited application. 
 

Table S2.3 Sensitivity Analysis: Combination of 3 levels for 2 factors. 
 

Table S2.4 SOC change (%) per areas affected (%) at PCU scale (11784). Breaks obtained from 

Natural Jenks to have the best distribution.  This sheet allows to observe the complete 

range of SOC change for each technology per PCU with the real max and min values. 

 

Along this document, the scenarios are represented as: HH; HM; HL; MH; MM; ML; LH; LM; and LL. 
The first letter represents the CC coefficient while the second represents the CR. Letters H, M, and L, 
represent the level of the parameter as H: high, M: mean, and L: low. Therefore, the combination of 
two particular letters indicate the level of CR and CC tested in the scenario (e.g., HH: high CC and high 
CR). 

 

 

https://doi.org/10.1016/j.apenergy.2022.120192
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Table S2.1. SOC change (%) per areas affected (%) at PCU scale. Breaks fixed after considering the max and min values.  This sheet allows to compare the 

tecnologies at the same range of breaks grouped as high recalcitrant or low reclacitrant coproducts 

Per PCU by fixed ranges (as shown in maps) 11784 PCU. To compare the scenarios, Biochar 1 and 2, and Gaschar share the same ranges (0-530, in sets of 
106). Hydrochar, Digestate and Molasses share the same ranges (-24 - 24, in sets of 8) 

Bioeconomy 
scenarios 

Cc + Cr 
Combinations 

Pyrolysis 1 Pyrolysis 2 Gasification Hydrothermal liquefaction Anaerobic digestion Lignocellulosic ethanol 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

HH 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 0% - 0% 9.76 -8% - 0% 0.21 -8% - 0% 90.24 
0%-106% 24.41 0%-106% 25.54 0%-106% 84.28 0% - 8% 44.30 0% - 0% 9.76 0% - 0% 9.76 
106%-212% 52.62 106%-212% 54.07 106%-212% 5.70 8% - 16% 41.11 0% - 8% 89.72     
212%-318% 10.69 212%-318% 9.14 212%-318% 0.25 16% - 24% 4.82 8% - 16% 0.31     
318%-424% 1.90 318%-424% 1.23                 
424%-530% 0.61 424%-530% 0.26                 

HM 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 0% - 0% 9.76 -8% - 0% 1.77 -16 - %-8% 2.36 
0%-106% 25.59 0%-106% 37.96 0%-106% 85.07 0% - 8% 65.60 0% - 0% 9.76 -8% - 0% 87.87 
106%-212% 54.05 106%-212% 48.08 106%-212% 4.96 8% - 16% 24.64 0% - 8% 88.47 0% - 0% 9.76 
212%-318% 8.66 212%-318% 3.55 212%-318% 0.21             
318%-424% 1.46 318%-424% 0.65                 
424%-530% 0.48                     

HL 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 0% - 0% 9.76 -8% - 0% 23.27 -24% - -16% 0.22 
0%-106% 27.74 0%-106% 67.22 0%-106% 85.83 0% - 8% 71.72 0% - 0% 9.76 -16 - %-8% 22.57 
106%-212% 55.17 106%-212% 22.04 106%-212% 4.39 8% - 16% 18.52 0% - 8% 66.97 -8% - 0% 67.45 
212%-318% 5.81 212%-318% 0.98 212%-318% 0.02       0% - 0% 9.76 
318%-424% 1.22                     
424%-530% 0.29                     

MH 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -8% - 0% 0.21 -8% - 0% 3.00 -16 - %-8% 1.22 
0%-106% 34.27 0%-106% 43.18 0%-106% 87.42 0% - 0% 9.76 0% - 0% 9.76 -8% - 0% 89.02 
106%-212% 51.10 106%-212% 43.39 106%-212% 2.82 0% - 8% 90.01 0% - 8% 87.24 0% - 0% 9.76 
212%-318% 4.00 212%-318% 3.14     8% - 16% 0.01         
318%-424% 0.85 318%-424% 0.52                 
424%-530% 0.02                     

MM                    
Standard 

conditions 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -8% - 0% 2.79 -8% - 0% 40.23 -16 - %-8% 11.62 
0%-106% 37.84 0%-106% 60.98 0%-106% 87.93 0% - 0% 9.76 0% - 0% 9.76 -8% - 0% 78.61 
106%-212% 48.08 106%-212% 27.66 106%-212% 2.30 0% - 8% 87.45 0% - 8% 50.01 0% - 0% 9.76 
212%-318% 3.58 212%-318% 1.58                 
318%-424% 0.74 318%-424% 0.02                 
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Bioeconomy 
scenarios 

Cc + Cr 
Combinations 

Pyrolysis 1 Pyrolysis 2 Gasification Hydrothermal liquefaction Anaerobic digestion Lignocellulosic ethanol 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

Cranges (%) 
Area 

afected 
(%) 

ML 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -8% - 0% 3.60 -8% - 0% 90.24 -24% - -16% 0.83 
0%-106% 43.30 0%-106% 82.82 0%-106% 88.46 0% - 0% 9.76 0% - 0% 9.76 -16 - %-8% 28.81 
106%-212% 43.24 106%-212% 7.17 106%-212% 1.78 0% - 8% 86.64     -8% - 0% 60.60 
212%-318% 3.17 212%-318% 0.24             0% - 0% 9.76 
318%-424% 0.52                     

LH 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -16 - %-8% 8.95 -8% - -1% 25.50 -16 - %-8% 11.62 
0%-106% 62.05 0%-106% 71.31 0%-106% 89.81 -8% - 0% 81.29 -1% - 0% 9.76 -8% - 0% 78.61 
106%-212% 26.51 106%-212% 17.93 106%-212% 0.42 0% - 0% 9.76 0% - 8% 64.73 0% - 0% 9.76 
212%-318% 1.62 212%-318% 1.00                 
318%-424% 0.06                     

LM 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -16 - %-8% 15.70 -8% - 0% 90.24 -24% - -16% 0.30 
0%-106% 66.31 0%-106% 82.28 0%-106% 89.95 -8% - 0% 74.53 0% - 0% 9.76 -16 - %-8% 23.81 
106%-212% 22.53 106%-212% 7.60 106%-212% 0.29 0% - 0% 9.76     -8% - 0% 66.12 
212%-318% 1.39 212%-318% 0.36             0% - 0% 9.76 

LL 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 -16 - %-8% 17.47 -8% - 0% 90.24 -24% - -16% 1.47 
0%-106% 71.25 0%-106% 87.66 0%-106% 90.07 -8% - 0% 72.77 0% - 0% 9.76 -16 - %-8% 33.90 
106%-212% 17.96 106%-212% 2.58 106%-212% 0.17 0% - 0% 9.76     -8% - 0% 54.87 
212%-318% 1.03                 0% - 0% 9.76 

 

Table S2.1b. SOC change (%) per areas affected (%) at PCU scale. Breaks fixed after considering the max and min values.  SA applied: 75% harvest, 50t C limited 

return 
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 50% Export 

Bioeconomy 
scenarios 

Cc + Cr 
Combinations 

HYDROTHERMAL 
LIQUEFACTION ANAEROBIC DIGESTION 

LIGNOCELLULOSIC 
ETHANOL 

Cranges 
(%) 

Area afected 
(%) 

Cranges 
(%) 

Area afected 
(%) 

Cranges 
(%) 

Area afected 
(%) 

MM 
Standrad 

Conditions 

-8% - 0% 2.79 -8% - 0% 40.23 -8% - 0% 90.24 

0% - 0% 9.76 0% - 0% 9.76 0% - 0% 9.76 

0% - 8% 87.45 0% - 8% 50.01    
 

 75% Export 

Bioeconomy 
scenarios 

Cc + Cr 
Combinations 

HYDROTHERMAL 
LIQUEFACTION ANAEROBIC DIGESTION 

LIGNOCELLULOSIC 
ETHANOL 

Cranges 
(%) 

Area 
afected (%) 

Cranges 
(%) 

Area afected 
(%) 

Cranges 
(%) 

Area afected 
(%) 

MM 
Standrad 

Conditions 

-8% - 0% 2.79 -8% - 0% 40.23 
-16 - %-
8% 1.76 

0% - 0% 9.76 0% - 0% 9.76 -8% - 0% 88.47 

0% - 8% 87.45 0% - 8% 50.01 0% - 0% 9.76 

 50 t C limited to return 
 PYROLYSIS 1 PYROLYSIS 2 GASCHAR 
 

Cranges (%) 
Area afected 

(%) Cranges (%) 
Area 

afected (%) Cranges (%) 
Area 

afected (%) 
HH 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 

 0%-106% 87.38 0%-106% 89.24 0%-106% 89.27 
 106%-212% 2.86 106%-212% 1.00 106%-212% 0.97 
 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 88.32 0%-106% 90.21 0%-106% 89.54 
 106%-212% 1.92   0.03 106%-212% 0.70 

HM 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 89.17 0%-106% 90.24 0%-106% 90.04 
 106%-212% 1.07     106%-212% 0.20 
 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 88.01 0%-106% 89.52 0%-106% 89.59 
 106%-212% 2.23 106%-212% 0.72 106%-212% 0.65 

HL 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 88.63 0%-106% 90.21 0%-106% 89.77 
 106%-212% 1.61 106%-212% 0.02 106%-212% 0.46 

MM                    
Standard 

conditions 

0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
0%-106% 89.47 0%-106% 90.24 0%-106% 90.16 
106%-212% 0.77     106%-212% 0.08 

 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 88.46 0%-106% 89.67 0%-106% 89.83 

ML 106%-212% 1.78 106%-212% 0.56 106%-212% 0.40 
 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 
 0%-106% 88.92 0%-106% 90.22 0%-106% 89.97 
 106%-212% 1.32 106%-212% 0.02 106%-212% 0.27 
 0%-0% 9.76 0%-0% 9.76 0%-0% 9.76 

LH 0%-106% 89.64 0%-106% 90.24 0%-106% 90.21 
 106%-212% 0.60     106%-212% 0.02 
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Table S2.2. SOC change (Bioeconomy vs BAU)  at year 2120 for the whole cropland surface modeled. 

Total SOC change in MtC (total sum of SOC change per PCU). Average SOC change percent for all the 

cropland surface modeled (SOC change % per PCU). Includes all the Cc and Cr combinations, the 

exporting rates decrease, and limited application. Export rate: 100 %; coproducts return: 100% 

Bioeconomy 
scenarios CC + CR 

Combinations 

Total national 
SOC change 

(MtC) 
σ Min Max 

Average 
national SOC 
change (%) 

σ Min Max 

PYROLYSIS  1 
MM 774.22 0.08 2.5E-05 0.52 105.45% 69.34% 0.14% 409.15% 
HH 1008.76 0.10 3.3E-05 0.68 137.21% 89.83% 0.18% 527.77% 
HM 965.31 0.10 3.2E-05 0.65 131.33% 86.04% 0.18% 505.80% 
HL 911.00 0.09 3E-05 0.62 123.97% 81.29% 0.16% 478.33% 
MH 809.62 0.08 2.6E-05 0.55 110.24% 72.43% 0.14% 427.06% 
ML 729.97 0.07 2.3E-05 0.49 99.46% 65.48% 0.13% 386.77% 
LH 610.49 0.06 1.9E-05 0.41 83.28% 55.04% 0.11% 326.34% 
LM 583.13 0.06 1.8E-05 0.39 79.57% 52.65% 0.10% 312.51% 
LL 548.94 0.06 1.7E-05 0.37 74.94% 49.67% 0.09% 295.21% 

PYROLYSIS  2 

MM 616.74 0.06 2.05E-05 0.42 83.87% 54.85% 0.11% 321.83% 
HH 911.22 0.09 3.02E-05 0.62 123.91% 81.03% 0.17% 475.45% 
HM 772.04 0.08 2.63E-05 0.53 104.84% 68.26% 0.15% 398.63% 
HL 577.18 0.06 2.08E-05 0.39 78.16% 50.41% 0.12% 291.10% 
MH 730.15 0.07 2.37E-05 0.49 99.40% 65.25% 0.13% 384.42% 
ML 457.96 0.05 1.60E-05 0.31 62.13% 40.29% 0.09% 234.22% 
LH 549.08 0.06 1.72E-05 0.37 74.90% 49.49% 0.10% 293.40% 
LM 461.44 0.05 1.47E-05 0.31 62.89% 41.44% 0.08% 245.03% 
LL 338.75 0.03 1.13E-05 0.23 46.09% 30.18% 0.06% 177.33% 

GASIFICATION 
MM 315.61 0.03 8.62E-06 0.21 43.34% 29.34% 0.05% 177.20% 
HH 431.27 0.04 1.27E-05 0.29 59.00% 39.41% 0.07% 235.70% 
HM 411.15 0.04 1.20E-05 0.27 56.28% 37.65% 0.07% 225.53% 
HL 386.01 0.04 1.11E-05 0.26 52.87% 35.46% 0.06% 212.81% 
MH 331.70 0.03 9.19E-06 0.22 45.52% 30.74% 0.05% 185.34% 
ML 295.49 0.03 7.91E-06 0.19 40.62% 27.59% 0.04% 167.03% 
LH 212.22 0.02 4.95E-06 0.14 29.34% 20.38% 0.03% 124.91% 
LM 200.95 0.02 4.55E-06 0.13 27.81% 19.41% 0.03% 119.22% 
LL 186.87 0.02 4.05E-06 0.12 25.91% 18.20% 0.02% 112.10% 

HYDROTHERMAL LIQUEFACTION 
MM 8.85 1.06E-03 -4.42E-03 0.01 1.12% 0.83% -1.80% 4.05% 
HH 60.06 0.01 4.90E-06 0.05 7.60% 4.89% 0.02% 22.60% 
HM 42.92 4.76E-03 3.57E-06 0.04 5.43% 3.51% 0.02% 15.95% 
HL 38.96 4.32E-03 3.26E-06 0.03 4.93% 3.19% 0.02% 14.42% 
MH 20.67 2.32E-03 -4.65E-04 0.02 2.62% 1.73% -0.21% 8.11% 
ML 6.13 7.95E-04 -0.01 0.01 0.78% 0.65% -2.27% 3.12% 
LH -32.80 3.64E-03 -0.03 -2.32E-06 -4.15% 2.69% -13.38% -0.01% 
LM -37.37 4.15E-03 -0.04 -2.68E-06 -4.72% 3.06% -15.15% -0.01% 
LL -38.43 4.26E-03 -0.04 -2.76E-06 -4.86% 3.14% -15.56% -0.01% 
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Bioeconomy 
scenarios CC + CR 

Combinations 

Total national 
SOC change 

(MtC) 
σ Min Max 

Average 
national SOC 
change (%) 

σ Min Max 

ANAEROBIC DIGESTION 
MM -0.79 4.25E-04 -0.01 1.45E-03 -0.10% 0.42% -3.49% 0.74% 
HH 23.71 2.65E-03 -1.87E-04 0.02 3.00% 1.97% -0.08% 9.16% 
HM 13.16 1.51E-03 -2.56E-03 0.01 1.67% 1.15% -1.04% 5.53% 
HL 1.44 4.46E-04 -0.01 3.21E-03 0.19% 0.43% -3.10% 1.51% 
MH 7.91 9.68E-04 -4.83E-03 0.01 1.01% 0.77% -1.96% 3.73% 
ML -10.46 0.07 -0.01 -5.84E-07 -1.32% 0.94% -5.19% 0.00% 
LH 1.14 4.35E-04 -0.01 2.97E-03 0.15% 0.43% -3.15% 1.41% 
LM -6.77 8.55E-04 -0.01 -2.97E-07 -0.85% 0.69% -4.54% 0.00% 
LL -15.57 1.77E-03 -0.02 9.81E-07 -1.97% 1.33% -6.70% -0.01% 

LIGNOCELLULOSIC ETHANOL 
MM -34.91 3.88E-03 -0.03 -2.49E-06 -4.41% 2.86% -14.19% -0.01% 
HH -13.81 1.58E-03 -0.01 -8.44E-07 -1.74% 1.19% -6.02% 0.00% 
HM -27.00 3.01E-03 -0.03 -1.87E-06 -3.41% 2.23% -11.13% -0.01% 
HL -41.95 4.65E-03 -0.04 -3.03E-06 -5.30% 3.43% -16.92% -0.01% 
MH -24.36 2.72E-03 -0.02 -1.67E-06 -3.08% 2.02% -10.11% -0.01% 
ML -46.87 0.01 -0.04 -3.42E-06 -5.93% 3.82% -18.83% -0.02% 
LH -34.91 3.88E-03 -0.03 -2.49E-06 -4.41% 2.86% -14.19% -0.01% 
LM -42.83 4.75E-03 -0.04 -3.10E-06 -5.41% 3.50% -17.26% -0.02% 
LL -51.80 0.01 -0.05 -3.80E-06 -6.55% 4.22% -20.74% -0.02% 

 

Table S2.2.  Total SOC change in MtC (total sum of SOC change per PCU). Average SOC change percent 

for all the cropland surface modeled (SOC change % per PCU). Includes all the Cc and Cr combinations, 

the exporting rates decrease, and limited application. Export rate: 75 %; coproducts return: 100% Cc: 

M, Cr: M, Export rate: 50 %; coproducts return: 100% Cc: M, Cr: M 

Conversion pathway 

Total national 

SOC change 

(MtC) 

σ Min Max 

Average 

national SOC 

change (%) 

σ Min Max 

Export rate: 75 %; coproducts return: 100% Cc: M, Cr: M 

Hydrothermal 

liquefaction 
6.64 7.97E-04 -3.32E-03 0.01 0.84% 0.62% -1.35% 3.04% 

Anaerobic digestion -0.59 3.19E-04 -0.01 1.09E-03 -0.07% 0.32% -2.62% 0.56% 

Lignocellulosic 

ethanol 
-26.18 2.91E-03 -0.02 -1.86E-06 -3.31% 2.15% -10.65% -0.01% 

Export rate: 50 %; coproducts return: 100% Cc: M, Cr: M 

Hydrothermal 

liquefaction 
4.43 5.31E-04 -2.21E-03 4.66E-03 0.56% 0.42% -0.90% 2.03% 

Anaerobic digestion -0.40 2.13E-04 -4.30E-03 7.27E-04 -0.05% 0.21% -1.74% 0.37% 

Lignocellulosic 

ethanol 
-17.46 1.94E-03 -0.02 -1.24E-06 -2.21% 1.43% -7.10% -0.01% 
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Table S2.2. SOC change (Bioeconomy vs BAU) at year 2120 for the whole cropland surface modeled. 

Total SOC change in MtC (total sum of SOC change per PCU). Average SOC change percent for all the 

cropland surface modeled (SOC change % per PCU). Includes all the Cc and Cr combinations, the 

exporting rates decrease, and limited application. Export rate: 100 %; coproducts return: 50 tC ha-1 

100y 

Bioeconomy 
scenarios 

CC + CR 
Combinations 

Total 
national SOC 

change 
(MtC) 

σ Min Max 
Average 

national SOC 
change (%) 

σ Min Max 

PYROLYSIS  2 
MM 441.81 0.04 2.49E-05 0.25 58.78% 29.73% 0.14% 139.78% 

HH 484.90 0.05 3.32E-05 0.26 64.22% 31.20% 0.18% 146.02% 
HM 462.62 0.04 3.17E-05 0.25 61.29% 29.82% 0.18% 139.78% 
HL 434.77 0.04 2.98E-05 0.24 57.62% 28.09% 0.16% 131.99% 

MH 463.22 0.04 2.62E-05 0.26 61.61% 31.11% 0.14% 146.02% 
ML 415.06 0.04 2.33E-05 0.23 55.24% 27.99% 0.13% 131.99% 
LH 433.05 0.04 1.91E-05 0.24 57.93% 30.91% 0.11% 144.96% 

LM 412.86 0.04 1.81E-05 0.23 55.25% 29.52% 0.10% 138.74% 
LL 387.63 0.04 1.69E-05 0.22 51.90% 27.79% 0.09% 130.97% 

PYROLYSIS  2 
MM 346.72 0.03 2.05E-05 0.20 46.07% 23.21% 0.11% 110.74% 

HH 434.93 0.04 3.02E-05 0.24 57.60% 27.98% 0.17% 131.61% 
HM 363.65 0.03 2.63E-05 0.20 48.11% 23.30% 0.15% 110.74% 
HL 263.87 0.02 2.08E-05 0.14 34.83% 16.79% 0.12% 81.53% 

MH 415.21 0.04 2.37E-05 0.23 55.22% 27.89% 0.13% 131.61% 

ML 250.84 0.02 1.60E-05 0.14 33.27% 16.68% 0.09% 81.53% 

LH 387.76 0.04 1.72E-05 0.22 51.88% 27.69% 0.10% 130.22% 
LM 323.17 0.03 1.47E-05 0.18 43.21% 23.02% 0.08% 108.64% 
LL 232.74 0.02 1.13E-05 0.13 31.08% 16.50% 0.06% 78.42% 

GASIFICATION 
MM 302.25 0.03 8.62E-06 0.20 40.92% 24.78% 0.05% 120.33% 

HH 381.98 0.04 1.27E-05 0.24 51.23% 29.14% 0.07% 139.56% 
HM 363.86 0.04 1.20E-05 0.23 48.82% 27.81% 0.07% 133.49% 
HL 341.20 0.03 1.11E-05 0.21 45.81% 26.15% 0.06% 125.91% 

MH 317.78 0.03 9.19E-06 0.21 43.00% 25.99% 0.05% 125.88% 

ML 282.84 0.03 7.91E-06 0.19 38.32% 23.27% 0.04% 113.39% 

LH 211.87 0.02 4.95E-06 0.14 29.27% 20.18% 0.03% 121.68% 
LM 200.62 0.02 4.55E-06 0.13 27.75% 19.22% 0.03% 116.15% 
LL 186.56 0.02 4.05E-06 0.12 25.84% 18.02% 0.02% 109.24% 

 

Table S2.3. Sensitivity Analysis: Combination of 3 levels for 2 factors.SI is calculated for comparisson 

of parameters in minimum and maximum vs mean value of each parameter CC and CR. Cr= Carbon 

recalcitrance, SI= %Change in output/%change in input, Input is parameter value (CC or CR) Output is 

SOC change 
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Table S2.3.1 Pyrolysis 

Pyrolysis Input  Outputs Sensitivity     

CC + CR 
Combinations 

Cc CR 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in CC % 

SI CC 
Change 
in CR % 

SI CR   Min Max 

MM 44 95 774.22 0.08 105.45% 69.34%            CC 34 54 
HM 54 95 965.31 0.10 131.33% 86.04% 24.54% 22.73% 1.08 0.00%    CR 90 99 
LM 34 95 583.13 0.06 79.57% 52.65% -24.54% -22.73% 1.08 0.00%    Total national SOC change (MtC) 548.94 1008.76 
MH 44 99 809.62 0.08 110.24% 72.43% 4.55% 0.00%   4.21% 1.08  Average national SOC change (%) 74.94% 137.21% 
ML 44 90 729.97 0.07 99.46% 65.48% -5.68% 0.00%   -5.26% 1.08  Change in Output % -28.93% 30.12% 
HH 54 99 1008.76 0.10 137.21% 89.83% 30.12% 22.73% 1.33 4.21% 7.15     
HL 54 90 911.00 0.09 123.97% 81.29% 17.57% 22.73% 0.77 -5.26% -3.34     
LH 34 99 610.49 0.06 83.28% 55.04% -21.03% -22.73% 0.93 4.21% -4.99     
LL 34 90 548.94 0.06 74.94% 49.67% -28.93% -22.73% 1.27 -5.26% 5.50     

Range (SA)  90-99 548.94 - 1008.76  74.94 - 137.21  -28.93 - 30.12         
Table S2.3.2 Pyrolysis 2 

Pyrolysis 2 Input  Outputs Sensitivity     

CR + CR 
Combinations 

CR CR 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in CC % 

SI CC 
Change 
in CR % 

SI CR   Min Max 

MM 44 75 616.74 0.06 83.87% 54.85%            CC 34 54 
HM 54 75 772.04 0.08 104.84% 68.26% 25.01% 23% 1.10 0.00%    CR 60 89 
LM 34 75 461.44 0.05 62.89% 41.44% -25.01% -23% 1.10 0.00%    Total national SOC change (MtC) 338.75 911.22 
MH 44 89 730.15 0.07 99.40% 65.25% 18.52% 0%   18.67% 0.99  Average national SOC change (%) 46.09% 123.91% 
ML 44 60 457.96 0.05 62.13% 40.29% -25.93% 0%   -20.00% 1.30  Change in Output % -45.04% 47.74% 
HH 54 89 911.22 0.09 123.91% 81.03% 47.74% 23% 2.10 18.67% 2.56     
HL 54 60 577.18 0.06 78.16% 50.41% -6.81% 23% -0.30 -20.00% 0.34     
LH 34 89 549.08 0.06 74.90% 49.49% -10.70% -23% 0.47 18.67% -0.57     
LL 34 60 338.75 0.03 46.09% 30.18% -45.04% -23% 1.98 -20.00% 2.25     

Range (SA) 34-54 60-89 338.75 - 911.22  46.09 - 123.91  -45.04 - 47.74         
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Table S2.3.3 Confrontation of results shown in the methodology of Pyrolysis and Pyrolysis 1 

 

Pyrolysis 1 Input  Outputs Sensitivity        

CC + CR 
Combinations 

Cc CR 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in CR % 

SI CR 

   

 Min Max 

MM 1 44 95 774.22 0.08 105.45% 69.34%          CC 34 54 
HM 1 54 95 965.31 0.10 131.33% 86.04%          CR 60 99 
LM 1 34 95 583.13 0.06 79.57% 52.65%          Total national SOC change (MtC) 338.75 1008.76 
MH 1 44 99 809.62 0.08 110.24% 72.43%          Average national SOC change (%) 46.09% 137.21% 

ML  44 90 729.97 0.07 99.46% 65.48%          Change in Output % -38.49% -9.70% 
HH 54 99 1008.76 0.10 137.21% 89.83%             
HL 54 90 911.00 0.09 123.97% 81.29%             
LH 34 99 610.49 0.06 83.28% 55.04%             
LL 34 90 548.94 0.06 74.94% 49.67%             

MM 2 44 75 616.74 0.06 83.87% 54.85% -20.47% -21.1% 0.97       
HM 54 75 772.04 0.08 104.84% 68.26% -20.17% -21.1% 0.96       
LM 34 75 461.44 0.05 62.89% 41.44% -20.96% -21.1% 1.00       
MH 44 89 730.15 0.07 99.40% 65.25% -9.84% -10.1% 0.97       
ML 44 60 457.96 0.05 62.13% 40.29% -37.54% -33.3% 1.13       
HH 54 89 911.22 0.09 123.91% 81.03% -9.70% -10.1% 0.96       
HL 54 60 577.18 0.06 78.16% 50.41% -36.96% -33.3% 1.11       
LH 34 89 549.08 0.06 74.90% 49.49% -10.06% -10.1% 1.00       
LL 34 60 338.75 0.03 46.09% 30.18% -38.49% -33.3% 1.15       

Range (SA) 34-54 60-99 338.75-1008.76  46.09 - 137.21  -38.49 - -9.70         
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Table S2.3.4 Gasification 

Gasification Input  Outputs Sensitivity      

CC + CR 
Combinations 

Cc Cr 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change in 
Cc % 

SI Cc 
Change 
in Cr % 

SI Cr 

 

 Min Max 

MM 20 95 315.61 0.03 43.34% 29.34%           
 

CC 14 25 

HM 25 95 411.15 0.04 56.28% 37.65% 29.86% 25% 1.19 0%   
 

CR 90 99 

LM 14 95 200.95 0.02 27.81% 19.41% -35.83% -30% 1.19 0%   
 

Total national SOC change (MtC) 186.87 431.27 

MH 20 99 331.70 0.03 45.52% 30.74% 5.03% 0.00   4% 1.19 
 

Average national SOC change (%) 25.91% 59.00% 

ML 20 90 295.49 0.03 40.62% 27.59% -6.29% 0%   -5% 1.19 
 

Change in Output % -40.23% 36.14% 

HH 25 99 431.27 0.04 59.00% 39.41% 36.14% 25% 1.45 4% 8.58 
    

HL 25 90 386.01 0.04 52.87% 35.46% 22.00% 0.25 0.88 -5% -4.18 
    

LH 14 99 212.22 0.02 29.34% 20.38% -32.31% -30% 1.08 4% -7.67 
    

LL 14 90 186.87 0.02 25.91% 18.20% -40.23% -30% 1.34 -5% 7.64 
    

Range (SA) 14-25 90-99 186.87 - 431.27 
 

25.91-59.07 
 

-40.20 - 36.12 
        

Table S2.3.5 Hydrothermal liquefaction 

HTL Input  Outputs Sensitivity      

CC + CR 
Combinations 

Cc Cr 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in Cc % 

SI Cc 
Change 
in Cr % 

SI Cr 

 

 Min Max 

MM 31 83 8.85 #### 1.12% 0.83%            CC 12 45 
HM 45 83 42.92 ###### 5.43% 3.51% 383.46% 45.2% 8.49 0.0%    CR 80 96 
LM 12 83 -37.37 ###### -4.72% 3.06% -520.42% -61.3% 8.49 0.0%    Total national SOC change (MtC) -38.43 60.06 
MH 31 96 20.67 ###### 2.62% 1.73% 132.99% 0.0%   15.7% 8.49  Average national SOC change (%) -4.86% 7.60% 
ML 31 80 6.13 ###### 0.78% 0.65% -30.69% 0.0%   -3.6% 8.49  Change in Output % -532.30% 576.52% 
HH 45 96 60.06 0.01 7.60% 4.89% 576.52% 45.2% 12.77 15.7% 36.81     
HL 45 80 38.96 ###### 4.93% 3.19% 338.91% 45.2% 7.50 -3.6% -93.77     
LH 12 96 -32.80 ###### -4.15% 2.69% -468.94% -61.3% 7.65 15.7% -29.94     
LL 12 80 -38.43 ###### -4.86% 3.14% -532.30% -61.3% 8.68 -3.6% 147.27     

Range (SA) 12-45 80-96 -38.43 - 60.06  -4.86 - 7.60  -532.30 - 576.52        
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Table S2.3.6 Anaerobic digestion 

Anaerobic 
digestion 

Input  Outputs Sensitivity  
    

CC + CR 
Combinations 

Cc Cr 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in Cc % 

SI Cc 
Change 
in Cr % 

SI Cr 

 

 Min Max 

MM 33 68 -0.79 ###### -0.10% 0.42%            CC 30 40 
HM 40 68 13.16 ###### 1.67% 1.15% -1832.65% 21.21% -86.40 0.00%    CR 58 77 
LM 30 68 -6.77 ###### -0.85% 0.69% 785.42% -9.09% -86.40 0.00%    Total national SOC change (MtC) -15.57 23.71 
MH 33 77 7.91 ###### 1.01% 0.77% -1143.48% 0.00%   13.24% -86.40  Average national SOC change (%) -1.97% 3.00% 
ML 33 58 -10.46 0.07 -1.32% 0.94% 1270.54% 0.00%   -14.71% -86.40  Change in Output % -3218.69% ####### 
HH 40 77 23.71 ###### 3.00% 1.97% -3218.69% 21.21% -151.74 13.24% -243.19     
HL 40 58 1.44 ###### 0.19% 0.43% -292.61% 21.21% -13.79 -14.71% 19.90     
LH 30 77 1.14 ###### 0.15% 0.43% -254.11% -9.09% 27.95 13.24% -19.20     
LL 30 58 -15.57 ###### -1.97% 1.33% 1940.46% -9.09% -213.45 -14.71% -131.95     

Range (SA) 30-40 58-77 -15.57-23.71  -1.97-3.00  -3218.69 - 1940.46        
Table S2.3.7  

Lignocellulosic 
ethanol 

Input  Outputs Sensitivity  
    

CC + CR 
Combinations 

Cc Cr 
Total national 
SOC change 

(MtC) 
σ 

Average 
national SOC 
change (%) 

σ 
Change in 
Output % 

Change 
in Cc % 

SI Cc 
Change 
in Cr % 

SI Cr 

 

 Min Max 

MM 24 45 -34.91 ###### -4.41% 2.86%            CC 18 30 
HM 30 45 -27.00 ###### -3.41% 2.23% -22.69% 25% -0.91 0%    CR 28 60 
LM 18 45 -42.83 ###### -5.41% 3.50% 22.69% -25% -0.91 0%    Total national SOC change (MtC) -51.80 -13.81 
MH 24 60 -24.36 ###### -3.08% 2.02% -30.25% 0%   33% -0.91  Average national SOC change (%) -6.55% -1.74% 
ML 24 28 -46.87 0.01 -5.93% 3.82% 34.29% 0%   -38% -0.91  Change in Output % -60.51% 48.40% 
HH 30 60 -13.81 ###### -1.74% 1.19% -60.51% 25% -2.42 33% -1.82     
HL 30 28 -41.95 ###### -5.30% 3.43% 20.17% 25% 0.81 -38% -0.53     
LH 18 60 -34.91 ###### -4.41% 2.86% 0.00% -25% 0.00 33% 0.00     
LL 18 28 -51.80 0.01 -6.55% 4.22% 48.40% -25% -1.94 -38% -1.28     

Range (SA) 18-0 28- 60 -51.80 - -13.81  -6.55 - -1.74  -60.5-8.40         
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Table S2.4 SOC change (%) per areas affected (%) at PCU scale (11784). Breaks obtained from Natural 

Jenks to have the best distribution.  This sheet allows to observe the complete range of SOC change 

for each technology per PCU with the real max and min values. 100% Export 

Table S2.4Per PCU, ranges defined by Jenks natural breaks 11784 PCU . 100% Export rate 

Bioeconomy scenarios Pyrochar 1 Pyrochar  2 Gaschar 

Cc + Cr Combinations Cranges (%) 
Area 

afected (%) 
Cranges (%) 

Area 

afected (%) 
Cranges (%) 

Area afected 

(%) 

HH 

0 - 49.99 23.76 0 - 44.94 23.71 0- 22.72 24.40 

49.99 - 115.92 13.35 44.94 - 104.63 13.34 22.72 - 51.51 14.86 

115.92 - 172.06 32.90 104.63 - 155.32 32.83 51.51 - 75.56 33.21 

172.06 - 245.25 23.98 155.32 - 221.99 24.13 75.56 - 108.57 21.96 

245.25 - 354.17 4.57 221.99 - 320.49 4.58 108.57 - 157.73 4.12 

354.17 - 527.77 1.45 320.49 - 475.45 1.41 157.73 - 235.7 1.44 

HM 

0 - 47.98 23.79 0 - 38.09 23.71 0 - 21.67 24.42 

47.98 - 111.15 13.44 38.09 - 88.46 13.24 21.67 - 49.12 14.90 

111.15 - 164.72 32.80 88.46 - 131.25 32.52 49.12 - 72.09 33.17 

164.72 - 235.11 23.97 131.25 - 187.29 24.54 72.09 - 103.55 21.97 

235.11 - 339.23 4.55 187.29 - 269.75 4.60 103.55 - 150.74 4.10 

339.23 - 505.8 1.45 269.75 - 398.63 1.39 150.74 - 225.53 1.44 

HL 

0 - 45.42 23.85 0 - 25.64 23.06 0 - 20.36 24.43 

45.42 - 105.07 13.41 25.64 - 59.86 10.91 20.36 - 46.15 14.95 

105.07 - 155.6 32.86 59.86 - 87.65 23.19 46.15 - 67.75 33.17 

155.6 - 222.34 23.91 87.65 - 115.18 26.55 67.75 - 97.74 21.93 

222.34- 321.52 4.54 115.18 - 168.82 12.92 97.74 - 142.35 4.10 

321.52 - 478.33 1.43 168.82 - 291.1 3.38 142.35 - 212.81 1.43 

MH 

0 - 40.5 23.90 0 - 36.45 23.89 0 - 17.88 24.71 

40.5- 93.53 13.44 36.45 - 84.23 13.40 17.88 - 40.18 15.82 

93.53 - 138.45 32.85 84.23 - 124.75 32.80 40.18 - 58.74 32.82 

138.45 - 197.89 23.89 124.75 - 178.33 23.96 58.74 - 84.82 21.29 

197.89 - 286.52 4.50 178.33 - 258.08 4.52 84.82 - 123.94 3.92 

286.52 - 427.06 1.43 258.08 - 384.42 1.43 123.94 - 185.34 1.44 

MM 

0 - 38.83 23.91 0 - 30.49 23.73 0 - 17.02 24.70 

38.83 - 89.55 13.52 30.49 - 70.79 13.35 17.02 - 38.2 15.86 

89.55 - 132.55 32.96 70.79 - 105.09 32.77 38.2 - 55.94 32.89 

132.55 - 189.65 23.74 105.09 - 149.8 24.14 55.94 - 80.82 21.25 

189.65 - 274.47 4.44 149.8 - 216.08 4.57 80.82 - 117.95 3.83 

274.47 - 409.15 1.43 216.08 - 321.83 1.45 117.95 - 177.2 1.48 

ML 

0 - 36.83 23.98 0 - 22.68 23.72 0 - 15.6 24.50 

36.83 - 84.75 13.59 22.68 - 52.54 13.27 15.6 - 35.33 15.26 

84.75 - 125.29 33.17 52.54 - 77.78 32.39 35.33 - 52.06 32.96 



APPENDIXES 

290 
 

 

Bioeconomy scenarios Pyrochar 1 Pyrochar  2 Gaschar 

Cc + Cr Combinations Cranges (%) 
Area 

afected (%) 
Cranges (%) 

Area 

afected (%) 
Cranges (%) 

Area afected 

(%) 

125.29 - 179.3 23.41 77.78 - 110.43 24.47 52.06 - 75.35 21.81 

179.3 - 259.53 4.42 110.43 - 158.93 4.75 75.35%- 109.46 3.92 

259.53 - 386.77 1.43 158.93 - 234.22 1.39 109.46 - 167.03 1.54 

LH 

0 - 30.98 24.09 0 - 27.86 24.09 0 - 10.91 24.31 

30.98 - 71.14 13.64 27.86 - 63.96 13.61 10.91 - 24.97 14.90 

71.14 - 105.07 33.16 63.96 - 94.46 33.12 24.97 - 37.36 32.97 

105.07 - 150.57 23.29 94.46 - 135.35 23.32 37.36 - 55.36 22.72 

150.57 - 217.78 4.39 135.35 - 195.8 4.41 55.36 - 82.11 3.59 

217.78 - 326.34 1.45 195.8 - 293.4 1.45 82.11 - 124.91 1.51 

LM 

0 - 29.61 24.10 0 - 23.42 24.08 0 - 10.28 24.36 

29.61 - 67.92 13.61 23.42 - 53.81 13.68 10.28 - 23.57 14.74 

67.92 - 100.34 33.13 53.81 - 79.43 33.19 23.57- 35.38 32.97 

100.34 - 143.95 23.31 79.43 - 113.56 23.20 35.38 - 52.58 22.80 

143.95 - 208.34 4.41 113.56 - 164.48 4.42 52.58 - 78.3 3.62 

208.34 - 312.51 1.45 164.48 - 245.03 1.43 78.3 - 119.22 1.51 

LL 

0 - 27.94 24.10 0 - 16.88 23.87 0 - 8.91 23.83 

27.94 - 64.05 13.68 16.88 - 39.07 13.42 8.91- 20.59 12.97 

64.05 - 94.63 33.19 39.07 - 57.92 32.92 20.59 - 30.77 28.56 

94.63 - 135.91 23.26 57.92 - 82.57 23.85 30.77 - 43.18 25.88 

135.91 - 196.63 4.33 82.57 - 119.19 4.52 43.18 - 65.99 6.46 

196.63 - 295.21 1.45 119.19 - 177.33 1.43 65.99 - 112.1 2.30 
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Table S2.4 SOC change (%) per areas affected (%) at PCU scale (11784). Breaks obtained from Natural 

Jenks to have the best distribution.  This sheet allows to observe the complete range of SOC change 

for each technology per PCU with the real max and min values. 100% ExportTable S2.4Per PCU, ranges 

defined by Jenks natural breaks 11784 PCU . 100% Export rate 

Bioeconomy scenarios Hydrochar Digestate Molasses 

Cc + Cr Combinations Cranges (%) 
Area 

afected %) 
Cranges (%) 

Area 

afected (%) 
Cranges (%) 

Area 

afected (%) 

HH 

0- 2.48 22.35 -0.08 - -0.07 0.08 -6.02%- -3.63 7.50 

2.48 - 5.57 12.39 -0.07 - -0.06 0.10 -3.63 - -2.52 16.10 

5.57- 8.18 20.93 -0.06 - 0 9.79 -2.52 - -1.69 26.86 

8.18 - 10.77 17.53 0- 1.88 22.75 -1.69 - -0.84 22.90 

10.77 - 14.17 15.64 1.88 - 4.18 39.26 -0.84 - 0 16.88 

14.17 - 22.6 11.15 4.18 - 9.16 28.02 0 - 0 9.76 

HM 

0 - 1.75 22.17 -1.04 - -0.59 0.14 -11.13 - -5.98 13.84 

1.75 - 3.96 12.85 -0.59 - -0.27 0.61 -5.98 - -4.21 20.17 

3.96 - 5.87 21.40 -0.27 - 0 10.78 -4.21 - -2.77 28.53 

5.87 - 7.78 17.35 0 - 1.07 23.13 -2.77 - -1.33 13.67 

7.78 - 10.25 15.70 1.07 - 2.39 38.00 -1.33 - -0.01 14.01 

10.25 - 15.95 10.53 2.39 - 5.53 27.34 -0.01 - 0 9.76 

HL 

0- 1.69 22.72 -3.1 - -1.41 1.63 -16.92 - -9.31 13.33 

1.69 - 3.78 14.77 -1.41 - -0.5 2.19 -9.31 - -6.58 21.02 

3.78 - 5.5 21.28 -0.5 - 0 29.21 -6.58 - -4.35 28.05 

5.5 - 7.18 15.81 0 - 0.26 28.77 -4.35 - -2.11 13.68 

7.18 - 9.37 15.22 0.26 - 0.6 25.30 -2.11 - -0.01 14.15 

9.37 - 14.42 10.21 0.6 - 1.51 12.90 -0.01 - 0 9.76 

MH 

-0.21 - -0.15 0.18 -1.96 - -1.13 0.49 -10.11 - -5.41 13.72 

-0.15 - -0.06 0.03 -1.13% - -0.52 1.42 -5.41 - -3.8 20.19 

-0.06 - 0 9.76 -0.52 - 0 10.86 -3.8 - -2.51 28.50 

0 - 1.64 22.99 0 - 0.69 24.88 -2.51 - -1.21 13.70 

1.6 - 3.66 39.07 0.69 - 1.55 38.13 -1.21 - -0.01 14.14 

3.66 - 8.11 27.97 1.55 - 3.73 24.23 -0.01 - 0 9.76 

MM 

-1.78 - -0.98 0.41 -3.49 - -1.26 2.49 -14.19 - -7.75 13.35 

-0.98 - -0.44 1.38 -1.26 - -0.37 15.44 -7.75 - -5.47 20.98 

-0.44 - 0 10.75 -0.37 - 0 32.06 -5.47 - -3.61 28.14 

0 - 0.76 24.43 0 - 0.11 23.06 -3.61 - -1.75 13.66 

0.76 - 1.69 38.16 0.11 - 0.28 18.47 -1.75 - -0.01 14.10 

1.69 - 4.06 24.85 0.28 - 0.74 8.47 -0.01 - 0 9.76 

ML 

-2.26 - -1.28 0.68 -5.19 - -2.88 7.38 -18.83 - -10.42 13.34 

-1.28 - -0.56 1.49 -2.88 - -1.93 14.23 -10.42 - -7.37 21.08 

-0.56 - 0 11.19 -1.93 - -1.27 27.45 -7.37 - -4.88 27.85 

0 - 0.56 26.53 -1.27 - -0.62 24.35 -4.88 - -2.38 13.60 
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Bioeconomy scenarios Hydrochar Digestate Molasses 

Cc + Cr Combinations Cranges (%) 
Area 

afected %) 
Cranges (%) 

Area 

afected (%) 
Cranges (%) 

Area 

afected (%) 

0.56 - 1.27 38.11 -0.62 - 0 16.83 -2.38 - -0.02 14.37 

1.27 - 3.12 21.99 0 - 0 9.76 -0.02 - 0 9.76 

LH 

-13.38 - -7.27 13.42 -3.15 - -1.45 1.64 -14.19 - -7.75 13.35 

-7.27 - -5.13 20.93 -1.45 - -0.52 2.24 -7.75 - -5.47 20.98 

-5.13 - -3.39 28.16 -0.52 - 0 31.39 -5.47 - -3.61 28.14 

-3.39 - -1.64 13.64 0 - 0.24 27.91 -3.61 - -1.75 13.66 

-1.64 - -0.01 14.08 0.24 - 0.56 24.50 -1.75 - -0.01 14.10 

-0.01 - 0 9.76 0.56 - 1.41 12.33 -0.01 - 0 9.76 

LM 

-15.15- -8.31 13.21 -4.54 - -2.27 5.15 -17.26 - -9.51 13.30 

-8.31 - -5.86 21.12 -2.27 - -1.4 11.58 -9.51 - -6.72 21.06 

-5.86 - -3.87 28.12 -1.4 - -0.85 26.11 -6.72- -4.44 28.14 

-3.87- -1.87 13.69 -0.85 - -0.39 29.87 -4.44 - -2.15 13.59 

-1.87 - -0.01 14.10 -0.39 - 0 17.52 -2.15 - -0.02 14.14 

-0.01 - 0 9.76 0- 0 9.76 -0.02 - 0 9.76 

LL 

-15.56 - -8.53 13.37 -6.7 - -3.99 7.96 -20.74 - -11.5 13.41 

-8.53 - -6.02 21.03 -3.99 - -2.82 16.23 -11.5 - -8.15 21.06 

-6.02 - -3.98 28.04 -2.82- -1.91 26.67 -8.15 - -5.42 27.51 

-3.98 - -1.93 13.68 -1.91 - -0.95 22.44 -5.42 - -2.66 13.69 

-1.93 - -0.01 14.11 -0.95 - 0 16.94 -2.66 - -0.02 14.56 

-0.01 - 0 9.76 0 - 0 9.76 -0.02 - 0 9.76 

 

Table S2.4 Per PCU, ranges defined by Jenks natural breaks 11784 PCU . 75% Export rate MM 

 

  

HYDROCHAR DIGESTATE MOLASSES 

Cranges (%) Area afected (%) Cranges (%) Area afected (%) Cranges (%) Area afected (%) 

-1.35% - -0.74% 0.41 -2.62% - -0.95% 2.49 -10.65% - -5.81% 13.36 

-0.74% - -0.33% 1.38 -0.95% - -0.28% 15.44 -5.81% - -4.1% 20.97 

-0.33% - 0% 10.75 -0.28% - 0% 32.06 -4.1% - -2.71% 28.14 

0% - 0.57% 24.43 0% - 0.08% 23.06 -2.71% - -1.31% 13.66 

0.57% - 1.28% 38.16 0.08% - 0.21% 18.47 -1.31% - -0.01% 14.10 

1.28% - 3.04% 24.85 0.21% - 0.56% 8.48 -0.01% - 0% 9.76 
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Table S2.4Per PCU, ranges defined by Jenks natural breaks 11784 PCU .50% Export rate MM 

HYDROCHAR DIGESTATE MOLASSES 

Cranges (%) Area afected (%) Cranges (%) Area afected (%) Cranges (%) Area afected (%) 

-0.9% - -0.49% 0.41 -1.74% - -0.63% 2.49 -7.1% - -3.87% 13.35 

-0.49% - -0.22% 1.38 -0.63% - -0.19% 15.50 -3.87% - -2.73% 20.98 

-0.22% - 0% 10.75 -0.19% - 0% 32.00 -2.73% - -1.8% 28.14 

0% - 0.38% 24.43 0% - 0.05% 23.06 -1.8% - -0.87% 13.66 

0.38% - 0.85% 38.16 0.05% - 0.14% 18.47 -0.87% - -0.01% 14.10 

0.85% - 2.03% 24.85 0.14% - 0.37% 8.47 -0.01% - 0% 9.76 

 

Table S2.4; Per PCU, ranges defined by Jenks natural breaks 11784 PCU . 50t C applied  

 PYROCHAR 1 PYROCHAR  2 GASCHAR 

 Cranges (%) Area afected (%) Cranges (%) Area afected (%) Cranges (%) Area afected (%) 

HH 0% - 19.27% 18.23 0% - 17.39% 18.21 0% - 15.79% 22.15 

 19.27% - 44.98% 7.08 17.39% - 40.48% 7.17 15.79% - 36.69% 8.09 

 44.98% - 65.36% 17.02 40.48% - 58.79% 17.55 36.69% - 53.57% 15.67 

 65.36% - 80.89% 26.27 58.79% - 72.65% 25.88 53.57% - 68.06% 25.26 

 80.89% - 99.99% 25.94 72.65% - 89.73% 25.72 68.06% - 85.96% 21.92 

 99.99% - 146.02% 5.46 89.73% - 131.61% 5.48 85.96% - 139.56% 6.91 

HM 0% - 18.42% 18.23 0% - 14.52% 18.03 0% - 14.9% 22.10 

 18.42% - 43.04% 7.18 14.52% - 33.79% 7.33 14.9% - 34.56% 7.93 

 43.04% - 62.5% 17.42 33.79% - 49.07% 17.45 34.56% - 50.63% 15.31 

 62.5% - 77.3% 26.01 49.07% - 60.57% 25.80 50.63% - 64.61% 25.54 

 77.3% - 95.6% 25.71 60.57% - 74.57% 25.60 64.61% - 81.77% 22.06 

 95.6% - 139.78% 5.45 74.57% - 110.74% 5.80 81.77% - 133.49% 7.05 

HL 0% - 17.38% 18.23 0% - 10.59% 17.87 0% - 14.26% 22.18 

 17.38% - 40.49% 7.23 10.59% - 24.56% 7.71 14.26% - 33.1% 8.40 

 40.49% - 58.8% 17.73 24.56% - 35.6% 17.37 33.1% - 48.29% 16.39 

 58.8% - 72.8% 25.83 35.6% - 43.9% 26.20 48.29% - 61.33% 25.17 

 72.8% - 90.13% 25.56 43.9% - 53.87% 24.91 61.33% - 77.5% 21.26 

 90.13% - 131.99% 5.42 53.87% - 81.53% 5.95 77.5% - 125.91% 6.59 

MH 0% - 16.05% 18.25 0% - 14.45% 18.25 0% - 13.22% 22.55 

 16.05% - 38.91% 6.25 14.45% - 34.95% 6.31 13.22% - 31.17% 9.07 

 38.91% - 59.32% 12.68 34.95% - 53.17% 12.78 31.17% - 46.54% 19.45 

 59.32% - 76.17% 27.70 53.17% - 68.18% 27.38 46.54% - 61.31% 28.36 

 76.17% - 95.41% 28.39 68.18% - 85.33% 28.40 61.31% - 82.52% 17.03 

 95.41% - 146.02% 6.73 85.33% - 131.61% 6.88 82.52% - 125.88% 3.54 

MM 0% - 15.31% 18.25 0% - 12.39% 18.27 0% - 12.5% 22.52 

 15.31% - 37.1% 6.30 12.39% - 29.81% 6.74 12.5% - 29.5% 8.97 

 37.1% - 56.6% 12.78 29.81% - 45% 13.69 29.5% - 44.16% 19.42 

 56.6% - 72.66% 27.57 45% - 57.25% 26.79 44.16% - 58.33% 28.46 
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 PYROCHAR 1 PYROCHAR  2 GASCHAR 

 Cranges (%) Area afected (%) Cranges (%) Area afected (%) Cranges (%) Area afected (%) 

 72.66% - 91.12% 28.36 57.25% - 71.42% 27.90 58.33% - 78.59% 17.08 

 91.12% - 139.78% 6.74 71.42% - 110.74% 6.61 78.59% - 120.33% 3.55 

ML 0% - 19.1% 20.12 0% - 9.03% 18.14 0% - 12.33% 22.80 

 19.1% - 42.2% 8.32 9.03% - 21.61% 6.84 12.33% - 28.95% 9.82 

 42.2% - 59.01% 18.50 21.61% - 32.51% 14.04 28.95% - 42.8% 22.62 

 59.01% - 72.69% 27.81 32.51% - 41.3% 26.32 42.8% - 55.86% 26.15 

 72.69% - 89.25% 20.47 41.3% - 51.33% 27.58 55.86% - 74.82% 15.35 

 89.25% - 131.99% 4.78 51.33% - 81.53% 7.07 74.82% - 113.39% 3.27 

LH 0% - 20.54% 21.54 0% - 18.46% 21.54 0% - 9.99% 23.69 

 20.54% - 45.8% 9.23 18.46% - 41.18% 9.37 23.12% - 34.42% 28.01 

 45.8% - 64.14% 19.85 41.18% - 57.59% 20.32 34.42% - 47.35% 25.79 

 64.14% - 79.27% 27.32 57.59% - 71.09% 26.82 47.35% - 71.56% 7.41 

 79.27% - 97.83% 18.40 71.09% - 87.57% 18.19 71.56% - 121.68% 2.55 

 97.83% - 144.96% 3.65 87.57% - 130.22% 3.75 9.99% - 23.12% 12.55 

LM 0% - 19.64% 21.56 0% - 14.96% 21.28 0% - 9.4% 23.68 

 19.64% - 43.76% 9.33 14.96% - 33.48% 8.87 9.4% - 21.8% 12.50 

 43.76% - 61.3% 20.20 33.48% - 47.21% 19.47 21.8% - 32.54% 27.93 

 61.3% - 75.77% 27.10 47.21% - 58.54% 26.82 32.54% - 44.87% 25.87 

 75.77% - 93.45% 18.14 58.54% - 72.27% 19.48 44.87% - 68.13% 7.47 

 93.45% - 138.74% 3.67 72.27% - 108.64% 4.08 68.13% - 116.15% 2.55 

LL 0% - 18.42% 21.56 0% - 10.81% 21.22 0% - 8.7% 23.67 

 18.42% - 41.06% 9.26 10.81% - 24.06% 9.12 8.7% - 20.23% 12.52 

 41.06% - 57.55% 20.52 24.06% - 33.76% 18.63 20.23% - 30.29% 27.97 

 57.55% - 71.24% 26.94 33.76% - 41.83% 26.66 30.29% - 41.95% 25.98 

 71.24% - 88.02% 18.03 41.83% - 51.47% 19.85 41.95% - 63.9% 7.31 

 88.02% - 130.97% 3.70 51.47% - 78.42% 4.52 63.9% - 109.24% 2.55 
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Appendix A3a 

Data paper 

This document is a data paper by itself, serving as companion for Chapter 4. This Data paper describes 

the creation of the baseline for current cropping systems in Ecuadorian croplands and parallel input 

data required to run simulation sin RothC for the specific case study deployed in paper 3: “Modelling 

the long-term carbon storage potential from recalcitrant matter inputs in tropical arable croplands”. 

This Data paper is currently being prepared to be submitted to Data in Brief. The database inhere 

presented is accessible in  https://doi.org/10.48531/JBRU.CALMIP/VLKG8V but remains confidential 

until the publication of the paper.  
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Dataset for defining the spatially explicit baseline of cropping systems in Ecuadorian 

croplands and estimating the crop residues potential 

Christhel Andrade Diaza,b*, Ezequiel Zamora-Ledezmac, Lorie Hamelina 

a Toulouse Biotechnology Institute (TBI), INSA, INRAE UMR792, and CNRS UMR5504, Federal University 

of Toulouse, 135 Avenue de Rangueil, F-31077, Toulouse, France 
b Department of Chemical, Biotechnological and Food Processes, Faculty of Mathematical, Physics and 

Chemistry Sciences. Universidad Técnica de Manabí (UTM), 130150, Portoviejo, Ecuador. 
c Ecosystems Functioning and Climate Change Research Group FAGROCLIM, Faculty of Agriculture 

Engineering. Universidad Técnica de Manabí (UTM), 13132, Lodana, Ecuador. 

* andraded@insa-toulouse.fr, christhel.andrade@utm.edu.ec, twitter:@christhell  

 

Keywords 

cropping systems, harvestable biomass, high spatial resolution, baseline, SOC, pedoclimatic data 

Abstract 

This dataset describes the baseline cropping systems of Ecuador and the associated 

pedoclimatic conditions. A high spatial resolution approach was used to quantify the spatially-explicit 

theoretical and technical potential yield of ten key crop residues, as well as the inputs to soil and 

potential supply to the bioeconomy in terms of carbon. Besides, it provides future meteorological data 

(mean temperature and evapotranspiration) under the representative pathway concentration RCP4.5, 

in a monthly timestep, spatially explicitly assigned to the cropping systems defined within this baseline. 

The original data was extracted from the Agricultural and Livestock Public Information System (SIPA; 

MAG, 2023) of Ecuador. The potential yields were calculated as the average data reported by the 

Ecuadorian National Continuous Agricultural Production and Surface Survey (ESPAC) for the period 

2002-2019. Residue to product ratios (RPR), root to shoot (R:S), root distribution factors in soil profile, 

crop residues composition are parameters influencing the final C calculation and were determined 

based on literature review and accompany this database in order to keep the transparency of the data. 

This database provides all the baseline data required to perform long-term simulations of soil organic 

carbon for Ecuador. 

Specifications table 

Subject Agricultural sciences 

Specific subject area Soil organic carbon modeling in croplands. Assessment of potential C 

sequestration in agricultural soils. 

mailto:andraded@insa-toulouse.fr
mailto:christhel.andrade@utm.edu.ec
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Type of data Tables, figures, online database containing excel, csv, and shape files, as well 

as the scripts used to produce the data. 

How the data were 

acquired 

The original data was retrieved from the online database of the Agricultural 

and Livestock Public Information System (ALPIS; MAG, 2023) of Ecuador 

and received as courtesy from the Ministry of Agriculture of Ecuador and 

the Subsecretary of Climate Change of Ecuador. The procedures of data 

collection are detailed in section 3. Soil bulk density was retrieved from 

FAO, while parameters required to perform calculations over the data were 

compiled from exhaustive literature review.  

Data format Analyzed, Filtered 

Description of data 

collection 

The primary data was directly retrieved from the SIPA repository as 

detailed in section 2 and received as courtesy by the original authors. 

Georeferenced data was manipulated and intersected using ArcGIS. 

Agricultural production data was managed and processed using R. Climatic 

data was extracted from the original netcfd files using python, processed 

with R and then processed with ArcGIS.  

Data source location Ecuador 

Data accessibility List of primary data sources: http://sipa.agricultura.gob.ec/, courtesy from 

authors (Ministry of Agriculture of Ecuador and Sub-secretary of Climate 

Change of Ecuador). 

Secondary dataset repository 

The data has ben deposited in the “TBI - Toulouse Biotechnology Institute - 

T21018” dataverse at “Data repository for TBI team involved in the 

following research: "Interactions carbone du sol et utilisation des résidus 

de culture pour la bioéconomie", (CALMIP 2021 N°T21028) ». 

Repository name: Dataset for defining the spatially explicit baseline of 

cropping systems in Ecuadorian croplands and estimating the crop residues 

potential 

Data identification number: 

Direct URL to data: https://doi.org/10.48531/JBRU.CALMIP/VLKG8V.  

Related research 

article 

C. Andrade Diaz, E. Balugani, E. Zamora-Ledezma, L. Hamelin, Modelling 

the long-term carbon storage potential from recalcitrant matter inputs in 

tropical arable croplands, “Accepted Journal”, In Press. 

http://sipa.agricultura.gob.ec/
https://doi.org/10.48531/JBRU.CALMIP/VLKG8V
https://dataverse.callisto.calmip.univ-toulouse.fr/dataset.xhtml?persistentId=doi:10.48531/JBRU.CALMIP/VLKG8V
https://dataverse.callisto.calmip.univ-toulouse.fr/dataset.xhtml?persistentId=doi:10.48531/JBRU.CALMIP/VLKG8V
https://dataverse.callisto.calmip.univ-toulouse.fr/dataset.xhtml?persistentId=doi:10.48531/JBRU.CALMIP/VLKG8V
https://doi.org/10.48531/JBRU.CALMIP/VLKG8V
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Value of the data 

• Average crop yields for 10 key crops to supply bioeconomy in Ecuador are presented 

• Theoretical potential of crop residues in Ecuador is presented. 

• Potential C contribution to Ecuadorian SOC stocks from 10 key crops have been calculated. 

• To our knowledge, this is the first study to systematize and model this type of data for Ecuador 

on a national scale in a context of bioeconomy and pedoclimatic conditions. 

• Baseline current cropping systems in Ecuador are defined. 

• This dataset can be used by researchers to model potential bioenergy or biomaterials 

production using crop residues as feedstock, and to analyze SOC dynamics of the BAU and 

bioeconomy future perspectives in Ecuador.  

Objective 

The aim of this dataset is to provide the baseline scenario of current cropping systems in 

Ecuador and to supply the input data required to model soil organic carbon dynamics in Ecuador, in a 

high-resolution and spatially explicit manner. The dataset intends to cluster Ecuadorian croplands 

according to pedology and climatic homogeneity, and determine the potential crop residues available 

in the clustered area. Moreover, this dataset aims to provide the spatially explicit C inputs from aerial 

biomass and roots for each crop in the cropping systems, contributing to soil organic carbon dynamics. 

The specific monthly cumulated precipitations and evapotranspiration, as well as average monthly 

temperature for the 2020 – 2070 period of the clustered cropping systems is also provided. 

1. Data Description 

This dataset describes the baseline current cropping systems of Ecuador and the average 

expected carbon inputs to the soil in croplands dedicated to annual, semi-perennial, and perennial 

crops. It also quantifies the technically harvestable amount of crop residues that can be potentially 

mobilized to supply the bioeconomy for bioenergy o biomaterials production. Moreover, this dataset 

is of high spatial resolution, reported for specific combinations of soil and climate characteristics, 

known as pedoclimatic units. The daily temperature and precipitation projections from 2020 to 2070 

under the Representative Concentration Pathway (RCP) 4.5 were used to calculate potential 

evapotranspiration for the same future period according to the Thornthwrite equation. The 

meteorological variables were then processed to be displayed at the scale of the pedoclimatic units in 

a monthly timestep. This dataset was used to model the long-term (from year 2020 to year 2070) soil 

organic carbon dynamics in Ecuadorian croplands.  The dataset [2] comprises 5 Shapefiles, 13 scripts, 

3 excels, 6 csv plus one folder containing 23021 csv files. Also, within this document, we include 3 

figures and 3 tables.  
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Figure 1 deploys the workflow followed to cluster the Ecuadorian croplands by soil and climate 

characteristics to represent the current cropping systems as pedoclimatic units. Table 1 presents the 

total production and harvested surface of the 31 main crops reported in the National Continuous 

Agricultural Production and Surface Survey (ESPAC) (INEC, 2021) for the period 2016-2019. Figure 2 

shows the share of contribution of each crop to the total national croplands surface and production 

for the period (2016-2019). Figure 3 describes the sowing and harvesting calendar of the crops selected 

to supply the bioeconomy in Ecuador and is used to define the monthly availability of crop residues. 

Figure 4 presents the spatially explicit potential of crop residues in PJ (average yield from 2002 to 2019) 

as well as the crop contribution to that yield, for the APCUs included in the database. Table 2 presents 

the crop residues main characteristics and Table 3 presents the factors allocating the biomass across 

the plant crop (aerial residues and root biomass). Both tables are used in combination with Table 1 to 

determine the national crop residues potential. 

1. Figure 1: Workflow to cluster Ecuadorian cropping systems in agricultural pedoclimatic units. 

2. Table 1: Average crop yield reported for Ecuador for the period 2016 – 2019. 

3. Figure 2: Crop share for total national production and surface, period 2016 – 2019. 

4. Figure 3: Potential of crop residues at APCU scale. Share of contribution per corp to national 

potential energy 

5. Table 2: Crop residues composition 

6. Table 3: Factor required to allocate the crop residues biomass across the whole plant, i.e., 

aerial biomass (RPR) and root biomass (RtS). 

The files included in the data repository [2] are briefly explained in here and detailed in the medata txt 

file accompanying the database: 

7. Shapefile1: Agricultural pedoclimatic units (APCUs) defined  

8. Shapefile2: Map presented in Figure 3, showing the spatially-explicit crop residues potential in 

Ecuador, at APCU scale. 

9. Shapefile3: Map of accumulated monthly precipitation at APCU scale (RCP4.5). Scaled from  

10. Shapefile4: Map of mean monthly Temperature at APCU scale in timestep (RCP4.5) 

11. Shapefile5: Map of accumulated monthly evapotranspiration at APCU (RCP4.5) 

12. R Script 1: Determines the yield per crop and per province based on the historical national 

continuous survey of Ecuador, retrieved from [1]. 

13. R script 2: script used to input the pedoclimatic data and crop yields in the APCUs created in 

shapefile 1. 
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14. R Script 3 and 4: 2 scripts working on tandem to calculate the aboveground and belowground 

carbon in each APCU. 

15. R Scripts 5, 6, and 7: 1 script used to calculate the monthly mean temperature in each APCU, 

under the RCP 4.5 projections, from 2020 until 2070. 2 scripts used to calculate monthly 

evapotranspiration according to the Thornthwaite method and then scaled at APCU level. 

16. Python script 1 and 2: 2 python scripts used to process the original minimum and maximum 

temperature, as well as the precipitation netcdf files containing the daily projected data until 

2070, under RCP 4.5, cordially supplied by the Sub-secrertary of Climate Change of Ecuador [3] 

17. R script 8: Script used to pepare the initial input data used by the soil model in the companion 

research paper. 

18. Python script 3, 4, and 5: Pyhton scripts used to create the R scripts subseting the input data 

at APCU scale. 

19. R script 9: Script used to convert Climate csvs created in this database into shapefiles.  

20. Excel 1: Yield per crop per province per year (t ha-1 y-1) 

21. Excel 2: Crop residues potential per APCU in tonne (dry matter), and PJ 

22. CSV1: Average yield per crop per APCU in monthly timestep 

23. Folder TS: 17118 CSV files: Monthly Potential crop residues in tonne C ha-1 (dry matter) per 

per crop type, split into aboveground and belowground inputs. Each file corresponds to a 

separate APCU. 

24. CSV2: Initial SOC conditions per PCU. It includes total initial SOC in t C ha -1, as well as the SOC 

allocated in each soil pool (Decomposable plant matter: DPM, Resistant plant matter: RPM, 

BIO: Biological pool, HUM: Humified matter, IOM: Inert organic matter) 

25. CSV3 and 4: Monthly mean temperature at national scale (longitude and latitude provided) 

and scaled at APCU level, period 2020 – 2070, RPC4.5 

26. CSV5 and 5: Monthly accumulated evapotranspiration at national scale (longitude and latitude 

provided) and scaled at APCU level, period 2020 – 2070, RPC4.5 

27. CSV 6: Monthly accumulated precipitations at APCU level, period 2020 – 2070, RPC4.5 

28. Excel 3: Harmonized database to determine coefficients required to calculate the crop residues 

potential and C inputs. It includes also the parameters describing the characteristics of the 

coproducts obtained when the crop residues are converted in the bioeconomy 

29. Excel 4: Calculation of carbon conversion coefficient for digestate produced from tropical crop 

residues  
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Fig 1. Workflow to create the agricultural pedoclimatic units (APCU) representing the cropping systems 

in Ecuador. b) climate layers are intersected with a) SOC map at 0-30 cm (1:100 000) to produce c) 

Pedoclimatic Units (PCU); then the d) Land use map is filtered to agricultural lands, the e) croplands in 

PCU are selected to produce the national f) APCUs, for which soil clay content and bulk density is 

assigned. Constraints are applied to the APCUs to define the h) representative APCUs and final 

selection of i) simulation units based on knowledge of soil pool sizes according to the RothC (Coleman 

and Jenkinson, 1997) model soil pool distribution. 
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Table 1. Average national agricultural cropland distribution by crop type for the period 2016-2019 as 

a representative of current data, retrieved from data reported by INEC (2021). Used to select the crops 

included in the final database. 

Crop Type 
Harvested 

surface (ha) 
Production 

(tonnes) 
Yield 

(tonne/ha) 
Oil palm Perennial 227494.23 2781615.49 12.23 
Avocado Perennial 4362.97 20421.13 4.68 
Banana Semi-perennial 168790.73 6384856.34 37.92 
Barley Annual 11672.25 16031.39 1.37 

Broccoli Annual 8831.16 145891.25 16.21 
Cocoa Perennial 495263.35 246054.33 0.49 
Coffee Perennial 32402.28 5990.94 0.18 
Beans Annual 33547.15 32245.34 1.27 
Faba Annual 8740.70 20771.37 2.81 
Peas Annual 6420.99 12882.98 2.30 

Lemon Perennial 5022.93 26262.78 5.23 
Maize Annual 412484.08 1462483.58 4.02 
Mango Perennial 16768.00 85826.23 5.16 
Onions Annual 8365.66 37221.27 4.44 
Orange Perennial 15527.79 120169.40 7.74 
Orito Semi-perennial 6007.22 32879.37 5.51 

Palmetto Semi-perennial 6155.29 44452.07 7.15 
Passion fruit Semi-perennial 7450.65 45265.13 6.10 

Peanuts Annual 5649.48 4273.44 0.76 
Pineapple Semi-perennial 4008.35 116261.28 29.15 
Plantain Semi-perennial 111736.73 699589.81 6.35 
Potato Annual 25164.72 350538.43 13.92 
Quinoa Annual 2593.91 3348.73 1.39 

Rice Annual 318548.11 1277486.48 4.05 
Soy Annual 24827.32 33809.98 1.36 

Sugarcane Semi-perennial 127521.45 9465268.38 74.42 
Tobacco Annual 4408.45 5326.39 1.26 
Tomato Annual 1849.69 44029.18 24.31 

Tomato (fruit) Semi-perennial 1756.23 21197.58 11.94 
Wheat Annual 4369.12 7533.39 1.67 
Yucca Annual 15287.90 80856.13 5.30 
TOTAL  2123028.90 23630839.57 300.71 

a Only the harvested surface considered. b Sum of the dry and tender crop. c Sum of hard and soft maize. 
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Fig 2. Share of a) harvested surface and b) production reported for the crops selected in this study. 

Average for the years 2016-2020. 

 

Fig 3. Spatially-explicit theoretical PJ potential of crop residues to supply the bioeconomy and 

crop contribution to this potential. 
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Table 2. Main characteristics of the residual biomass included in the databasea 

Crop 
Main Product Aerial biomass  Rootd 
Dry matter b 

(%) 
Type 

C 
(%) 

LHV 
(MJ kg-1) 

 
Distribution at 
30 cm depth c 

Ref. 

Oil Palm 15 Fronds, 
empty fruit 
bunch, fiber 

51.86 16.99  0.97 [5] 

Banana - 
Plantain 

15 Leaves, 
pseudostem, 

rachis 

41.50 11.89 
12.79 

 0.965 [6] 

Barley 89 Straw 47.60 15.78  0.94 [7] 
Cocoa 85 Husk, 

branches 
46.13 14.86  0.97 [5] 

Coffee 85 Husk, 
branches 

50.29 14.93  0.97 [5] 

Maize 87 Stover, husk 48.69 16.13  0.952 [7] 
Rice 89 Straw, husk 41.00 15.53  0.94 [7] 

Sugarcane 83 Straw, leaves 45.65 16.68  0.969 [8] 
Wheat 89 Straw 49.09 14.25  0.96 [7] 

a Stem from a compilation of data available in the Database Repository, at Andrade et al [2]. Number of digits 

not to be seen as an indication of precision, but are kept for as input for subsequent calculation. 

b As reported by Morais et al. Morais et al. (2019). 

c Beta (β) value to calculate the soil C inputs due to root distribution at a given depth, herein at 0 – 30 cm soil 

profile. Crop specific β values are used here. 

d Due to lack of specific data per crop type, the average Carbon content in the roots has been defined as 40% for 

all the crops based on Bolinder et al., [10] 
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Table 3. Summary of RPR and RtS parameters considered 

Feedstock Type of residue Fixed RPR RPR equation 
Yield-dependent 

RPR a 
RtS References 

Oil Palm Fronds 7.75, 5.07, 10.8 - - 0.25, 0.43, 
0.31, 0.39, 

0.32, 0.3, 0.3, 
0.39, 0.35, 

0.08, 
0.31 

[11], [12], [13], 
[14], [15], [16], 

[17], [18], 
Shells 0.72, 1.00, 0.22, 0.04, 

0.06 
Empty fruit bunch 1.45, 0.21, 0.30 

Fiber 0.15, 1.6, 1.06, 0.14, 0.72, 
0.44 

Average 1.31 
Banana - 
Plantain 

Leaves 0.64, 0.35, 30, 1.5 - - 0.56, 0.59, 
0.065, 0.10, 
0.05, 0.049, 

0.24 

[19], [20], [21],  
[22], [23], Pseudostem 2.97, 5.6, 2.5, 5.00 

Rachis 0.40, 0.16, 0.15 
Flowers 0.04 
Average 3.79b 

Barley Straw 0.80, 1.50, 1.30, 1.50, 
1.00, 1.75, 1.00, 1.24, 
1.50, 1.30, 1.20, 0.90, 

1.00, 1.06, 1.30 

1.822*exp(-0.149*Y) 1.60 0.3, 0.33, 0.3, 
0.39, 0.35, 

0.31, 0.5, 0.5, 
0.61, 0.37, 
0.32, 0.38, 
0.15, 0.31, 

0.22 

[24], [25], [13], 
[26], [27], [19], 

[28] 

Average 1.22 

Cocoa Husk 0.57, 0.50, 2.23, 1.00, 
0.97, 11.5, 12.38 

- - 
0.28, 0.23, 

0.255, 0.338, 
0.31, 0.37, 0.5, 

0.52, 0.41, 
0.42 

[11], [12], [19], 
[16], [29], [30],  

[31] Average 4.16 
Coffee Husk 2.10, 0.21, 0.24, 1.16, 

5.42, 1.00 
  [32],  [11], [12], 

[33], [29], [34], 
[35], [36], [37], Average 1.74 
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Feedstock Type of residue Fixed RPR RPR equation 
Yield-dependent 

RPR a 
RtS References 

Maize Husk 0.20 - 
2.656*exp(-0.103*Y) 

2.18  
0.22 

[32], [38], [11], 
[39], [24], [40], 
[12], [25], [13], 
[41], [42], [26], 
[27], [43], [44], 
[19], [45], [20], 
[46], [21], [47], 

Stover 0.42, 0.78, 2.00, 2.14, 
2.30, 1.56, 2.00, 2.32, 
0.93, 1.60, 2.00, 1.59, 
0.63, 2.50, 1.63, 1.43, 

1.30, 2.30 
Average 1.49 

Rice Husk 0.27, 0.20, 0.57, 0.22, 
0.29, 0.63, 1.50, 0.27, 

0.23, 3.28, 0.23 

- 
- 

2.450*exp(-0.084*Y) 

1.89 0.21, 0.16, 
0.25, 0.14, 

0.16, 
0.16 

[32], [38], [11], 
[48], [39], [49], 
[24], [40], [50], 
[51], [52], [12], 
[25], [53], [13], 
[33], [26], [27], 

[43], [44], 

Straw 1.48, 0.45, 1.36, 1.7, 2.19, 
1.045, 1.757, 1.7, 1.23, 

1.757 
Average 1.10 

Sugarcane Leaves 0.18, 3.75, 0.13, 0.10, 
0.05, 0.34, 0.22, 0.32, 0.3, 

0.18, 0.05, 0.19, 0.35, 
0.23, 3.26, 0.38, 0.34 

- - 0.17, 0.47, 
0.30 
0.31 

[54], [11], [39], 
[40], [13], [33], 
[27], [44], [19], 
[20], [46], [47], 
[37], [55], [8], 

[56], 
Trash 3.26, 0.38, 0.34 

Average 0.61 
Wheat Straw 1, 1.08, 1.80, 1.30, 1.20, 

1.34, 1.84, 1.75, 0.60, 
1.00, 1.26, 1.60, 1.80 

2.186*exp(-0.127*Y) 1.95 0.20, 0.14, 
0.29, 0.25, 

0.56, 0.032, 
0.021, 0.23 

[38], [39], [24], 
[40], [25], [13], 
[26], [27], [45], 

[10], , [57], [58], Average 1.35 
a National average. Calculated for an average yield for 20 years (2002-2019) and as the average of all the provinces. b Average for all residuals parts of banana 

plant determined by Ulloa-Ortiz et al., 2222 for banana plants in Ecuador. Database:  [2]  
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2. Experimental design, materials, and methods 

The spatially explicit potential production of crop residues in Ecuador was determined by 

processing geographical and statistical information retrieved from the National reporting sources 

[1,59]. High resolution spatial data was manipulated and intersected using ArcGIS [60] and Python 

[61], while the statistical information corresponding to each explicit location was processed using R 

[62].  

2.1 Pedoclimatic units 

The Andes mountain range divides mainland Ecuador in three natural regions (Coastal Plane, 

Highlands, and Amazonia) with complex and diverse meteorological and soil characteristics, 

landscapes, and biodiversity [63]. This diversity is reflected in a wide variety of cropping systems that 

can be represented by clustering the country in the so-called pedoclimatic units (PCU), which are 

unique combinations of soil properties (i.e., clay content, SOC content) and climatic variables (i.e., 

temperature and precipitation) [64].  

The PCU creation was based on the target zones reported in the National Report of Ecuador 

for the Global Soil Organic Carbon sequestration map [63,65]. PCUs were produced by intersecting the 

national SOC stock map at 0 – 30 cm (1:25000) [66] with the climate layers (1:400000) extracted from 

Terraclimate [67] for the periods 1980 – 2000 and 2001 – 2020. The national land use map (1:25000) harmonized 

at 1km, with data collected from 2009 to 2015 [68] was then used to locate the PCUs dedicated to 

croplands, hereon referred as agricultural pedoclimatic units (APCUs). Only the APCUs dedicated to 

harvest the crops detailed in Fig 2 were included in the final dataset. This selection yielded 105,032 

APCU, covering 2.19 Mha, which represent approximately 96% of the national cropland area (annual, 

semi-perennial and perennial croplands). The bulk density and clay content of the selected APCUs, at 

0 – 30 cm, were retrieved from the ISRIC Soilgrids database [69].  Bulk density data were not available 

for 13512 APCUs, and thus the bulk density of the neighboring APCUs was used as proxy for the missing 

values. We refined the selection of APCUs, by restricting it to only APCUs with at least 10 ha of area, 

which yielded 23,021 APCUs representing 87% (1.92 Mha) of the initial selection (84% of total 

croplands).  

2.2 Crops selection 

Agricultural land is inhere defined as the share of arable land dedicated to annual, semi-

perennial, and perennial crops, as well as cultured pastures (ref:FAO?worldbank?). In 2020, the 

agricultural land of Ecuador covered 4 333 284 (INEC, 2021; retrieved from MAG, 2023b), of which 

2 126 820 ha correspond to annual, semiperennial, and perennial croplands (harvested land only).  

Despite 147 crops (annual, semi- perennial, and perennial) have been identified in the land use map of 
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Ecuador [68], only the harvested surface and total production of the main 38 crops are reported in the 

ESPAC (Table 1) collected every year [59], at a province spatial scale. According to the average last 4 

years of the ESPAC (2016 -2019) as a representative of the current cropping systems (INEC, 2021), 

approximately 95% of the national production is currently characterized by ten crops (i.e., oil palm, 

banana, cocoa, coffee, maize, plantain, rice, sugarcane, wheat, and barley), which represent a 90% 

share of the total harvested croplands (Fig 2), and have been deemed as key for bioenergy in Ecuador 

[29]. 

Note that while the ESPAC [4] is performed in a yearly basis, the land use map [68] was 

delivered in 2015, thus a slight difference in the total surface covered in each dataset can be observed 

(i.e., APCUs represent 96% of the croplands surface reported in the land use map, while it represents 

92% of the surface in the 2020 CAPSS). However, since the production level is further converted to 

yield in tonne ha-1 (see section 2.3) and due to the high spatial explicitness of the land use map, the 

final surface reported corresponds to that of the land use map.  

Despite the production and surface use data of Ecuador is collected with high spatial resolution 

and time frequency, information regarding farming management is currently sparse in the country. 

The National Agricultural Livestock Registry (RENAGRO) project is currently ongoing to bridge this gap 

of knowledge with expected results to be available after 2023. Therefore, due to lack of systematically 

reported data regarding crop rotations and based on expert’s knowledge and grey literature for the 

Ecuadorian cropping systems that indicate intensive monoculture systems, crop rotations were not 

included in the dataset. Therefore, only one crop is reported for a given APCU. 

2.3 Spatially explicit biomass potential assessment 

The potential biomass available in Ecuadorian croplands was determined for the crops selected 

in section 2.2, based on the main product yield calculated for each crop. Total production and 

harvested surface data were retrieved for the period 2002- 2019 from the NCAPPS  [4] to calculate the 

average annual yield in tonne ha-1, per crop and province (Eq 1). 

𝑌+8 =
:(0LOH'+0,%,
4O(G*H)%,

 Eq 1 

Where, for crop i in province j, Yij is the primary economic yield in tonne ha-1, Productionij is 

the total production (tonne), and Surfaceij is the harvested surface.  

While each crop has a different sowing and harvest calendar (Fig S1 in companion Research 

paper), the ESPAC data is reported in an annual cumulated basis. Therefore, the monthly yield was 
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calculated as the annual yield divided by the number of harvesting months reported in the cropping 

calendar and assigned to the corresponding month. 

The potential residual biomass produced in Ecuador was estimated as a function of the primary 

crop yield (Yij), using reported residue to product (RPR) ratios for each crop (Eq 2). RPR is defined as 

the ratio of aboveground residual biomass yield (R) to the primary crop yield (Y) dry matter (Table 2 

and 3) [70].  

𝑅𝑃𝑅 = !
J

    Eq 2 

RPR values could be reported as a fixed value or as a value dependent on Y derived from 

specific equations [71] . Yield dependent RPRs were used when available and were calculated using 

the specific RPR equations (Table 3) and the average yield of each crop (2002 – 2020) per province. We 

then averaged the province-wise yield-dependent RPR values to obtain a national single value per crop. 

For crops where RPR equations where not available, the residual biomass was calculated using fixed 

RPR values retrieved from the literature. Fixed RPR values for each residue part of a given crop were 

collected (Table 3) and the average “residue RPR” per crop was used. 

The potential spatially explicit residual biomass produced was calculated for each APCU and 

for each crop, considering the crop yield, the RPR, and the total surface using Eq 3. 

𝑅𝑖𝑗 = 𝑅𝑃𝑅𝑖	𝑥	𝑌𝑖𝑗	𝑥	𝑆𝑗   Eq 3 

Where, for crop i in APCU j, Rij is the amount of residual biomass produced, RPRi is the residue 

to product ratio, Yij is the primary product dry yield, and Sj is the APCU surface. The theoretical spatially 

explicit residue production is expressed in terms of energy based on the reported LHV values of each 

crop residue (Table 2) at an APCU scale (Figure 4). Moreover, the share of contribution of each crop to 

the total potential at a province scale is also presented in Figure 4.  

2.3 Carbon inputs 
The potential input of carbon from crop residues to the croplands soil can be calculated as the 

sum of the above- (i.e., aerial residual biomass) and belowground (i.e., root and root exudates) carbon 

inputs (Eq 4).  

Aboveground carbon inputs were determined by converting the residual aerial biomass (R) 

into carbon content with the carbon fraction in Table 2. Belowground carbon inputs refers to the C 

contribution from the root biomass and the extra-root rhizodeposit in soil [10] for the soil profile 

considered in the study. The root biomass is determined as a fraction of the total shoot biomass (i.e., 
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primary yield and residual biomass) using the root to shoot ratio (R:S, Eq5) [72]. The belowground C at 

0 – 30 cm depth was determined using Eq 9 and 10, for a root C content of 40% (Bolinder et al., 2007).  

𝐶_𝑖𝑛+8 = 𝐶! + 𝐶(00'_L)I'P + 𝐶?_L)I'P   Eq4 

𝐶! = -𝑅+8 × 𝐶_𝑟𝑒𝑠+1   Eq5 

𝐶(00' = -𝑅𝑜𝑜𝑡+8 × 𝐶_𝑟𝑜𝑜𝑡+1   Eq6 

𝑅𝑜𝑜𝑡+8 = 𝑅: 𝑆 × -𝑌+8 + 𝑅𝑃+81  Eq 7 

𝐶? = 𝐶(00' × 0.65  Eq 8 

𝐶(00'_Q6H# = 𝐶(00' × (1 − 𝛽Q6)  Eq 9 

𝐶?_Q6H# = 𝐶(00'_Q6H# × 0.65  Eq 10 

Where, for crop i and APCU j, C_inij (t C ha-1) is the total carbon input to soil, Rij is the dry 

residual biomass (tonne ha-1), Rootij is the dry weight of the roots, C_resi and C_rooti are the C fraction 

of the residual biomass and root, respectively, as defined in Table 2. The extra-root C was calculated 

as 65% of the root C (Croot) for all the crops in the dataset (i.e., annual, semi-perennial, and perennial), 

according to [10]. Croot_30cm corresponds to the effective root C in the 0 – 30 cm soil profile, CE_30cm 

corresponds to the C from root exudates in the 0 – 30 cm soil profile, and β is a factor determining the 

root distribution at a given soil profile (here 30 cm depth). 

24 Meteorological variables 

We used the RCP4.5 temperature (i.e., maximum and minimum) and precipitation projections, 

downscaled for Ecuador according to on an ensemble model based on the IPSL-CM5A-MR, MIROC-

ESM, GISS-E2-R, CSIRO-Mk3-6-0 global models, performed by the Sub-secretary of Climate Change of 

the Ministry of Environment, Water and Ecological Transition of Ecuador – MAATE (data received as 

courtesy and only available under request to the original authors). The four models used to produce 

the ensemble model were selected as the most representatives among a previous test including 15 

models. Data was received in a daily timestep and were processed to calculate the monthly cumulated 

precipitation (mm) and the average monthly temperature (°C), for the period 2020 - 2070. Due to lack 

of data reporting the mean temperature projected, it was calculated as the average value between the 

maximum and minimum temperatures in the original database (Eq 11). The temperature data 

consisted of four variables, namely i) date, ii) longitude, iii) latitude, and iv) temperature. The monthly 

values were then joined with the PCU shapefile to assign the corresponding temperature to each APCU. 

𝑇#)*,% =
RE12/%SE1%3%T

=
 Eq 11 
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where, for PCU i, Tmeani is the mean temperature calculated, Tmaxi is the maximum reported 

temperature, and Tmini is the minimum reported temperature. 

The potential evapotranspirtation (PET) was computed, following Morais et al. (2020), by using 

the Thornthwaite method [73]. The calculated Tmeani projected under the RCP4.5 trajectory was used 

within the Standardized Precipitation Evapotranspiration Index (SPEI package SPEI v1.7, updated 20xx) 

package [74,75] to calculate the projected future evapotranspiration under the RCP4.5 in each APCU. 

The original data was extracted, converted from daily to monthly basis, and assigned to the PCUs using 

Python, while the Tmean and PET data was created using R [62]. 

The processed meteorological data (Tmean, PET, and precipitation) was produced as CSV files 

and converted to shapefiles using the sp package of R and assigned to the coordinate system CRS 32717 

(WGS84/UTM zone 17S) to be harmonized with APCU shapefile produced in section 2.1. The 

meteorological data was assigned to the corresponding APCU based on the longitude and latitude 

using the nearest neighbor (st_nn) function of the nngeo package [76] in R. The st_nn function allows 

to assign the attributes of one shapefile to another one based on matching the nearest longitude and 

latitude values in the two shapefiles. 
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Supplementary Information of Chapter 4 – Section 1 

The content of this appendix is part of the supplementary information accompanying the paper 3 of 

this thesis and is currently under preparation to be submitted to peer review. The numbering of the 

sections, figures and tables are as presented in the original paper. 

The background data of this appendix is available in the following 

repository:  https://doi.org/10.48531/JBRU.CALMIP/VLKG8V 
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1. Spatially explicit biomass potential 

The detailed methodology and data used to define the APCUs and the spatially explicit carbon 

inputs in the business-as-usual (BAU) scenario are transparently documented in the companion data 

paper [1] and the key elements are explored in here. 

1.1 Pedoclimatic data 

The complex pedoclimatic characteristics of mainland Ecuador, entailing three regions (Coastal 

Plane, Highlands, and Amazonia)4 with marked climate and soil characteristics play a role in the 

regional cropping systems. This rich diversity is well represented in the agricultural pedoclimatic Units 

(APCUs) developed in this study, built upon the unpublished background data used in the National 

Report of Ecuador for the Global Soil Organic Carbon sequestration (SOCS) map [2,3] received as a 

courtesy. The APCUs created by the intersection of georeferenced data reporting the national SOC 

stocks at 0-30 cm [4], climate layers containing the mean temperature, precipitation, and 

evapotranspiration (ETP) [5]), and detailed land use information [6] for the period 2009 – 2015 

represented approximately 2,28 Mha of croplands. The selection of APCUs including only the crops of 

interest (Table S1), resulted in 105,032 APCUs representing 96% of the national cropland surface. By 

limiting the APCUs by the surface extension to at least 10 ha, the number of APCUs was decreased to 

23,021, representing 84% of the national croplands. Due to lack of information on crop rotations in 

Ecuador (further explored in section 1.2) the APCUs were considered as the simulation units in this 

study. Due to unconformities on the study performed by MAG [3] for the global SOCS map [2,3] (i.e., 

no SOC stocks simulated and negative size of soil pools) the cropland surface simulated was reduced 

to 1.19 Mha, which was represented by 15,782 APCUs (see section SI. 3.1). 

1.2 Biomass potential 

The Ecuadorian National Continuous Agricultural Production and Surface Survey (NCAPSS; [7,8] 

presents the total annual production and harvested surface of 38 crops at a provincial level. 

Approximately 95% (average last five years) of the total national production is represented by 10 crops 

covering 90% of the cropland surface [1] and were thus selected for the APCU creation. Despite 

Ecuador is recognized as an agricultural country, there is sparse information on crop rotations and the 

grey literature reports extensive monoculture systems across the country. Therefore, the crops 

 
4 The region of Galapagos was not considered in this study due to their poor contribution to the national 
agricultural mix. 
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included in this study are assumed to be managed in monocultured systems, according to the 

representative sow-harvest schedule of the country (Fig S1). 

 

Fig S 10. Sowing and harvest calendar for crop seasonality in Ecuador [9–13]. 

The spatially explicit potential production of crop residues in Ecuador was determined based 

on the last 18 years (from 2002 to 2019) of data reported in the NCAPSS, for each APCU, using Eq S1 

with the residue to product ratios (RPR) values reported in Table 1, in the companion data paper [1].  

𝑅𝑖𝑗 = 𝑅𝑃𝑅𝑖	𝑥	𝑌𝑖𝑗	𝑥	𝑆𝑗  (Eq S1) 

Where i represents a given crop in a specific j APCU, R is the quantity of residues produced (t 

DM), RPR is the residue to product ratio, Y is the main product yield (t DM) as determined in “data 

paper”, and S is the APCU surface. 

RPR assumes that the relationship between the primary yield of a crop and the residues 

generated can be mathematically expressed as a fixed factor or as a function of the crop yield [14]. 

Nonetheless, the actual quantity of crop residues produced is influenced by a plethora of factors (e.g., 

soil characteristics, meteorological conditions, farming practices, among others) which challenges the 

endeavor of quantifying the residue potential of a country. We privileged the use of yield dependent 

RPRs and when not available an average fixed RPR, derived from the compilation of several studies in 

Andrade et al. [15], was used for each crop. Table 1 presents the national total crop residues potential 

per crop, while the spatially explicit amount per APCU is transparently reported in Andrade et al. [15] 

and in the data paper [1]. 

The soil model RothC used in this study operates at a monthly timestep, and therefore the 

annual crop yield, steaming from the annual NCAPPS, was downscaled to monthly inputs using the 

sow-harvest calendar in the companion Data paper. The vast majority of crops included in this study 



APPENDIXES 

323 
 

 

are semi-perennial or perennial, thus the harvest cycle is considered to cover a full year and the annual 

yield is divided by 12 months and equally allocated to each month. The annual crops present their own 

specific harvest season and the yield is considered to be allocated across the growth and harvest 

months in an equal proportion. The sowing and fallow months are used to indicate to RothC which are 

the months exhibiting bare soil, per crop type. 

Table S3. Biomass potential for the croplands considered in the study  

Crop Type  RPR a 
LHV 

(MJ.kg-1) a 

Technical 
harvestable 

fraction 

Biomass 
theoretical 

potential (PJ) b 
References c 

Banana 3.79 11.89 0.1 21.37 [16], [17], [18], [19] 

Barley 1.60 15.78 0.5 0.13 [20], [21], [14], [22], [23], 
[24], [25], [16] 

Cocoa 4.16 14.86 0.1 6.77 [26], [27], [28], [16], [29], 
[30], [31], [32] 

Coffee 1.75 14.93 0.1 0.27 [33], [26], [28], [23], [34], 
[31], [35], [36] 

Maize 2.18 16.13 0.3 30.54 [33], [37], [26], [38], [39] 
[21], [14], [40], [27], [28], 
[22], [23], [41], [25], [42] 

Oil Palm 1.31 16.99 0.1 5.75 [26], [28], [23], [43], [44], 
[17], [30] 

Plantain 3.79 12.79 0.1 2.51 [16], [17], [18], [19], [28], 
[45] 

Rice 1.89 15.53 0.4 25.75 [33], [20], [37], [26], [38], 
[39], [21], [40], [46], [27], 
[28], [22], [23], [34], [47], 
[24], [25], [48], [42], [49] 

Sugarcane d 0.23 16.68 0.1 19.60 [20], [26], [38], [40], [23], 
[34], [50], [25], [42], [17], 

[18], [51], [36], [52] 

Wheat 1.95 14.25 0.4 0.04 [38], [21], [14], [40], [22], 
[23], [24], [25], 34] 

[26], [28], [23], [43], [44], 
[17], [30] 

TOTAL    112.72  
a Average value from various sources compiled in Andrade et al. [15]. Here we consider the average of residues 

produced by each crop, as presented in Data paper.b Based on the average yield for 2002-2019. Yield multiplied 

by the surface of APCU to account only for the surface included in the APCUs. This potential represents 52% of 
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national croplands in Ecuador; c References for RPR and LHV values; d Sugarcane is reported as “industrial use” 

for sugar production and “other uses” in the NCAPSS. Here total production represents the sum of the two types 

of sugarcane in the NCAPPS.  

1.3 Carbon inputs and exports 

The carbon inputs to the soil are determined as the sum of the carbon contained in the aerial 

biomass (i.e., left on the field) and the roots, including root exudates [53,54]. The former source of C 

is here referred to as aboveground (C_ab) while the latter is considered as belowground (C_be). For 

the business-as-usual scenario (BAU, described in section 2.1 of main manuscript) the total C inputs 

correspond to the total C in the crop residues and the root C in soil depth considered in the study 

(here 0 – 30 cm). For the mitigation scenarios, a fraction of the aboveground C is considered to be 

harvested based on the technical harvestable fraction (Table S1), render a service to the 

bioeconomy, and partly returned as recalcitrant carbon through the input of the exogenous organic 

matter (EOM) remaining after the conversion process (Fig S2).  

The characteristics of the crop residues and the type of harvest-machinery available in the 

country influence the amount of crop residues that can be harvested (technical harvestable fraction). 

Previous studies [21,55] have reported that approximately 60 – 80 % of the total residue can be 

collected for cereal crops, based on the cutting height of the harvesting machinery and the average 

height of the plant. For annual crops (i.e. cereals), the technical harvestable fraction used was the same 

as in Andrade et al., 2023. While the main crop residue of annual crops is straw, which must be cut to 

be collected, the semi-perennial and perennial crops produce residues such as husks, leaves and 

branches, that could be completely collected by the farmers while harvesting the primary product. 

However, to remain conservative, the technical harvestable percentage was fixed to be 90% for these 

crop residues. The non-harvestable fraction of residues is considered to be incorporated to the soil 

and are accounted for the soil C balance. 

The spatially explicit carbon inputs for the BAU and mitigation scenarios are openly available 

in Andrade et al. [15] and the detailed calculation procedure, including the equations used, is 

transparently reported in data paper [1]. Note that aerial biomass is calculated using RPR whereas root 

biomass is calculated using root-to-shoot (RtS) ratios, retrieved from the literature, both varying 

according to the reference source and location. Both RPR and RtS can highly influence the total C inputs 

and SOC evolution, and are thus considered a source of uncertainty.  
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Fig S11. Scheme to determine the C inputs in the soil as calculated in this study. RP: Residues 

production, Y: primary economic product yield, RPR: Residue to product ratio (specific for each crop), 

RtS: root to shoot ratio, C_ab: Aboveground carbon, C_be: belowground carbon, C_bioeco: C exported 

to the bioeconomy through harvesting the crop residues, C_EOM: Carbon in the exogenous organic 

matter input, SOC: soil organic carbon. 

2. Simulation scenarios 

This study entails five simulation scenarios, one BAU and four mitigation developments. The 

BAU represents the current cropping systems where crop residues are not valorised in the 

bioeconomy. In Ecuador, crop residues are mainly considered a waste and their maintenance in the 

fields is avoided to prevent the attraction of plagues and to facilitate subsequent sow harvest cycles. 

The main way of disposal of crop residues in Ecuador is open field incineration instead of ploughing in 

soils, which is the common practice in developed countries. However, due to lack of data regarding 

the spatial explicitness, frequency, and amount of crop residues being burned, in this study the BAU 

considered that crop residues are just left on the field and not burned. The mitigation scenarios 

comprehend the return of stabilized EOMs to the soils, these being biochar from fast pyrolysis 

(pyrochar) and gasification (gaschar) processes, hydrochar from hydrothermal liquefaction (HTL), and 

anaerobic digestion (AD) digestate. 



APPENDIXES 

326 
 

 

Thermochemical technologies such as gasification, pyrolysis, and HTL, subject the biomass to 

high degrees of temperature and/or pressure that convert the carbon in the biomass into bio-oil (i.e., 

pyrolysis and HTL) and syngas [56]. These extreme conditions exert a change in the unconverted 

carbon molecules. It has been well documented by previous authors [57,58] that the higher the 

temperature and reaction times, higher the rate of aromatic groups in the remaining unconverted 

biomass but lesser the amount of residual biomass (i.e., better biofuel yields).  

Aromaticity has been found to be directly related to resistance to degradation, aka 

recalcitrance, while higher degrees of aliphatic components are related to more labile matter [59,60]. 

This understanding is highlighted when comparing thermochemical processes with the biochemical 

process of anaerobic digestion. The mild conditions of AD are not enough to cause a change in the type 

of carbon in the unconverted biomass remaining after the AD process. Therefore, the digestate matter 

contains the same type of molecule of carbon as the raw biomass (i.e., mainly lignin), with the 

difference that the labile fraction has been already converted to biogas. In attention to this, the degree 

of recalcitrance of digestate is markedly lower than that of biochar and the mean residence time is 

expected to be of only 1 year. A brief description of each conversion pathway, including process 

conditions, coproducts obtained (under study in this work), and yield of coproduct are detailed in Table 

S2.  
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Table S4. Conversion pathways conditions, products, and coproducts [56]. 

Conversion 

Pathway 
Description 

Main 

product 
Coproductsa 

Pyrolysis Thermochemical process carried out in absence of oxygen, at 300 

– 700°C, lasting from a few seconds to a couple hours, using dry 

feedstock (DM > 90%). Pyrolysis processes comprising 

temperatures from 300 – 500°, lasting a couple seconds, are 

considered to favour the production of bio-oil and are referred to 

as fast-pyrolysis. In this study, we consider a fast-pyrolysis 

process. 

Bio-oil Biochar 

(pyrochar), 

non-

condensable 

gases 

Gasification Thermochemical process carried out in the presence of a limited 

amount of oxygen (i.e., below combustion requirements), at 

temperatures ranging from 700°C to 1200°C, using dry feedstock 

(DM > 90%). Here we include a gasification process carried out at 

a temperature range of 800 – 1200°C. 

Syngas Char 

(gaschar), 

tar, ashes 

Hydrothermal 

liquefaction 

(HTL) 

Thermochemical process, similar to pyrolysis, but carried out at 

lower temperatures (280 – 370°C), lasting approximately 20 to 30 

minutes, and using wet biomass (DM < 20%). The HTL process 

considered in this study includes the use of catalysts to improve 

the efficiency of the process (i.e., higher bio-oil yields). 

Bio-oil Hydrochar, 

non-

condensable 

gases 

Anaerobic 

digestion (AD) 

Biochemical process, carried out in the absence of oxygen and 

presence of microorganisms that convert the organic fraction of 

the feedstock into a gas stream mainly composed of CH4 and CO2. 

AD can be performed in an array of temperature and retention 

times combination, mainly influenced by the type of 

microorganism involved in the process. The process requires the 

use of wet feedstock (DM < 35%) and can be performed using a 

single feedstock (mono-digestion) or a mixture of feedstock(co-

digestion) to attain the desired conditions of initial composition 

(e.g., DM, C content, C:N ratio, among others). Here we consider 

a mono-digestion process where the crop residues are mixed with 

water to attain the desired DM content, with mesophilic 

temperatures (30 – 50°C) and retention times of 1 to 3 months. 

Biogas Digestate 

a Considered as the EOM returned to soils in this study 
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3. Soil Model 

3.1 Size of the soil pools 

The RothC [61] soil model used in this study requires knowledge on the size of each soil pool 

(see section 2.4.1 of main manuscript) in order to properly allocate the initial soil organic carbon (SOC) 

stocks. The Ecuadorian contribution to the global SOC sequestration map [2,3] performed a back-run 

calculation for 500 years, which allowed determining the size of each soil pool in RothC, with high 

spatial-resolution. The fraction calculated by MAG was then used to set the size of the pools in each 

APCU. To this end, the SOC reported for each pool was divided by the total SOC (sum of all fractions), 

at 2040 [3], and this fraction was then multiplied by the initial SOC at 2020 [4] to define the initial 

amount of SOC (t C ha-1) per pool.  

Due to running errors in the original study [3], 6247 APCUs did not present SOC results for 

2040, thus they were removed from our database. Moreover, the APCUs with incongruences regarding 

the size of the soil pools (e.g., negative values) were also removed from the study. The final number of 

APCUs abided to the requirements of including at least 1 of the crops selected in table S1, at least 10 

ha of surface, and reporting the size of each pool was 15,782.  

3.2 Size of C input for the mitigation scenarios 

The size of C inputs in each mitigation scenario was determined as the C in the original biomass 

that could be harvested, exported to the bioeconomy, and remain in the coproducts after the 

bioeconomy conversion process. This value was defined using the C conversion (CC) coefficient (Eq S1), 

which defines the percentage of initial C that remains in the coproduct [62]. 

%𝐶" =
"IJ∗"I"
1#"

∗ 100			 (Eq S2) 

where CC is the carbon conversion (%), CpY is the coproduct yield (kg Cp kg-1 biomass), which 

corresponds to the amount of coproduct resulting from the treatment of 1 kg of feedstock during the 

bioeconomy process, CpC is the carbon content in the co-product (kg C kg-1 Bp), and BmC is the initial 

carbon content in the biomass (kg C kg-1 biomass).  

CC varies in function of the technology and initial feedstock. Here, we used the same CC values 

as in Andrade et al. [62] for cereal-like feedstocks and defined a new set of CC values per technology 

(Table S1), for the more lignin rich feedstocks in tropical lands (i.e., banana, plantain, cocoa, coffee). 

The lignin-rich feedstock CC stems from a literature review including 110 records (i.e., 40 data records 

for digestate, 40 for pyrochar, and 30 for gaschar), which was not intended to be exhaustive, but a 
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representative of the difference in CC between the crop residues found in temperate (higher cellulose 

content) and tropical (higher lignin content) lands. The data compilation is openly accessible at [15]. 

Table S5. Carbon conversion (CC) from initial feedstock to recalcitrant EOM, per crop type and EOM. 

Initial C content in unconverted crop residue is also presented. 

Feedstock a EOM 
Initial C content 

b (%) 
CC EOM References c 

Banana Pyrochar 37.88 48.10 [63], [64], [65], [66], [67], [68], 

[69], [70], [71], [72], [73], [74] 

Banana Gaschar 38.33 [75], [76] 

Banana Hydrochar d 84.07 [77], [78], [71] 

Banana Digestate 77.35 [16] 

Plantain Digestate 78.29 [16], [79] 

Cocoa Pyrochar 40.46 59.74 [80], [81], [82], [83], [84], [85], 

[86], [87], [88], [89] 

Cocoa Gaschar 23.32 [90], [91] 

Cocoa Digestate 71.04 [16], [82] 

Coffee Pyrochar 42.84 47.52 [82], [83], [85], [92], [93], [94], 

[95], [96], [97], [98], [99], 

[100], [86], [101] 

Coffee Digestate 55.59 [95], [96], [97] 

Oil palm Pyrochar 44.03 35.59 [102], [103], [104], [105], 

[106], 

Oil palm Digestate 75.54 [107], [108], [109], [110], 

[111], [112], [113], [49], [114], 

[111] 

Sugarcane Digestate 40.68 67.74 [115], [72], [116], [117], [118], 

[119] 

EOM: exogenous organic matter; CC: carbon conversion coefficient. a Type of crop from which the crop residue 

is obtained. b Average initial carbon content (%) in the crop residue. c References include the sources retrieved 

to determine the initial carbon content in the raw feedstock and the CC coefficient. d Data available considered 

conditions for a hydrothermal carbonization process and may overestimate the amount of carbon remaining in 

the EOM. 

For the HTL pathway, the carbon balances reported in literature for the crops selected in the 

case study were only presented for hydrothermal carbonization (HTC) processes. HTC is performed for 
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longer times and higher temperatures than HTL [120], with the main product obtained as hydrochar. 

As the mitigation scenario chosen in this study envisions the provision of feedstock for an HTL pathway 

where hydrochar is a secondary product (Table S2), the use of carbon balances for HTC would 

overestimate the C returns in this scenario. Therefore, the CC for cereal based hydrochar produced 

under HTL conditions reported in [56] was used as a proxy for the lignocellulosic rich biomass used in 

this study. 

CC (EOM-wised) was used in Eq (S2) to determine the amount of C from a given co-product that would 

be applied in a given simulation unit per year. 

𝑇𝐶𝑝𝐶 = 𝑊𝑡(𝑑𝑚)+ ∗ 𝑊𝑡𝐶𝑐+ ∗ 𝐶𝑐    (Eq S2) 

Where, for crop i, TCpC is the total coproduct C applied [t C ha-1 monh-1] in an APCU, Wt(dm)i 

is the technical harvestable dry mass of crop residues [t crop residues ha-1 month-1], WtCci is the Crop 

residue carbon content [t C t-1 crop]. Wt(dm)I is determined for each crop in each APCU as explained in 

section 1.2 while WtCCi is reported in Andrade et al. [15] 

3.3 RothC adaptation to include the recalcitrance of various EOMs  

The EOM-adapted RothC-Bioeconomy reflects the recalcitrant nature of the EOMs investigated 

in each mitigation scenario. Recalcitrance is translated to the model across the carbon recalcitrance 

coefficient (CR) and the priming effect (PE). The former determines the fraction of carbon resistant to 

degradation contained in the EOM while the latter expresses the effect on the mineralization rate of 

SOC exerted by the application of the EOMs in the soil [121]. 

3.3.1 Carbon recalcitrance 

CR was used as in [62]. To the extent possible, values where taken by groups (i.e., cereal straw, 

leaves and fibers, and husks/shells). In the case of digestate the same value was used across all the 

groups due to scarcity of data. The CR and CL fractions were taken as reported for the crops/biowaste 

digestate group in [56], while the kL and kR were taken as reported for the ensemble data due to lack 

of data on the crops/biowaste group. For Pyrochar also the ensemble data was used as this included 

data for sugarcane and peanut husks that were considered proxies for the groups defined. 

3.2.2 Priming effect 

The PE can be defined as the change on SOC decomposition rates in response to freshly-added 

C [121]. It has been observed that in average all the EOMs inhere studied exert a negative effect when 

applied to soils. A negative PE effect implies slower mineralization rates and thus increased SOC carbon 

stocks, and it is associated to inputs with high degrees of recalcitrance. On the other hand, positive PE 
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values, represent faster mineralization rates, attributed to stimulus to the soil microorganisms’ 

dynamics, and is thus associated to less recalcitrant matter and SOC losses [122]. 

The PE of pyrochar has been fairly well studied. The study by Moura represents the latest 

global metadata analysis regarding pyrochar PE. The authors compiled 169 studies and reported the 

change observed on SOC stocks after pyrochar application. The results were categorized in 10 groups, 

regarding process temperature, raw material, climatic zone, soil properties, among others. Here we 

selected the results reported for a pyrochar produced in a temperature range of 350-600°C, which is 

close to the process defined in Table S2. For this group, a 71.4% decrease on SOC mineralization was 

reported, which was accounted in our study as a negative PE of 0.714. No similar meta-study has been 

found for gaschar or hydrochar. For the case of gaschar, due to its similarity to pyrochar, we used the 

value reported by Moura for high temperatures >600°C as a proxy. For gaschar a negative PE of 0.551 

was used. For digestate, the PE value was calculated as the average change between control soil and 

digestate amended soils, based on a data compilation of 79 data records, harmonized in an 

unpublished database (unpublished study under construction). The application of digestate to soils 

decreased SOC mineralization by 19.70% in average, thus a negative PE of 0.1970 was used.  

Hydrochar is a product with a medium degree of recalcitrance, not comparable to pyrochar or 

gaschar, which have reported mean lives on the hundreds of years [123], while hydrochar mean 

residence time is on the decadal  scale [56]. The PE of hydrochar still remains unclear, with results 

reporting positive PE of approximately 20% in 1 year of application, and 51-72% native SOC loss after 

1 year of application. In this study, due to lack of data, we used the PE of digestate as a proxy for 

hydrochar. The PE is accounted as a new parameter in RothC-Bioeconomy. For conditions were no PE 

is foreseen, the default value is 1. It means that the mineralization rate of the soil pools remains 

unaffected by PE. If the PE of an EOM is negative, then it is included by subtracting 1 – PE. Likewise, 

for positive PE, it is included in the model by adding 1 + PE. 

4. Sensitivity analysis (SA) configuration 

The SA was conducted to test the combinations of three levels for the C inputs as EOMs and 

two levels of recalcitrance, the former defined by CC and the latter defined by the combination of CR, 

Cl, kR, kL, and PE. The CC levels are inhere defined as low, high, and medium while the recalcitrance is 

referred to a minimum and maximum. The minimum recalcitrance includes the values set as high kL, 

low kR, high CL, low CR, and positive PE. The maximum recalcitrance comprises a low kL, high kR, low 

CL, high CR, and negative PE. An extra SA to assess the effect of including PE without changing other 

recalcitrance parameters was performed for pyrochar. A total of 25 SA scenarios were assessed by 

these combinations. The values used for the SA combinations are detailed in Table S3
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Table S 6. Different combinations of carbon size and recalcitrance of the EOMs considered for sensitivity 

Bioeconomy 

pathways 

      Recalcitrance (CR) Size of carbon (CC) 

CL 
a kL (y-1) a CR 

a kR (y-1) a PE Cereal straw a 
Fibres and 

leavesb 

L M H L M H L M H L M H L M H L M H L M H 

Pyrochar 0.01 0.05 0.09 2.61E+1 1.18E+2 1.90E+2 0.91 0.95 0.99 1.08E-3 3.30E-3 5.00E-3 1.91 1 0.286 0.34 0.44 0.54 0.43 0.51 0.59 

Pyrocharc - 0.05 - - 3.40 - - 0.95 - - 3.30E-3 - - 0.286 - 0.34 0.44 0.54 0.43 0.51 0.59 

Gaschar 0.01 0.05 0.09 7.03 6.97E+1 8.08E+1 0.91 0.95 0.99 4.75E-3 7.05E-3 7.96E-2 1.91 1 0.449 0.14 0.20 0.25 0.29 0.31 0.34 

Hydrochard 0.03 0.11 0.2 1.68E+1 2.76E+1 4.21E+1 0.8 0.89 0.97 7.55E-2 9.88E-2 1.83E-1 1.91 1 0.803 0.12 0.31 0.45 0.12 0.31 0.45 

Digestate 0.23 0.32 0.435 6.31E+1 2.00E+2 3.32E+2 0.555 0.68 0.77 7.30E-1 8.15E-1 2.85E+1 1.91 1 0.803 0.29 0.39 0.49 0.64 0.69 0.80 

CC:,Carbon conversion CR:Carbon recalcitrant fraction, CL: carbon labile fraction (1-CR), PE: Priming effect, kL: mineralization rate of the labile fraaction, kR: mineralization rate 

of the recalcitrant fraction  

a Value used as in Andrade Díaz et al. (2023). Values are shown with 2 decimals to ensure tractability. b Average value from data reported in Andrade et al. [15]. It stems from 

a database where 110 data records (40 for digestate, 30 for pyrochar, and 30 for gaschar) are compiled and harmonized within this study and is openly accessible at “doi 

database”. PE values of pyrochar and gaschar were defined according to the global meta-analysis by Chagas et al. (2022). PE for pyrochar was used as the percent change of 

the organic carbon content in the soil observed by the application of biochar produced at medium temperature (350 – 600°C) and the value observed for high temperatures 

(> 600 °C) was used as proxy for gaschar. PE for digestate was calculated from a meta-analysis (unpublished) including 79 data records contrasting the SOC changes observed 

after the application of digestate with a control situation where no digestate is applied. c One at a time sensitivity for pyrochar scenario, to assess the single effect of PE. Also, 

kL was used as reported in Wang et al. (2016) in this scenario. Wang et al. (2016) found a mean residence time of 108 days for the labile fraction, which corresponds to 0.29 

years and a kL of 3.4 y-1 d No data regarding the hydrochar represented in this study was found, therefore CC and CR defined in Andrade Díaz et al. (2023) for cereal residues 

were used as a proxy. Since HTL processes tolerate wet feedstocks as in AD processes, and the recalcitrance lifetime of hydrochar was found to be on the decadal scale as 

opposed to the hundreds found for other biochar (pyrochar and gaschar) [57,125], the PE defined for digestate was used as a proxy for hydrochar.  
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5. BAU scenario results 

The BAU scenario predicted an average increase of SOC stocks by 4% at the year 2040. 

However, in terms of net storage, a total loss of 0.77 Mt C is shown at the national scale at the same 

period. The SOC sequestration potential map of Ecuador, produced by MAG (unpublished; [3] to 

contribute to the global SOC sequestration map [2] exhibits similar trends but the net values differ 

from our results. In fact, the potential SOC loss observed in here is 1.2-fold that observed by Jimenez 

(0.6 Mt C). However, the study of Jimenez reports potential SOC depletion in the coastal croplands by 

2040, while although we observe high losses, no APCU reports SOC depletion in our study (Fig S3). A 

thorough analysis of the BAU scenario allows depicting that the main difference between our study 

and that of MAG relies on the C inputs for sugarcane, banana, and maize. This offset in results between 

the two studies can be explained because the BAU scenario modeled inhere considers that all the 

potential crop residues will remain on the fields, while in reality the common practice in Ecuador, 

especially for the case of sugarcane residues, is open-field burning. The study of MAG considers this 

reality by stablishing the C inputs based on the back-run calculations performed for 500 years, which 

allows to determine the C inputs that have resulted in the current SOC stocks measured in the country 

[126]. 

Although the approach followed by FAO considers the C inputs under the real current 

practices, our approach based on the use of RPR, RtS, and C composition coefficients to account for 

the C inputs allows accomplishing our main goal of quantifying the amount of crop residues that can 

be harvested and returned to soils as recalcitrant EOMs. Moreover, our approach complies with our 

statement of leaving all the crop residues on fields with no further processing. Therefore, we consider 

our approach to be correct for the scope and goals of our study. As the results presented in our study 

are relative, observing the SOC change between the mitigation and BAU scenarios, this effect is 

accounted in both scenarios and thus does not change the final conclusions retained.  

The SOC stocks at year 2040 and 2070 are presented in Fig 3 a and b, respectively. Results show 

a SOC loss of up to 65% in 79% of the simulated areas by the year 2040. The SOC losses observed in 

the long term (2070) attain 90%, which represents a net loss of 0.77 MtC. The Northwest region 

(province of Esmeraldas) as well as some central west areas (province of Manabí) show a change of 

conclusions between the near- and long-term results. For the year 2040, the North- and Central-west 

regions depict potential SOC storage, however, if the simulation timeframe is extended until 2070, SOC 

losses are predicted. 
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Fig S12. Business as usual scenario SOC evolution a) at year 2040 vs 2020, and b) year 2070 vs 2020 
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1. Maritime fuels 

Maritime shipping is forecasted to increase 3-fold until 2050 in the cargo freight sector [1]. 

Facing the climate urgency, transition to biofuels is being encouraged within the maritime sector and 

is specially required in the cargo-freight sector.  

As opposed to aviation systems, maritime engines are able to use rather unrefined biofuels, 

with HFO as the main fuel for cargo shipping historically (ref.). Current transition to low-sulfur content 

fuels has led to a rapid increase on the number of liquefied natural gas (LNG) operated vessels, 

reaching a global fleet of over 150 ships [2].  

The consumption rate and emissions vary on a ship-by-ship basis and are specific for each fuel 

and engine type. In this section we present the main parameters required to account for the fuel 

consumption on-board and related emissions. The equations and parameters have been mainly 

retrieved from the 4th IMO GHG Study (ref.) which is considered as the main source to model the 

maritime fuels sector. 

As the hydrotreated pyrolysis oil (HPO) considered inhere is composed of lighter carbon chains 

than HFO, we consider it as a proxy of marine distillate oils (MDO). In the case of cryogenic liquefied 

biogas, to produce biomethane, the bio-LNG is comparable to fossil-LNG, and thus the parameters for 

the traditional LNG are considered as well for bio-LNG. For the oil fuels (HFO and HPO) a slow-speed 

two-stroke (SSD) engine has been considered as the source of propulsion, while the fossil- and bio-LNG 

assume an Otto-cycle LNG engine [3]. 

1.1 Specific fuel oil consumption 

The specific fuel oil consumption (SFOC) varies with the engine type and the vessel load. The 

IMO (refers) considers a 80% load as the most efficient baseline; while the minimum required at all 

times is of 65% (Comer). The proposed SFOC for the fuel and engine combinations selected are 

presented in Table S1. 

Table S 7 Density, energy content, and fuel consumption of maritime fuels [3] 

Fuel type 
Density 

(t.m-3) 

Energy density 

(MJ.kg-1) a 
Engine type b 

SFOC 

(g.kWh-1) 

Residual (HFO) 0.985 40.2 SSD 175 

Distillate (MDO) 0.96 42.7 SSD 165 

LNG 0.566 48.0 LNG (Otto-cycle) 166 
a Resolution MEPC.308(73);(imo 4th); b Engine type per fuel type considered in our study 
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1.2 Emissions [3] 

1.2.1 SOx emissions 

SOx emissions depend on the Sulphur content and can be calculated using Eq S1 

𝑆𝑂𝑥 = 𝑓𝑢𝑒𝑙 ∗ 2 ∗ 0.97753 ∗ 𝑆   Eq S1 

where SOx are the grams of SOx emitted by gram of fuel, considering S as the Sulphur 

fraction in the fuel. Eq S1 assumes that 97.753% of the Sulphur content is emitted as SOx and the 

rest 2.247% is converted to sulphates – sulfites and accounted as particulate matter. SOx emissions 

in ships are mainly accounted as SO2, thus the 2 in Eq S1 reflects the ratio of molecular weight of SO2. 

1.2.2 Particulate matter (PM)   

The sulfur not emitted as SOx is released as PM. Also, PM2.5 is considered to be 97% of 

PM10, which varies among fuel types (Eq S2 and S3). 

𝑃𝑀UV5 G
F

&WP
H = 1.35 + 𝑆𝐹𝑂𝐶 ∗ 7 ∗ 0.02247 ∗ (𝑆 − 0.0246) Eq S2 

𝑃𝑀@X5 G
F

&WP
H = 0.23 + 𝑆𝐹𝑂𝐶 ∗ 7 ∗ 0.02247 ∗ (𝑆 − 0.024) Eq S2 

where S represents the sulfur fraction in the fuel. 

1.2.3 Emissions factors for all pollutants 

Table S 8. Emissions factors for maritime fuels (kg pollutant.tonne-1fuel) a 

Pollutants 

Fuel type 

HFO MDO LNG 

CO2 3,114 3,206 2,755 

CH4 0.05 0.05 11.96 

N2O 0.18 0.18 0.1 

NOX 75.9 56.71 13.44 

CO2 2.88 2.59 3.97 

NMVOC 3.2 2.4 1.59 

SOX 50.83 1.37 0.03 

PM 7.55 0.9 0.11 

PM2.5 6.94 0.83 0.1 

BC 0.26 0.38 0.019 
a Data source: 4th IMO GHG Study [3] 
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2. Marginal Suppliers 

The marginal suppliers along the whole valorization chain must be clearly identified in 

consequential assessments. Here we considered the energy provision as marginal heat and electricity. 

Marginal electricity is intrinsically related to the geographical scope, and thus the electricity mix for 

France  already implemented in Ecoinvent 3.9.1 [4] for medium or high voltage (depending on the 

situation) was employed. The marginal heat supply was designed for an optimal-performant future in 

terms of energy, and was thus described by an electrified system for its already distribution to the grid.  

The marginal heat was implemented according to the high (HT) and low (LT) temperature 

marginal heat described by Su-ungkavatin [5]. Here, LT heat was used to supply process requiring 

temperatures below 100°C while HT heat was used for processes with requirements of over 100°C. 

Table S3 and S4 presents the assumptions followed for the LT and HT marginal heat, respectively. 

Table S 9 Marginal LT Heat to supply processes requiring heating temperatures below 100°C: Heat 
production by heat pump. a 

Parameters Amount Unit Comments 

Heat production, heat pump 1.00 MJ Process from Ecoinvent adapted to use electricity from 

France (consequential) 

Heat production, heat pump 1.00 MJ Heat pump is determined to be a major source of the 

low-temperature heat production, according to the 

capacity established in the industry (Madeddu et al., 

2020). Ecoinvent: Heat, borehole heat pump {FR}| heat 

production, borehole heat exchanger, brine-water heat 

pump 10kW | Conseq., U. 

a Adapted with authorization of Su-ungkavatin [5]. Further details are described in the original database.  
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Table S 10 Marginal HT Heat to supply processes requiring heating temperatures above 100°C: Heat 
production using electric furnace.  

Parameters Amount Unit Comments 

Heat production, electric arc 

furnace 

1.00 MJ Considered for heat applied to the service 

processes requiring the delivery temperatures of 

more than 100 °C 

Electric arc furnace 9.50E-14 p Electric arc furnace is applied as the proxy 

equipment regarding to the use of electrical 

currents for the heat production in this analysis 

as it is available in the Ecoinvent. The unit of 

required electric furnace is calculated from the 

average lifespan of industrial furnace used in EU 

as 35 years, with the estimated annual enery 

consumption of about 130 TWh/year. 

Ecoinvent: Electric arc furance converter {RER}| 

production| Conseq., U. 

High voltage electricity 0.370 kWh The electricity consumption of electric furnace is 

calculated based upon the reported energy 

efficiency between 0.6 and 0.9, the average value 

of 0.75 is applied. Data can be retrieved from the 

study of Madeddu et al. (2020). 

Ecoinvent: Electricity, high voltage {FR}| market 

for | Conseq., U. 

Assumptions Amount Unit Comments  

Avergae energy requirements 0.370 kWh.MJ-1 heat 

Assumed lifespan of furnance 

used in EU  

30 years 

Estimated annual energy 

consumption 

130 TWh.year-1 

 
3.51E+11 MJ.year-1 

⸫ Heat production in a lifespan 

of furance 

1.053E+13 MJ.unit-1 

a Adapted with authorization of Su-ungkavatin [5]. Further details are described in the original database.  
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3. Scenarios description and Life cycle inventories (LCI) 

Here we consider two case scenarios for the production of SMF: i) pyrolyisis bio-oil to replace HFO, 

and ii) cryogenic liquefied biomethane, referred to as bio-LNG to replace fossil-LNG.  

The life cycle inventories (LCI) are built on from previous studies developed for the “base” technologies 

(i.e., fast pyrolysis and anaerobic digestion) and adapted to include the upgrading stages required to 

produce drop-in fuels suitable for maritime transport in carrier ships. 

The fast-pyrolysis LCI was adapted from the study of Brassard et al. [6] for primary forest residues and 

adapted to crop residues based on original data for wheat straw kindly supplied by Brassard et al. 

(unpublished). The LCI was expanded, by incorporating the upgrading of the biocrude by a catalytic 

hydrotreatment process [7]. The LCI for anaerobic digestion was entirely performed using the 

anaerobic digestion module developed by Javourez [8] and adapted for the specific conditions of 

cryogenic liquefaction upgrading [9].   

The key details considered in each scenario, as well as the main assumptions used in the LCIs are 

described in the subsequent sections and transparently documented in the SI2 and SI3, both openly 

available at [10]. 

3.1 Crop residues composition 

This study follows a feedstock-based approach, and thus the initial feedstock is the same in all the 

compared scenarios. Since the geographical scope of this study has been set in France, a “generic” crop 

residue based on French crop production distribution has been used in this study based on the 

distribution and characterization described by Karan and Hamelin [11]. French crops distribution and 

generic composition are described in Table S3. The total amount of crop residues available in France 

was determined to be 18.7 Mt dry matter by Andrade Diaz [12]. 
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Table S 11 Generic French crop residue composition a 

Crop % Share b Component Unit Average value c 

Wheat 38.66 Water % ww 13.24 

Barley 13.12 Total Solids (TS or DM) % ww 86.67 

Maize 20.32 Volatile Solids (VS) % TS 93.07 

Oats 0.81 Ash % TS 6.84 

Rice 0.20 LHV dry MJ/kg TS 18.39 

Rye 0.19 Cellulose % TS 38.52 

Sorghum 0.52 Hemicellulose % TS 24.95 

Triticale 2.69 Lignin % TS 13.03 

Rape 12.20 
Lipids (% crude fat in DM, crude 

lipids) 
% TS 1.25 

Soy 0.48 Proteins (total proteins) % TS 4.08 

Sunflower 3.28 C % TS 47.71 

Pea 0.41 H % TS 5.92 

Beans 0.13 O % TS 43.37 

Potato 1.42 N % TS 1.04 

Beet 5.49 S % TS 0.19 

  P % TS 0.09 

  K % TS 1.19 
a Ref: Adapted from Karan and Hamelin [11]; b Percent distribution at the national scale of France, c weighted 

average value based on the % share. 

3.2 Reference scenario or business-as-usual (BAU) 

The BAU scenario considers that crop residues (1 tonne wet matter) are ploughed in croplands and 

decay in the same place where they are generated. No transportation or management is considered 

in this scenario. The LCI for the BAU was modeled using the Decay on land module for crop residues 

in Javourez [8]. All the emissions factors considered in this scenario are in Table S4. The decay of crop 

residues on soils, considers that they will be mineralized in less than two years, therefore 100% of 

the crop residues will be emitted in a 10-year basis.  
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Table S 12  Emissions factors related to decay on land a 

Pathway Emission factor Value Unit Min Max Comment 

Decay 
on land 

(non-
arable) 

N2O-N direct (EF1) 0.60% kg N2O-N .kgN-1 0.001 0.011 [13] "Other N inputs in 
wet climates" 

N2O-N Fraction 
volatilized 

21.00% kg(NH3-N+NOx-N) .kgN-1 1E-17 0.31 [13] volatilization, 
organic fertilizer 

N2O-N indirect 
vol (EF4) 

1.00% kg N2O-N. kg(NH3-N+NOx-N) -1 0.002 0.018 [13] Table 11.3 (EF4) 

N2O-N indirect 
leach (EF5) 

1.10% kg N2O-N. kgNO3-N
-1 1E-17 0.02 [13] Table 11.3 (EF5) 

CH4 3.00% kgCH4-C.kgC-1 0.01 0.1 [11] 

Trapped C 5.00% kgC.kgCtot
-1 1E-17 0.1 [11] 

Decay 
on land 
(arable) 

b 

NOx 1.33% kgNOx-N. kgN-1 0.007 0.026 Recommended [14] 

NH3-N (EF) 50.00% %TAN 0.35 0.65 [15] Biosolids 

NO3-N 11% %Ntot 0.01 0.2 [16] mineralized N 
already present in top 
20cm of soil assumed 

neglectable 

CH4 0.20% kgCH4-C.kgC-1 1E-17 0.005 [16] proxy of compost 
land spreading 

Trapped CO2 
c 1.00% kgC.kgCtot

-1 1E-17 0.02 [17] 

MFE-P 60% %P_applied 50% 70% [18] Average residues 

MFE-K 60% %K_applied 50% 70% Used same as P, as in 
[19]  

Ploughing diesel 5.292 Kg.ha-1 5 7.5 Adapted in the 
"mulching" process of 

ecoinvent, higher 
range in [20] 

a Retrieved from Decay on Land module by Javourez [8]; b considers residues ploughed in soils; c 

considering carbon sequestration on a 100-year basis. For the crop residues considered, a total 

1516.832 CO2 emissions are associated to ploughing crop residues in soils.  
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3.3 Hydrodeoxygenated Pyrolysis oil (HPO) system 

This scenario considers the production of bio-crude by fast pyrolysis and the consecutive purification 

by hydrodeoxygenation (HDO) [7,21], which removes O2 to attain adequate H:C ratios for the stabilized 

bio-oil to be used as a drop-in fuel. The scenario considers as well the replacement of HFO for marine 

transportation and accounts for the emissions observed by combusting the HPO. This scenario entails 

a i) biomass supply and conditioning stage, ii) the fast pyrolysis process, iii) the HDO upgrading, and 

the iv) HPO combustion. 

The biomass supply and pretreatment include the harvesting, transportation storage, size reduction 

and drying. The preconditioning of the input material results in minor mass losses, of which a 4.8% 

matter [22] (i.e., ‘volatile matter and water) is lost as emissions during storage, 1% of total matter is 

lost in size reduction and the water content is lost to attain a 10% or less wet content.  

The fast pyrolysis process was carried out in an auger reactor, according to the study of Brassard et al. 

[6], setting the operation conditions at 510°C, during 81 s, with a nitrogen flow rate of 5 L.min-1 and 

condensation temperatures of 120 and 4 °C. The fast pyrolysis produces, along with the biocrude, a 

liquid fraction hereon referred to as vinegar, a solid biochar, and a syngas stream. The yield obtained 

in the fast-pyrolysis stage were defined based on the experimental results of Brassard et al., 

(unpublished) for wheat straw (Table S7). 

The biocrude is then upgraded following the HDO process detailed by Jones [7]. The HDO consist on a 

first stabilization stage followed by two columns were the biocrude reacts with oxygen to displace the 

oxygen content. The filtered bio-oil from the pyrolysis stage is stabilized at 140-180°C and 1200 psia. 

The stabilized oil is hydrotreated in two stages. The 1st stage hydrotreating reactor operates at 180-

250°C and 2000 psia in a single bed catalytic reactor. The 2nd stage reactor operates at 350-425°C. 

Ruthenium based catalysts are assumed to be used in the stabilizer and 1st hydrotreating reactor and 

molybdenum-based catalyst is assumed for the 2nd hydrotreater. The overall HDP process has an 

oxygen consumption of 5.8% H2/kg treated bio-oil. The process conditions of each stage are reported 

in Table S8, while the hydrogen requirements and yields observed in each stage for all the products 

and coproducts are presented in Tables S9. 
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Table S 13 Fast pyrolysis yields a 

Parameters Units 
Bio-crude 

oil 

Bio-oil (aqueous 

phase) 
Biochar Syngas 

Yields  % w.b. 18.77 18.30 28.10   

Water content  % w.b. 25.3 71.90     

LHV MJ/kg 15.22     6.98 

Phenolics compounds  % mass.   5.80     

Acetic acid % mass.   5.0     

Ash content % d.b.     15.44   

Carbon % d.b.     66.09   

Hydrogen % d.b.     3.31   

Oxygen % d.b.     14.38   

Nitrogen % d.b.     0.710   

Sulfur % d.b.     0.070   

O/C  molar ratio     0.17   

H/C  molar ratio     0.61   

CO %vol.       43.26 

CO2 %vol.       42.88 

H2 %vol.       5.20 

CH4  %vol.       7.34 

C2H6 %vol.       0.739 

C2H4 %vol.       0.583 

N2 %vol         

d.d: dry basis, w.b.: wet basis. a Experimental data for the fast pyrolysis of wheat straw, received as courtesy 

from Brassard et al., [23]. 

Table S 14 Upgrading conditions. Here, a catalytic hydrodeoxygenation process performed in two 
columns is considered [7,24] 

Process 
conditions 

Units Stabilization 
1st 

Hydrotreatment 
2nd 

Hydrotreament 
Temperature °C 140 180 410 

Pressure psia 1200 2000 2000 
LHSVa volume.h-1.volume_catalyst-1 0.5 0.5 0.22 

Catalyst type  Ru/C Pt/C/Pd/C  
Amount of 

catalyst 
g.kg hydrotreated_bio-oil-1  0.2 0.3 

a Liquid hourly space velocity 
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Table S 15. Specific material and energy consumptions in the stabilization process before HDO, with 
expected yields [7,24] 

 Parameter Value Unit 

St
ab

ili
za

tio
n  

H2 consumption in Stabilization 0.055 H2 feed.dry oil feed-1 

H2 consumption 0.08 %w per pyrolysis oil 

H2 feed/dry oil feed (wt/wt) 0.055 wt.wt-1 

Oil yield in stabilization 96 % 

Gas yield in stabilization 4 % 

CH4 conversion in Stabilization 3.1 % 

CO2 conversion in Stabilization 0.6 % 

Acids intermediates 29.5 % 

Carbonyl intermediates 42.9 % 

Extractive intermediates 3.4 % 

 Low MW lignin intermediates 20.5 % 

 

Table S 16Specific material and energy consumptions and yields in the first hydrotreatment stage.  
[7,24] 

 Parameter Value Unit 

Hy
dr

ot
re

at
in

g 
1s

t b  

H2 input in single stage hydrotreating 74 g.kg-1 hydrotraite biofuel 

H2 consumption 0.18 % pyrolysis oil 

H2 consumption in Hydrotreating 1 0.07 % per dry oil feed 

Oil yield in 1st Hydrotreating 83 % 

Gas yield in 1st Hydrotreating 7 % 

Water yield in 1st Hydrotreating 10 % 

CH4 conversion 1.3 % 

CO2 conversion 3.3 % 

C2H6 conversion 2.4 % 

Acids intermediates 11.8 % 

Carbonyl intermediates 4.5 % 

Extractive intermediates 1.9 % 

Low MW lignin intermediates 23.9 % 

High MW lignin intermediates 11.7 % 

Sugar intermediate A 8 % 

Sugar intermediate B 9.2 % 

Phenanthrenes 12.1 % 
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Table S 17 Specific material and energy consumptions and yields in the second hydrotreatment stage. 
[7,24] 

 Parameter Value Unit 

Hy
dr

ot
re

at
in

g 
2n

d c
 

H2 input in two stage hydrotreating 69 g.kg-1 hydrotreated bio-oil 

H2 consumption in Hydrotreating 2 5.54 %wt per pyrolysis oil 

H2 consumption in Hydrotreating 2 0.21 % per dry oil feed 

Oil yield in 2nd Hydrotreating 48 % 

Gas yield in 2nd Hydrotreating 24 % 

Water yield in 2nd Hydrotreating 28 % 

CO conversion 0.5 % 

CO2 conversion 9.9 % 

CH4 conversion 4.7 % 

C2H6 conversion 3.7 % 

C3H8 conversion 2.6 % 

C4H10 conversion 2.6 % 

H2S conversion 0.0025 % 

 Parafins 12.9 % 

 Cyclo C 11.1 % 

 Aromatics 5 % 

 Phenanthrenes 2.8 % 

 Pyrenes 2.8 % 

 Diphenyl compounds 0.5 % 

 Indans 0.8 % 

 Indenes 0.6 % 

 Naphtalenes 3 % 

 Polynuclear aromatics 2.3 % 

 Phenols 2.2 % 

 Pentane 3.5 % 
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Table S 18 Overall hydrogen requirement and yields for the HDO upgrading process 

Parameter Value Unit Ref. 

HHV 45 MJ.kg-1  

LHV 43.02 MJ.kg-1  

Hydrotreated oil density 0.85 g.ml-1  

H2 for all hydrotreating 5.8 % per oil feed 

[5] 
bio-oil yield for all hydrotreating 44 % per dry biocrude 

gas yield for all hydrotreating 26 % per dry biocrude 

water yield for all hydrotreating 30 % per dry biocrude 

C in aqueous phase 0.5 % [5,8,9] 

O in aqueous phase 1.9 % 
[5] 

C in upgraded oil 68 C/C in pyrolysis oil 

Moisture in Hydrotreated bio-oil 0.1 % 

[10] 

C in hydrotreated oil 87.5 % 

H in hydrotreated oil 11.95 % 

O in hydrotreated oil 0.5 % 

N in hydrotreated oil 0.05 % 

S in hydrotreated oil 0.005 % 

3.3.1 Mass balance for HPO production  

Here, we present the mass balance corresponding to the stabilized biooil production, split by stages of 

preconditioning (Table S13), fast pyrolysis (Table S14) and HDO upgrading (Tables S15). 

Table S 19Mass balance for crop residues supply and conditioning 

Parameter 

Biomass harvested Stored biomass Dried biomass Grinded biomass 

kg kg kg kg 

Total mass 1000.0 954.8 920.9 911.7 

Water  132.4 126.0 92.1 91.2 

DM 867.6 828.8 828.8 820.5 

VM 808.25616 769.5 769.5 761.8 

Carbon (C) 413.97 395.5 395.5 391.5 

Oxygen (O) 391.62 374.1 374.1 370.4 

Hydrogen (H) 51.37 49.07 49.1 48.6 

Nitrogen (N) 9.03 8.6 8.6 8.54 

Sulfur (S) 1.62 1.5 1.5 1.53 

Ashes 59.34 59.34 59.3 58.8 

Energy (MJ)     
 

15089.3 

Sum DM 867.6 828.8 828.8 820.5 
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Table S 20Mass balance for the fast pyrolysis process a 

Prameter 
Bio-oil (total) Bio-crude Vinegar Biochar Syngas 

kg kg kg kg kg 

Total mass 337.96 171.1 166.8 256.2 317.5 

Water content 163.3 43.3 120.0 
  

Organic compounds 174.7 127.8 46.9 
  

Carbon (C) 109.6 80.2 29.4 169.3 112.57 

Oxygen (O) 132.1 96.6 35.4 36.8 201.44 

Hydrogen (H) 36.6 26.8 9.8 8.48 3.53 

Nitrogen (N) 2.6 2.22 0.34 1.82 4.157 

Sulfur (S) b 0.695 0.45 0.19 0.18 0.65 

Ashes 19.196 
  

39.6 
 

Heat (LHV) 
 

2604.5 
  

1884 

Sum DM 300.7 206.3 75.2 256.2 322.4 
a Elemental composition of the original matter was received as accounting for ash matter. Therefore, a slight off-

calculation is observed in the detailed elemental balance of the pyrolysis products due to the account off ashes. 

However, the global mass balance (and composition) is correct. b Almost all the sulfur-containing bonds in lignin 

structure can be broken at 550 °C. Also, main sulfur-containing products in the pyrolytic vapors are present as 

the following small molecular compounds: H2S, SO2, CH3SH, CH3SCH3, and CH3SSCH3, which are in the form of 

gas or liquids with low boiling points [23] 

Table S 21 Mass balance for the hydrotreating upgrade to convert pyrolysis bio-crude into 

hydrotreated pyrolysis oil (HPO) a 

Parameters 

Pessurized 

bio-crude 

Stabilized 

biocrude 
Gas 

Stable 

bio-oil 

Aqueous 

phase 
Gas Wastewater 

kg kg kg kg kg kg kg 

Total mass 171.1 164.3 13.88 56.24 38.35 33.24 43.3 

Water 43.3 41.6 
 

0.06 38.35     

Organic compounds 127.8 122.7 
 

56.19 
 

    

Carbon (C) 80.20 75.94 4.26 49.16 0.19 30.85   

Oxygen (O) 96.65 95.90 0.75 0.28 33.97 23.95 38.45 

Hydrogen (H) 26.76 24.92 8.87 6.71 4.19 18.04 4.84 

Nitrogen (N) 2.22 2.22 
 

0.03 
 

2.19   

Sulfur (S) b 0.45 0.45 
 

0.003 
 

0.44   

Ashes   
  

  
 

    

Heat (LHV) 2604.5 2604.5 
 

  
 

    

Total mass 206.3 199.4 13.9 56.2 38.3 75.5 43.3 
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3.4 bio-LNG production by anaerobic digestion and cryogenic liquefaction 

The second SMF scenario investigated considers that harvested crop residues are pretreated by means 

of extrusion and comminution and then thy are mixed with water to enter an anerobic digestion 

process. The biogas produced is purified by cryogenic separation of the CO2 and the recovered 

biomethane (CH4) is then liquefied and used as maritime biofuel. The liquefied biomethane (bio-LNG) 

is therefore a replace alternative for fossil LNG. The whole system accounts for the storage of the 

digestate produced and its use to avoid the application of mineral fertilizers. The biogas system was 

built upon the anaerobic digestion module developed by Javourez [8] and improved to include the 

cryogenic liquefaction upgrading process, according to the Cryopure commercial system, and 

assumptions reported by the Danish Energy agency. 

The bio-LNG considers a futuristic energy performant scenario, where the biogas upgrading to bio-LNG 

by means of cryogenic liquefaction is promoted and the upgrading facilities are close to the actual area 

where the gas is going to be used, in this case the harbor.  
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Table S 22 Mass balance of the biogas production.[8] 

Stream Comp. Crop residues ex-pretreat feedstock Ex-storage feedstock Ex-storageWM feedstock Digestate Ex-storage digestate 
WM ton 1.00   0.97   0.951   8.256   7.89  7.954   
DM  kg 867 86.7% 841 86.7% 826 87 % 826 10 % 425 5 % 405 5 % 

Proteins kg 35 4.1% 34 4.1% 34 4 % 34 4 %         
Fats kg 11 1.3% 11 1.3% 10 1 % 10 1 %        

Soluble carbs kg 0 0.0% 0 0.0% 0 0 % 0 0 %        
Hemicellulose kg 216 25.0% 210 25.0% 206 25 % 206 25 %        

Cellulose kg 334 38.5% 324 38.5% 318 39 % 318 39 %        
Lignin kg 113 13.0% 110 13.0% 108 13 % 108 13 %        
Ashes kg 59 6.8% 58 6.8% 56 7 % 56 7 % 56 13 % 56 14 % 

Others kg 98 11.3% 95 11.3% 94 11 % 94 11 %        
C kg 413.5 47.7% 401.1 47.7% 397.0 48 % 397.0 48 % 205.5 48 % 197.5 49 % 
N kg 9.0 1.0% 8.7 1.0% 8.7 1 % 8.7 1 % 8.7 2 % 8.3 2 % 
P kg 0.7 0.1% 0.7 0.1% 0.7 0.1% 0.7 0.1% 0.7 0.2% 0.7 0.2% 
H kg 51.3 5.9% 49.8 5.9% 49.8 6.0% 49.8 6.0% 49.8 11.7% 48.4 12.0% 
K kg 10.4 1.2% 10.1 1.2% 10.1 1 % 10.1 1 % 10.1 2 % 10.1 2 % 
O kg 375.9 43.4% 364.6 43.4% 353.7 42.8% 353.7 42.8% 146.1 34.3% 135.3 33.4% 
S kg 1.6 0.2% 1.6 0.2% 1.6 0.2% 1.6 0.2% 0.5 0.1% 0.50 0.1% 

Rest kg 4.2 0.5% 4.1 0.5% 4.1 0.5% 4.1 0.5% 4.1 1.0% 4.1 1.0% 
Energy GJ 15.61 18.01 15.14 18.01 14.87 18.01 14.87 18.01     

mass C:N  45.9  45.9  45.9  45.9  23.7  23.9  

mass C:S  256  256  254  254      
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3.5 Life cycle inventories (LCI) 

The complete LCIss for the HPO and bio-LNG scenarios are transparently documented in “doi 

database”. It includes all the input and output material and energy flows of the unit operations 

involved in the SMF production system, including the upgrading, onboard combustion, and 

avoided/replaced marginals. Here we compile the main assumptions and factors applied in the LCIs. 

3.5.1 LCI for HPO scenario 

The biomass supply chain includes the process of harvesting the crop residues on the fields and 

transporting them to the pyrolysis facility. Here, we assumed that the collected residues are 

transported to a collection platform at 40 km of the field, where they are baled and then they are 

transported to the pyrolysis facility at 40 km. The collection of the diffuse residues implies a total 

transportation of 80 km [8], No matter losses are assumed during the collection and baling stages. The 

straw bales are assumed to be stored in a hay storage structure, designed according to [14] were a 

4.8% loss matter takes place. The size reduction is performed with an electrical grinder, while the 

drying process uses marginal HT heat. 

The dust generated during grinding is assumed to be recovered and combusted in an electric furnace 

for heat production. The design for the combustion process is based on the assumptions in the 

Combustion module by Javourez [25]. The heat produced is assumed to avoide marginal LT heat (Table 

S3). 

According to Brassard et al. [6,23] in industrial pyrolysis, generally no loss considered. Here we 

considered the best available technology. This assumption must be further tested in a sensitivity 

analysis (SA) to determine at which extend the emissions assumptions are important for the overall 

supply chain.  
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Table S 23 Crop residues harvesting, handling and transportation 

Assumption Amount Unit Ref Comments 

Transport 80.000 tkm [22]  80 km (13.2% w.c.). Assumed as in the study of [8], where 

40 km are defined for the collection of diffuse feedstocks 

and 40 km are considered for the transport to the 

pyrolysis plant. Market for transport, freight, lorry >32 

metric ton, EURO6, RER [4]. 

Bale 160 kg [4] This is delivering the service of 'bale loading', for 1 straw 

bale (mass of 160 kg) with bale gripper onto trailer. The 

service does not include transportation of the bales to the 

farm. A user wishing to model this service and is aware 

that within his/her model there is a production of 320 kg 

of straw while in this service assumes a bale of 160 kg, 

there the user can model 2 bales of this service for their 

model 

Bale density 200 kg.m-3 [23] Density of one bale of straw 

Table S 24 Assumptions for the crop residues storage in the HPO scenario  

Assumption Amount Unit Ref Comment 

Total area of a 

storage building 

297.18 m2 [26], Total area of a storage building: 50 x 64 ft. 

(3200 ft2) 

Life time 50.00 years 
 

Theorical lifetime of buiding 

Storage time 30.00 days [8] 
 

Number of bales 117.55 bales [26], Calculate the number of bales that can be 

stored in the building. 18 bales can be 

stored in 490 ft2 (14 x 35) 

CH4pot 0.35 Nm3CH4.kgVS-1 [8] Value reviewed by [8]and chosed as 

intermediate (range:  0.2 - 0.4 %) 

MCF 2.00% % CH4pot [6] From IPCC tier 2 manure management: 

composting temperate climate 

Conversion m3 to kg 0.6684 kg/Nm3_STP 
 

16.04 g/mol * 24L/mol 

N2O emissions 1 %  1% of the Nitrogen composition by 1.57 (44 

g.mol N2O-1/ 28 mol.gN-2). 

CH4 emissions - kg CH4  𝐶𝐻G = 𝑌𝑖𝑒𝑙𝑑 ∗ 𝐶𝐻G&', ∗ 0.67𝑀𝐶𝐹 

CO2 emissions - kg CO2  𝐶𝑂8 = 𝐶𝑙𝑜𝑠𝑠 − A𝐶𝐻G&', ∗
12
16B ∗ 44/12 
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Table S 25. Assumptions for pretreatment of crop residues for HPO: Grinding &drying 

Assumption Amount Unit Ref Comments 

Target moisture 10 %   

Wet mass loss at grinding 1 %WM  Estimated loss as dust 

Electricity for chipping 

(industrial) 
0.02 kWh.kgDM-1 [8] 

For grinding and densification. Range 

0.02-0.156 reviewed by [8]using 

wood as a proxy 

Inert gas for lock hopper 0.0764 Nm3.kg DM-1 [5] Review by [15]. N2 selected as in [8] 

Nitrogen gas density 1.167 kg.Nm-3  

Molar mass N2: 28.01 kg/kmol ; 

Molar volume gas: 24 Nm3/kmol (STP 

20°C) 

Heat requirement 4.000 

MJ.kg-1 

evaporated 

water 

[6], To remove water 

Heat requirement 6.320 MJ.kg-1water [8]  

Electricity for drying 0.096 kWh.kgDM-1 [15] 

Average energy demand using air 

blowing drying. Data are derived from 

literature review (Bujant 2011) and 

Ecoinvent database. Drying is 

operated at temperature 80-90 °C. 

Temperature outlet is about 60 °C 

(Hannula 2016). 

Feeding electricity 5.86 kWh.tDM-1 [5] 

Lock hopper feeding system under up 

to 25 bar. Data are obtained from 

literature reviews (Swanson 2003; 

Carven 2014). 

Energy consumption to reduce the particle size of biomass feedstock from 25 mm to 3 mm is 443 

MJ/drytonne of biomass compared to the 157.5 MJ/dry tonne required to decrease the particle size from 

300 mm to 25 mm. 

𝐻𝑒𝑎𝑡!E-H:!EI = d𝑇$-!JE$ − 𝑇-K/:ED$e ∗ d𝑐𝑝F-$E!(5:L) ∗ 𝑤𝑎𝑡𝑒M!-0$:4De + d𝑐𝑝?45:I ∗ 𝐷𝑀M!-0$:4De

+ A𝑘𝑔F-$N!_!EK4PEI/ R𝑘𝑔FE$+-,*! ∗ 𝑣𝑎𝑝F-$E!5-$.*-, ∗ 1000TB 
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Table S 26 Dust recovery and combustion for heat production.  

Assumption Amount Unit Ref  Comments 

Dust generated during grinding/chipping is assumed recovered in an industrial furnace, small size, on-

site (no transportation) 

Initial moisture 13.20 % 
 

As in stored biomass 

Energy in dust 15.9624276 MJ.kgWM-1 
[8]   For grinding and densification. 

Range 0.02-0.156 reviewed by [8]   

Furnace efficiency 80 % [8]   Assumed as reviewed by [8]   

Heat generation 12.76994208 MJ.kgWM-1 
 

  

Dust combustion process taken as a proxy of heat prodcution, wood pellet, 9 kV [11] 

Ecoinvent [4]process "heat production, wood pellet, at furnace, 9kW, state-of-the-art 2014, CH" used 

to create the LT Heat avoided process 

1 MJ provided 
  

  

  1.03E-06 Unit.MJ-1 
 

  

  0.00556 kWh.MJ-1 
 

  

  3.75E+00 kg ash.tonneww
-1   

Ash 4.46E+00 kg ash.tonneDM-1 REMOVED 

Electricité 
5.56E-03 kWh  

market group for electricity, low 

voltage 

Furnace efficiency 1.03E-06 unit  market for furnace, pellets, 9kW 

1 kgDM burned     

  1.19E+00 kg.kgDM-1 
 

market for wood ash mixture, pure 

  
1.48E-03 kWh.kgDM-1 

 

market group for electricity, low 

voltage 

  2.74E-07 unit.kgDM-1   market for furnace, pellets, 9kW 
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Table S 27 Assumptions for designing the fast pyrolysis plant 

Assumption Amount Unit  Ref Comments 

Biomass pyrolysed per day 20000 kg.day-1 [6] 

Assumed as in [2]: Scaled-up to 20 

tonne.day-1 (Pyroformer from Aston 

University, 2.5 t.h-1 working 8h.day-1). 

Working days per year 240 days 
  

Biomass pyrolysed per year 4800000 kg 
 

  

Life time of chemical factory 50 years 
 

  

Biomass pyrolysed per year 4800 ton 
 

  

Pyrolysis biomass flowrate 2500 kg.h-1 
 

  

Pyrolysis VS synthetic gas 

factory 0.54 
 

[4] 

 Ratio to scale syngas factory in 

Ecoinvent 3.9.1 for the pyrolysis 

procedure. 

Bio-oil density 1.2 g.ml-1 

[27] 

The density of the liquid bio-crude is 

very high at around 1.2 g.ml-1 compared 

to light fuel oil at around 0.85 g.ml-1. 

Range 1.1 - 1.3 g.ml-1. 

Bio-oil + vineagar production 7414 kg.day-1 
 

  

Bio-oil + vineagar production 370.7 kg.ton-1
biomass   

Bio-oil + vineagar production 6178.33 L.day-1 
 

  

LHV biocrude 15.22 MJ.kg-1 
 

  

Energy - preheating  0.319 MJ kg-1
biomass 

[23] 

 
Energy - heating 1.051 MJ kg-1

biomass   

Energy - Screws 8.77 MJ kg-1
biomass   

Energy - Agitator 0.563 MJ kg-1
biomass   

Synthetic gas factory 

construction: Building, hall, 

steel construction 

10500 m2 [4] 

This infrastructure process includes 

land use, buildings and facilities 

(including dismantling) of a typical 

biomass gasifier. Process includes the 

dryer, the comminution equipment, the 

gasifier and the gas treatment and 

conditioning facility. Chemical factory, 

organics (GLO), 33% RER, 67% RoW 

Chemical factory 

construction  
12600000 kg [4] 

Estimated composition of the facilities 

of a chemical plant, based on a 

distillation unit. 
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Table S 28 Condensation [6] 

Assumption Amount Unit Ref. Comments 

Ratio Glycol/Water 0.5  [2] 50/50 ratio water to glycol. 

Quantity of liquid 5 m-3.year-1 [2] Per condenser 

Cp water 4.185 kJ.K-kg-1   

Cp Glycol 2.2 kJ.K-kg-1   

Density glycol 1.11 g.cm-3   

Water flow rate 180 L.h-kg  for 1 kg biomass/h 

Water flow rate 1.56 L .min-1kg-1  

Delta T (C1) 3.1 °C   

Delta T (C2) 0.17 °C   

Pumps     

Power 1 HP [2]  

Power 0.75 kW   

Pressure 20 PSI   

Capacity 43.2 L.min-1   

Water for 1000 kg 180000 L   

Time for 90 L 4.17 min   

Time for 180000 L 69.447 h   

Energy (Heating system) 47.89 MJ [3] 

Considering heating 1 m3 water once a 

day from 60 to 120°C. Heat losses are 

compensated by heating during 

pyrolysis. Considered to be HT heat. 

Energy (electricity for 

pumps) 
186.4 MJ [2] 

Calculation pump 1 HP, 43 LPM. 

Submersible pump 

Energy (Cooling system) 17.786 MJ [2] 
Considering cooling 1 m3 water once a 

day from 21 to 4°C 

Energy (Cooling system - 

continue) 
64.03 MJ [2] 

All electricity considered to be medium 

voltage, FR 
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Table S 29 HDO process to upgrading 

Parameter Value Unit Reference 

Electricity for hydrotreatng 0.014849147 kWh/kg biooil [28] 

Electricity for hydrotreatng 0.0054428 kwh/MJ produced [7] 

Electricity (total) 0.088 kWh/kg biofuel [24] 

Catalysts lifetime 365 days [7] 

a  LHV = HHV - 0.212*H - 0.0245*M - 0.008*Y.,H = Percent hydrogen,M = Percent moisture,Y = Percent 

oxygen(2006 IPCC Guidelines, Vol. II, Section 1.4.1.2) 

biocrude upgraded by day  3754 kg/day  

Working days per year 240 days  

Life time of chemical factory 50 yrs  

Biooil stabilized for life time 45048000 kg  

Biooil flowrate 469.25 kg/h   

Pyrolysis VS synthetic gas factory 0.537313433    

Catalysts lifetime 240 days   

Hydrotreated bio-oil  1651.76 kg/day   

Hydrotreated bio-oil  1943.247059 L/day   

Gas from hydrotreating  976.04 kg/day  

Water from hydrotreating  1126.2 kg/day   

HHV 74329.2 MJ/day   

H2 input 217.73 kg/day   

Catalyst input Ru 0.91 g/day   

Catalyst input Mo 1.357610959 g/day   

Catakyst used for lifetime 27152.21918 g   

Catalyst used per 1 ton biocrude 
 

   

Hydrotreated bio-oil  440 kg/ton biocrude   

Hydrotreated bio-oil  517.65 L/ton biocrude   

Gas from hydrotreating  260 kg/ton biocrude   

Water from hydrotreating  300 kg/ton biocrude   

HHV 19800 MJ/ton biocrude   

LHV 18929.7064 MJ/ton biocrude   

H2 input 58 kg/ton biocrude   

Catalyst input Ru 0.24109589 g/ton biocrude   

Catalyst input Mo 0.361643836 g/ton biocrude   

c Ref: Jones et al., 2013 
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Biochar is assumed to be spread on fields as in [8].  Below we present the considerations for biochar 

spreading process according [8] . Besides biochar, biopesticide is also applied to soils, however that 

inventory is only presented in the complete LCI database [21] due to its length.  

Table S 30 Biochar application 

Assumption Amount Unit   Comments 
Pathway depend on origin of feedstock (risk management) : Biochar assumed to be appied on 
land/ temporary storage of gaschar neglicted - no emissions, assumed as stable 
We don't consider the land use. Biochar is expected to be 
mixed with fertilizer for spreading 

  

Water 
1.8 

kg/kgbiochar [29]   
Facilitates the spreadign of 
biochar 

Increase in maize yield 28 %  [30] Likely optimist for France 
condition (already high yields): 
represent max threshold 
(moreover done with T°<550) / 
[40] reviewed average yield of 
10-42% 
  

Increase in wheat yield 14 %  [30] 

Decrease in N2O 
emissions 

30 % %_ref 

[25] Detailed N emisions are 
reported in 
https://doi.org/10.48531/JBRU.
CALMIP/1JXQK3 

Char application 10 tww/ha [30] 
Range reviewed by [38], no 
notable additional effects after 
10 

C_sequestrated after 
100y 

75 % %C_in [17]       

C_emited 25 % %C_in [17]     Assumed as CO2-C 
Stable carbon 95 % %C_in [17]     Meta-review by [13], here 

values refer to "Gas char" at 
temperature between 800-
1200°C (15 refs) 

Half life 632 year [17]     

Carbon lost after 100y 25 % %C_in 
[17]     

Solid manure spreader 1 tww/tww 
[4] 

As Javourez 2023. To spread 
biochar, replacing FR mix 

Transport 100 tkm    

Skeletal density 1.5241 g/cm3 

[23] 

biochar skeletal density was 
calculated based on the 
equation as a function of 
pyrolysis temperature for wood 
(Brewer et al., 2014) 
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Syngas combustion modeled as in gasification module by [8] considering in-situ valorization of syngas, 

modeled as in [19] and [20]. Producer gas is cleaned and cooled before entering the CHP unit, then 

flue gases are treated (as in [19]), to meet emissions standards of the Directive 2010/75/EU. The full 

LCI is presented in [21]. Here we show the CHP system created in Ecoinvent 3.9.1 to account for the 

syngas heat and power valorization. The heat produced is assumed to avoid marginal LT Heat while 

the electricity avoids marginal medium voltage electricity for France.  

Table S 31 Syngas combustion 

Assumption Amount Unit Ref Comments 

biogas 0.42806 Nm3    

CHP 4.87E-08 unit    

lubricating oil 0.00029189 kg    

waste lubricating oil -0.00029189 kg  
 

platinium 6.81E-11 kg    

CH4 0.00022381 kg    

N2O 2.43E-05 kg    

NMVOC 1.95E-05 kg    

CHP inventory proxy 
  

   

CHP unit 1.14E-07 units/Nm3 [4] Adapted from the ecoinvent process CHP 

production from biogas, considering 

equivalent in a Nm3 basis 

lubricating oil 0.003235246 kg/Nm3 [4] 

waste lubricating oil -0.00323525 kg/Nm3 [4] 

Calcium hydroxide 0.002611357 kg/MJ_syngas [31] For flue gas cleaning (SI of [19]) 

CHP efficiency 
  

   

Electricity generation 35 % % [8] syngas CHP electricity efficiency 

LT Heat generation 45 % % [8] syngas CHP electricity efficiency 

use of LT heat 50 % % [8] LT heat recovery efficiency 

 

The combustion of the syngas recoverd from the HDO stage is modelled following the same technical 

assumptions that for the pyrolysis sungas, but accounting for the specific composition and LHV. The 

HPO and HFO combustion onboard are detailed in the LCI database and were modeled according to 

the fuel consumption and emissions detailed in section SI1.  

The Hydrogen used for HDO was modeled to be produced by alkaline electrolysis at 80°C, 30 bars, 

according to the gasification module of Javourez [8]. The energy efficiency was parametrized according 

to Table S21. The full inventory for installations and materials was used as by Javourez, itself built upon 

an existing pilot plant. The excess heat was assumed to be partly recovered while the oxygen separated 
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was not recovered. The storage emissions and water discharge were neglected. The H2 plant 

parametrized according to table x, has a global warming potential 100 years performance of 2.14 

kgCO2-eqkH2-1, which is below the threshold defined by the EU comisison (3.0 kgCo2eq.kgH2-1). Here 

we show the main assumptions and inventory for the hydrogen plant creation (TableS16), while the 

detailed calculations are presented in SI2, accessible at [21] 

Table S 32 Detailed inventory for alkaline electrolysis production of hydrogen. 25] 

Alkaline H2 inventory Amount Unit Ref 

Deionized water requirements 7.84 Kg.kgH2 [32] 

HHV_hydrogen 80% %energy_in [32] 

Electricity required 49.2 kWh/kgH2 Calc 

KOH (90%) 1.90E-03 kg/kgH2 [24]  

Oxygen produced 7.94 kg/kgH2 [24]  

Heat required 2.6 MJ/kgH2 Calc 

Heat released 35.5 MJ/kgH2 Calc 

Heat recovery 50% %heat Assum 

Building hall 1.69E-03 m2/kgH2 [33] 

Nitrogen , liquid 2.90E-04 kg/kgH2 [32] 

LT heat recovery COP 5.00 kW/kWe MP module 

COP electricity requirements 2.0 kWh/kgH2 Calc 

Stack    

Copper {RoW} | production, primary 1.93E-04 kg/kgH2 [34] 

Steel, unalloyed {GLO} | market for 1.93E-02 kg/kgH2 [34] 

Nickel, 99.5% {GLO} | market for 1.83E-03 kg/kgH2 [34] 

Aluminum, primary, ingot, at plant/RNA 4.34E-05 kg/kgH2 [34] 

Polyvinylchloride, bulk polymerized {RER} | polyvinylchloride 

production, bulk polymerization 
7.52E-05 kg/kgH2 

[34] 

Tetrafluoroethylene {RER} | production 7.52E-06 kg/kgH2 [34] 

Acrylonitrile-butadiene-styrene copolymer {RER} | 

production 
1.54E-05 kg/kgH2 

[34] 

Polyphenylene sulfide {GLO} | production 3.28E-05 kg/kgH2 [34] 

Polysulfone {GLO} | polysulfone production, for membrane 

filtration production 
2.51E-05 kg/kgH2 

[34] 

N-methyl-2-pyrrolidone {RER} | production 1.25E-04 kg/kgH2 [34] 

Aniline {RER} | production 4.72E-06 kg/kgH2 [34] 

Acetic anhydride {RER} | production, ketene route 5.20E-06 kg/kgH2 [34] 

Purified terephthalic acid {RER} | production 8.48E-06 kg/kgH2 [34] 
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Alkaline H2 inventory Amount Unit Ref 

Nitric acid, without water, in 50% solution state {RER} | nitric 

acid production, product in 50% solution state | C 
3.18E-06 kg/kgH2 

[34] 

Hydrochloric acid, without water, in 30% solution state 

{GLO} | tetrafluoroethane production 
1.25E-05 kg/kgH2 

[34] 

Graphite {RER} | production 4.14E-05 kg/kgH2 [34] 

Lubricating oil {RER} production 4.63E-08 kg/kgH2 [34] 

Zirconium oxide {RoW} | production 1.06E-04 kg/kgH2 [34] 

Carbon monoxide {RER} | production 1.45E-05 kg/kgH2 [34] 

Water, decarbonized, at user {RER} | water production and 

supply, decarbonized 
1.06E-03 kg/kgH2 

[34] 

De-ionized water, reverse osmosis, production mix, at plant, 

from surface water RER S 
8.29E-03 kg/kgH2 

[34] 

Industrial machine heavy, unspecified {RER} | production 1.54E-08 kg/kgH2 [34] 

Plaster mixing {CH} | processing 7.52E-05 kg/kgH2 [34] 

Electricity, high voltage {KR} | electricity production, natural 

gas, conventional power plant 
3.47E+00 kJ/kgH2 

[34] 

Heat, district or industrial, natural gas {KR} | heat and power 

co-generation, natural gas, conventional power plant 
8.48E+00 kJ/kgH2 

[34] 

Heat, from steam, in chemical industry {RER} | steam 

production, as energy carrier, in chemical industry 
6.74E-02 kJ/kgH2 [34] 

Share of O2 used 95% %generated Assumed 0% 

 

3.5.2 LCI for bio-LNG production by biogas production in AD and cryogenic liquefaction upgrading 

The crop residues are assumed to be harvested and pretreated before storage. The pretreatment 

consists on size reduction by means of extrusion and comminution [20]. The feedstock is considered 

to be stored ensiled where part of mass is lost as emission. The stored crop residues are then directed 

to a mesophilic agitated tank where the anerobic digestion process takes place. The biogas is assumed 

to be composed of 60% CH4 and the balance of CO2 [9]. The produced digestate is stored in concrete 

tanks with emission capture cover. No losses to water or soil are induced by the storage of digestate. 

The CH4 in biogas is assumed to be separated by cryogenesis, with recovery of CO2. The CH4 obtained 

is of 99.95% of purity and the losses during the process are <1% [35]. The separate biomethane is then 

liquefied and commercialized to be used as maritime fuel. The assumptions on the substituted fertilizer 

are presented only in the data repository due to the length.  
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Table S 33 Pretreatment of crop residues for the bio-LNG scenario 

Parameter Amount Unit Comment 

Comminution 0.0075 kWh/kgDM Optim from [19] 

Extrusion 0.007 kWh/kgDM Based on Hjorth et al 2011 

 3 % %WMloss All fractions equals, including DM 

Hygienization 247.4 kJ/kgwater Adapted to local average T° 

 176.7 kJ/kgDM Adapted to local average T° 

Transport 40 km Only accounted if diffuse stream 

 40 km 
Usually considered 100 for diffuse, but here separated 

in two. See pyrolysis module 

Forwarding 0.315 PMH/tww 
to load, haul and unload, conserv by [36]Ardolino et al 

2019 

Bale loading 160 kg/unit 

This is delivering the service of 'bale loading', for 1 

straw bale (mass of 160 kg) with bale gripper onto 

trailer. The service does not include transportation of 

the bales to the farm.  

 

Table S 34 Emissions from ensiling 

Pollutant Amount Unit Ref Comment 

CO2 1.50 % %WMin [12] Maximum CO2 released during ensiling 

NH3 0.007 kgNH3/kgCO2 Calc 
Assumed NH3 losses proportional to CO2 

losses as in [4] 

molar C:N in 0.02 molN/molC Calc  

WMloss 1.95 % %WMin [12] Change in weight after ensiling 
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Table S 35 Anaerobic digestion conditions [25] 

Parameter Amount Unit Ref 
Theoretical Methane Potential    

Proteins 0.496 m3CH4/kg [37] 
Fat 1.0008 m3CH4/kg [37] 

Soluble Carbs 0.415 m3CH4/kg [37] 
Hemicelluloses 0.415 m3CH4/kg [37] 

Cellulose 0.415 m3CH4/kg [37] 
Lignin 0 m3CH4/kg [37] 
Ashes 0 m3CH4/kg [37] 
Others 0.415 m3CH4/kg Assumed 

Theoretical Methane production 34.3 m3CH4/ton ex-stor feedstock (after humidity) Calc 
Yield 75 % %theo see KPI 

Methane production - before losses 25.7 m3CH4/ton ex-stor feedstock (after humidity) Calc 
Apparent Methane potential - before losses 276 m3CH4/tonVS Calc 

Biogas parameters    

CH4 60 % %biogas [9] 
CO2 40 % %biogas Calc 

CH4 density 0.714 kg/Nm3 [37] 
CH4 LHV 38 MJ/Nm3 [37] 

CO2 density 1.87 kg/Nm3 [37] 
Biogas density 1.18 kg/Nm3 Calc 

Biogas LHV 22.8 MJ/Nm3 Calc 
CH4 produced - before losses 18.4 kgCH4/tonex-stor feedstock (after humidity) Calc 
CO2 produced - before losses 33.6 kgCO2/ton Calc 

Biogas 52.0 kgBiogas/ton  

H2S production 0.20 % %H2S-S [29] 
Losses    

CH4 1 % %prodbiogas [38] 
CO2 2.74 kgCO2/kgCH4  

Flaring 2.8% %prodBiogas  
Flaring efficiency 98.0% %CH4  

Energy requirements    
Pre treatment 0.005 kWh/kgDM  

Diesel 0 L/kgWW  
Elec 8 % Autoconso  
Heat 97.9 kJ/kgWM  

Additional water 7.3 m3/ton_ex_stor  
DM 10 % 

Average T° 13 °C  
Cp water 4.2 kJ/kgWW/°C [2] 
Cp DM 3 kJ/kgWW/°C [2] 

Machines & Building 2.9E-07 unit/m3biogas [15] 
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Table S 36 Digestate storage parameters 

Digestate Amount Unit 

Water addition 0.02 m3/tonWM 

Electricity for pumping 2.9 kWh/tonWM 

Emissions 

CH4 MCF 12 % %BMP 

Digestate potential 0.177 m3CH4/kgVS 

CH4 emissions - before reduction 0.015 kgCH4/kgVS 

Digestate TAN 75 % %Ntot 

NH3 11 % %TAN 

CO2 2.74 kgCO2/kgCH4emi - before reduction 

directN20 0.50 % kgN2O-N/kgN 

indirectN20 - frac gas 0.05  

indirectN20 0.01 kgN20/kgfrac(gas+leach) 

Nox 1.00 % %TAN 

N2 3 kgN2-N/kgN2O-N 

Loss in TAN 7 % % 

Emissions reduction potential 80 % %CH4&NH3 

VS digestate in 87 % %DM 

DM digestate in 5 % %WM 

%N digestate in 2.0% %DM 
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Table S 37 Cryogenic liquefaction assumptions 

Parameter  Amount Unit   Reference 
Biogas purity 99 % %methane Yousef et al., 2019 

Upgrading electricity 2 % %biogas [10] 
Compression electricity 1.00 % %biogas [10] 

Energy requirement 0.009 kWh/MJ [10] 
N2 as refrigerant    

Plant size 2.67E-10 plants/m3 biogas [39] 
Pipeline injection    

Pressuirng biogas 0.12 kWh/Nm3 [10] 
Fugitive losses from injection 0.10 % %biomethane [10] 

Network losses 1.50 % %biomethane Ademe, transition(s) 2050 
Transport 100 tkm  

Other  

Liquefaction    

Energy requitement 0.75 kWh/kg LBM   

Energy requitement 0.80 kWh/Nm3 raw biogas 
Flow rate    

LHV 48 MJ/kg  

Density 0.428 kg/m3  
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