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Abstract
Biorefineries have been studied, involving technical, economic, and environmental aspects. Substantial research has identified many pathways for producing chemicals and fuels from biomass sources. Nevertheless, the implementation of biorefineries depends not only on biochemistry and technologies. In addition, biorefineries implementation needs to be supported by logistics, existing infrastructure, feedstock supply chains, market uptake opportunities, socio-economic issues, and political context. Therefore, this review paper is addressed to analyze the influence of country conditions on the development of integral biobased industries. For this, a literature review is done focused on analyzing the possible implementation of biorefineries.  Four countries were selected as potential study cases in different world regions. Then,  Colombia, Canada, Italy, and Greece were selected to analyze the integral upgrading of biomass sources. Industrialized countries can introduce biorefineries because there are established pathways to support research and development efforts and guarantee economic feasibility combined with existing plants. Nevertheless, emerging industrial and developing countries seem far from implementing biorefineries as brownfield processes since context variables do not support this change (e.g., logistic performance, industrial competitiveness). In conclusion, international cooperation and biomass trading could be feasible to make a faster economic transition in all world regions (i.e., bioeconomy instead of oil-based economy). 
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[bookmark: _Hlk105655506]Highlights. 
1. Socio-economic context is defined as a critical point to consider for biorefineries design.  
2. Lignocellulosic biomass production potential is analyzed for Europe and America.
3. Industrial and logistic level are influential factors for biorefineries implementation. 
4. A products limitation from biomass is demonstrated as a results of context variables. 

1. Introduction. 
[bookmark: _Hlk93587962]Developed and developing countries have faced environmental issues attributed to the excessive exploitation and use of fossil fuels (i.e., crude oil, natural gas, and coal). In this way, renewable resources have been profiled as a promising way to change the future and avoid irreversible damages in our world. Remarked efforts have been made to decrease the industrial and agricultural carbon and water footprints to guarantee sustainable practices. For example, new strategies to reduce the blue water footprint such as drip irrigation and soil mulching are being introduced in different countries [1]. In addition, governments have offered benefits to increase the decarbonization rate in developed countries as an strategy to accomplish the Sustainable Development Goals (SDG’s) [2]. All these initiatives have been proposed by international organizations (e.g., UN, OECD) to change the current unsustainable economy model (i.e., a linear economy model) to a more promising model (i.e., bioeconomy). Then, a political framework has been created to encourage topics such as energy transition, circular economy, and bioeconomy [3]. The SDG’s were created to boost renewable resources as the base to build a more sustainable production and consumption scheme [4]. 

Biomass conversion has been a promising option to decrease oil-based dependency for producing energy and value-added products [5]. Accordingly, several studies have been addressed to demonstrate the high potential of a wide range of biomass sources (i.e., agricultural waste, agro-industrial residues, forestry biomass) to replace goods and services derived from the petrochemical industry [6]. Biomass components (i.e., cellulose, hemicellulose, lignin, starch, fats, and proteins) have been studied to produce biosurfactants (e.g., rhamnolipids, surfactin), organic acids (e.g., lactic acid, succinic acid, and levulinic acid), alcohols (e.g., ethanol, butanol), phenolic compounds (e.g., vanillin and vanillic acid), and bioactive compounds (e.g., peptides, carotenoids, flavonoids) [7]. These studies have elucidated operating conditions, yields, productivities, and crucial information to adapt lab-scale experiments in pilot-scale and large-scale processes. Furthermore, techno-economic and environmental assessments of conceptually designed processes have been published, helping to predict the potential of any resource to be upgraded in different products [8,9]. On the other hand, hard work is being done by different companies' research and development (R&D) areas to introduce the successful use of biomass sources as raw material. These efforts have demonstrated the high biomass versatility for obtaining a product portfolio and integrating different productive sectors and chains. 

[bookmark: _Hlk93589990]Biorefineries have been defined as complex facilities with multiple products and energy vectors, where biomass can be processed integrally to obtain different value-added products [10]. Biorefineries are the next step of biomass upgrading since stand-alone processes limit this resource's potential use. Implementing biorefineries has been the starting point for promoting a bioeconomy model in developed and developing countries. These facilities can help accomplish SDG’s proposed by the UN agenda in the 2030 agenda [11]. Certainly, biorefineries are directly related to SDG’s 7, 9, 12, and 13 since these facilities can boost the implementation of clean energy (e.g., biogas, hydrogen), encourage industry-academia links for industrial innovation, make aware about products precedence, and reduce global warming. Nevertheless, a biorefinery's start-up and operation require to involve the socio-economic context, industrialization level, road infrastructure, environmental policies, and political goals. Therefore, the biorefinery analysis must consider these aspects as long as possible to guarantee the implementation of successful processes [12]. Another important issue faced by developing countries is the industrialization grade since processes with a high technological level are introduced in developed countries, reducing the possibility of upgrading as much as possible autochthonous biomass sources. Then, the biomass use level also depends on this factor. To our knowledge, a specific analysis done per country or region to give a more accurate idea about the type of biorefinery that can be installed has not been developed yet. Indeed, the awareness of a country or region's context can help elucidate the possible trading of raw materials and technologies to increase the development of biorefineries in developed and developing countries. 

Despite the high potential of biorefineries to be a common point between different productive chains and industrial processing lines, these facilities have not been widely implemented worldwide. Brownfield processes have been reported because several facilities produce energy from biomass to reduce energy consumption (i.e., decrease fossil fuel use). Few real biorefineries are operating in Europe and America compared to oil-based processes. Nevertheless, greenfield biorefineries have not been widely introduced since these projects require high capital investments from the private sector and government. The current trend to change the oil-based economy is boosting biomass use and conversion efforts in all sectors [13]. Then, energy transition and bioeconomy establishment strategies are being introduced to promote second-generation raw materials instead of first-generation sources to avoid food security issues [14]. On the other hand, few papers have reported how local conditions (i.e., policies, industrialization, biomass waste management, road development) can affect the implementation of biorefineries since most papers are addressed to evaluate the potential of a biomass source from a technical perspective, leaving where biomass upgrading facilities will be implemented. Moreover, scarce papers have highlighted the existing relation between the biorefineries conceptual design and the context where these facilities will be implemented. In this way, the novelty of this paper is addressed to discuss how context variables can affect the design and development of biorefineries, considering the current and future progress related to the biomass conversion. Moreover, the novelty of this paper is addressed to elucidate the influence of socio-economic variables into the design of biorefineries. Thus, the present paper aims to offer a comprehensive study of the implementation of  biorefineries in developed and developing countries, considering how socio-economic aspects can affect the application of biomass upgrading processes towards a bioeconomy. For this, Italy and Greece (European countries) and Canada and Colombia (Americas countries) are selected as case studies. For these countries, the following aspects are described (i) the potential implementation of biomass conversion processes into different productive chains, (ii) experiences related to the biomass valorization and biorefineries implementation, and (iii) the influence of the industrialization level on the biorefineries complexity level to be implemented. Two biorefineries were also selected to understand how the biorefineries’ progress change based on the context. A specific and careful methodology guided by a literature review of the most important characteristics of several countries in Europe, North America (i.e., Canada and the USA), and Latin America was done. The information was collected from research databases (e.g., ScienceDirect, Scielo, Scopus), sustainability reports of several industries, and official reports of international entities (e.g., OECD, UN, European Commission). 

2. Methodology. 
[bookmark: _Hlk93592827]A literature review addressed to identify how the local context can affect the implementation of biorefineries was done using different information sources such as (i) academic databases (i.e., Web of Science, ScienceDirect, Scielo), (ii) action plans and reports published by international organizations to mitigate climate change (i.e., European Green Deal, Kyoto Protocol, COP26 memories), (iii) sustainability reports of several industries, and (iv) statistics reported by international entities (e.g., Food and Agriculture Organization of the United Nations – FAO). This information was analyzed to establish a link between the local context, biomass production, and current use, existing biomass upgrading processes, and the possible implementation of biorefineries considering aspects such as the competitive industrial performance per country (i.e., CIP), logistical performance index (i.e., LPI), and Industrial Intensity Index (3I). The timeline of the literature review was set from 2015 to 2021.  Specific study cases were selected to analyze the influence of a specific context in the biorefineries’ implementation. Then, the authors proposed a methodology (Figure 1) to decrease the number of country options to develop a list of six countries of different regions as representative cases of possible biorefineries implementation. Finally, four countries were chosen as case studies, based on the potential to implement biobased industries, to discuss specific conditions like socio-economic context. The criteria used to select the countries (Figure 1) are described below.
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Figure 1. Methodological approach to defining potential study cases (countries) for biorefineries implementation.

Criterion 1. “Fuel-Energy transition,” was used as an indicator to identify the regions with the highest biofuels consumption and production in the world. This criterion was estimated based on the British Petroleum (BP) report in 2020 [15]. The fuel-energy transition index only considers the biofuels production and consumption per world region This index can have values higher or lower than one (1). Then, world regions with values higher than 1 means a high consumption rate of biofuels compared to the biofuels production. On the contrary, Fuel-Energy Transition values lower than 1 means a low use and consumption of biofuels compared to the production. The Fuel-Energy transition was estimated following Equation 1. 

	
	Eq. 1



Criterion 2. “Lignocellulosic biomass production potential,” was set as the potential second-generation feedstock derived from the most relevant crops per country. This information has been estimated by several authors in the open literature using a comprehensive approach. The lignocellulosic biomass production potential indicator was reported per year according to literature reports (i.e., no calculations were involved). Moreover, the most representative crops of different countries were introduced. For instance, European countries lignocellulosic biomass production potential was reported considering residues-to-crop ratios [16]. South American countries lignocellulosic biomass production potential considered oil palm, cassava, corn, beans, soybeans, rice, sugar cane, among other crops according to the estimations done by Magalhães et al. [17]. Finally, North America lignocellulosic production potential was reported by Gronowska et al. [18]. In the European region, the following statements were applied (i) Only European Union (EU) countries were included, and (ii) a subregional distribution was made to consider at least one country of Northern, Southern, Western, and Eastern Europe. Then, only the three countries with the largest lignocellulosic biomass production potential per region and sub-region were analyzed, applying the following criteria. 

Criterion 3. “Lignocellulosic biomass productivity,” assesses the amount of lignocellulosic feedstocks produced per harvested hectare per year. This indicator elucidates the theoretical availability per area unit to be upgraded in a country. Indeed, countries with the largest lignocellulosic biomass production could not have high productivity since agricultural factors can also affect the indicator's final result. Then, the second-generation biomass productivity was estimated as the ratio between the lignocellulosic biomass production per year and the harvested area of the country, considering only the specific crops involved in the reported values in criteria 2. The statistics of the harvested area reported by FAO were used as input data [19]. As a result, seven countries are obtained since only those with the highest index per region were selected. The lignocellulosic biomass productivity was estimated considering Equation 2. 

	
	Eq. 2



Criterion 4, “Potential biorefineries from brownfield industries,” was set as the current number of bio-based industries addressed to upgrade biomass (at any level) into more than 1 product to define the case studies of this manuscript. The potential biorefineries from brownfield industries were equal to the number of biorefineries reported per country. This information was retrieved from Parisi et al., [20]

3. Results and Discussion. 
3.1. Case studies selection. 
The Fuel-Energy Transition index (Criterion 1) results are presented in Table 1. Five world regions were analyzed (i) North America, (ii) South America, (iii) Europe, (iv) Africa, and (v) the Asia Pacific. The first three world regions have the highest trend to produce and use biofuels (i.e., bioethanol, biodiesel, and biogas). Then, these regions have the highest level of the Fuel-Energy Transition index. Therefore, North American, South American, and European countries were considered for the following criteria. 

Table 1. Biofuel production and consumption per world region in 2020 [15].
	World Region
	Production (mboe/d*)
	Consumption (mboe/d*)
	Fuel-Energy Transition Index

	North America
	623
	598
	0.96

	South America
	446
	464
	1.04

	Europe
	295
	339
	1.15

	Africa
	3
	1
	0.33

	Asia Pacific
	310
	274
	0.88


*mboe/d: Thousand barrels of oil equivalent per day.

The lignocellulosic biomass production potential per country is presented in Table 2. The United States of America - USA (23.56%), Canada (22.91%), Brazil (22.73%), Argentina (8.92%), France (3.40%), and Germany (2.39%) are the most important lignocellulosic biomass production countries in the reported regions. Canada is different since most of the lignocellulosic biomass is produced by forest biomass [19]. In contrast, most of the lignocellulosic materials produced in other countries derive from agricultural activities [16–18]. Therefore, these countries can be considered potential candidates to implement greenfield or brownfield biorefineries since most are considered industrialized countries (except Brazil and Argentina). Indeed, the USA, Canada, and Germany are introducing new biomass-based processing lines in existing facilities to obtain different products. The introduction of bio-based processes has been accomplished thanks to the efforts done by the private sector in R&D, governmental support (i.e., taxes and financial benefits), and transition goals (i.e., SDG’s) boosted by international environmental agreements [21]. On the other hand, there are low-producing lignocellulosic biomass countries such as Venezuela and Slovenia because these countries' economic activity is based on oil (i.e., petroleum trade) and service (i.e., tourism) sectors. Therefore, country selection statements were applied to decrease the number of countries to be assessed using criteria 3. For instance, those countries with high lignocellulosic biomass production potential were selected from each region, leaving aside those countries with the lowest. In the case of Europe, three countries with the highest lignocellulosic biomass production potential were selected per geographical region (i.e., Northern Southern, Eastern, and Western) to avoid leaving aside regions. Then, the USA, Canada, Brazil, Argentina, Colombia, Spain, Italy, Greece, France, Germany, Austria, the United Kingdom – UK, Denmark, Lithuania, Poland, Romania, and Hungary were selected.  

Table 2. Indicators related to the lignocellulosic biomass potential production in North America, South America, and Europe. 
	Country
	Lignocellulosics production (Mt/y*)
	Country
	Lignocellulosics production (Mt/y*)

	North Americaa
	Europec

	Canada
	561
	UK
	26

	USA
	577
	Hungary
	23

	South Americab
	Italy
	23

	Colombia
	32
	Bulgaria
	16

	Chile 
	5
	Czech Republic
	13

	Venezuela
	1
	Denmark
	10

	Ecuador
	14
	Lithuania
	8

	Peru
	12
	Sweden
	7

	Guyana
	2
	Slovakia
	6

	Brazil
	557
	Austria
	6

	Argentina
	219
	Greece
	6

	Uruguay
	8
	Finland
	5

	Bolivia
	16
	Croatia
	5

	Paraguay
	28
	Latvia
	4

	Europec
	Belgium
	3

	France
	83
	Netherlands
	2

	Germany
	59
	Ireland
	2

	Poland
	42
	Estonia
	2

	Romania
	39
	Portugal
	2

	Spain
	27
	Slovenia
	1


* Mt/y: Million tonnes per year on a dry basis.
aData estimated in 2009 [18]. bData projected to 2025 [22], cData estimated as an average production in 2011 – 2015 [16]. 

The third criterion is applied to identify those countries with a high lignocellulosic productivity per world region. Table 3 shows the results obtained after estimating the lignocellulosic biomass productivity (i.e., production of second-generation biomass per unit area). The information presented in Table 2 was divided by the harvested area in the country. Data of the harvested area per country was obtained from the Food and Agriculture Organization of the United Nations (FAO) database [19]. Canada and Colombia have the highest theoretical lignocellulosic biomass productivity since these countries produce large amounts per year per area unit. Then, these countries have high theoretical availability of biomass to be upgraded either in stand-alone processes or biorefineries. However, this availability concept must be refined considering the characteristics of the biomass supply chain, industrialization level, and exports [23]. In addition, France, Germany, Italy, and Greece, are the European countries with high second-generation biomass productivity per unit area (see Table 3). The six-country list to be assessed by criterion 4 was determined by selecting only one country from North and South America with the highest lignocellulosics productivity (i.e., Canada and Colombia). On the other hand, those European countries with a lignocellulosics productivity higher than 6.70 were considered since the data for this region (i.e., Europe) is too similar. 

Table 3. Lignocellulosic biomass productivity of countries from North America, South America, and Europe.
	Country
	Lignocellulosics productivity (t/yr/Ha*)
	Country
	Lignocellulosics productivity (t/yr/Ha*)
	Country
	Lignocellulosics productivity (t/yr/Ha*)

	Canada
	18.06
	Italy
	6.75
	Denmark
	6.42

	USA
	6.06
	Greece
	6.72
	Lithuania
	4.78

	Colombia
	15.72
	France
	7.10
	Poland
	5.10

	Brazil
	7.78
	Germany
	7.37
	Romania
	5.19

	Argentina
	6.80
	Austria
	6.65
	Hungary
	6.69

	Spain
	3.99
	UK
	6.59
	
	


*t/yr/Ha: Tonnes per year per Hectare. Data presented in this table was estimated as the ratio between the values given in Table 2 and the harvested area information given by the FAO database [19].

The six-top countries after criterion 3 (i.e., Canada, Colombia, France, Germany, Italy, Greece) were assessed by criterion 4 to determine the case studies to be analyzed more deeply. In this way, the number of biorefineries installed, LPI, CPI, and 3I indicators were compared for each country [20,23]. The data summarized in Table 4 gives a general overview of the current situation of each country regarding the biomass upgrading process. All indicators are addressed to show a big picture of the logistical, industrial, and economic context of each country. 

Table 4. Logistic, Competitiveness, and Biorefineries presence selected countries [20,23].
	Country
	Biorefineries
	LPI
	CIP
	3I
	Exports strength
	Country classification

	Canada
	25
	3.81
	0.179
	0.361
	Medium Technology manufactures
	Industrialized

	Colombia
	5
	2.81
	0.032
	0.296
	Resource based manufactures
	Emerging Industrial

	Germany
	58
	4.19
	0.471
	0.681
	Medium Technology manufactures
	Industrialized

	France
	34
	3.86
	0.237
	0.450
	Medium Technology manufactures
	Industrialized

	Greece
	6
	3.19
	0.060
	0.246
	Resource based manufactures
	Emerging Industrial

	Italy
	31
	3.73
	0.244
	0.479
	Medium Technology manufactures
	Industrialized

	World Average
	N.A.
	2.86
	0.067
	0.323
	N.A.
	N.A.


*N.A. Not Apply. 

The LPI index measures the on-the-ground efficiency of trade supply chains or logistics performance [24]. This index is a weighted average of six dimensions (i) Efficiency of the clearance process (i.e., speed and simplicity) by border control agencies, (ii) Infrastructure (e.g., roads, ports), (iii) international shipments (i.e., easy to arranging competitively priced shipments), (iv) logistics competence (e.g., transport operations), (v) tracking and tracing (i.e., capability to track and trace consignments), and (vi) timeliness (i.e., punctuality of shipments delivery) [25]. Higher LPI index values determine the strength and capability to export and commercialize manufactured products to other countries. Most listed countries in Table 4 have a higher LPI value than the world average. Germany and France have the best LPI values, while Colombia and Greece have the lowest. Indeed, Colombia has the lowest LPI value, which decreases the opportunity to export manufactured products compared to other countries. This low LPI value for the Colombian case is attributed to the lack of road development and other supply chain variables related to biomass delivery [26]. Greece has a relatively lower LPI value indicating the need to improve logistics performance. Canada and Italy have a higher value than countries like Colombia and Greece (i.e., these countries are in the Top-20). Then, governmental investment to improve this index can increase the competitiveness for trading raw- or industrial-based manufactures. The LPI index is important since biorefineries implementation requires a good logistic structure to receive the raw materials (not only biomass) and commercialize the products. Then, higher LPI values increase the potential to implement brownfield or greenfield biorefineries at high scales to produce bulk products. In addition, LPI can be seen as an indicator to consider installing centralized or decentralized biorefineries since a low logistic performance limits the scale of the process, reducing economic feasibility [27,28]. Therefore, countries with a low LPI can transition to a bioeconomy by implementing small-scale modular biorefineries. In contrast, high LPI ranked countries can introduce large-scale biorefineries after ensuring performance in demonstration plants.

The CIP index quantifies the ability of countries to produce and export manufactured products [23]. Germany, Italy, France, and Canada have the highest CIP values ratifying their classification as industrialized countries, while Colombia and Greece have the lowest values positioning them as emerging industrial countries. Nevertheless, strong efforts must be made to improve the CIP value since these countries are below the global average. Indeed, as greenfield processes, biorefineries implementation is difficult in Colombia and Greece because these countries require higher investments and support to commercialize elaborated bio-based products. On the contrary, Germany, Canada, France, and Italy have a high capability to upgrade, and export elaborated bio-based products since the industrial development of these countries can support better the transition from oil-based to bio-based raw materials. This statement can be justified through the 3I index because high industrialization levels can be translated into a high technological maturity, promoting an economic scheme based on bulk, specialty, or fine products (e.g., automotive parts, chemicals, machinery). In this way, countries with high CIP and 3I indicators (e.g., Germany, France, Italy, and Canada) can introduce more advanced and specialized systems to upgrade biomass in a portfolio of high-valued-added products. These countries are characterized to have a high investment in R&D, promoting a progressive improvement of the industrial sector [21]. On the other hand, low-ranked countries should introduce low-complexity systems to obtain bulk products and energy vectors. This statement is given only considering the indicators presented in Table 4. Nevertheless, associations between countries and private companies can help boost the introduction of large-scale and advanced biomass conversion systems in emerging industrial and developing countries to boost economic growth. Finally, each country's number of existing biorefineries (see Table 4) directly relates to the LPI, CIP, and 3I indicators. Then, these can be used as a starting point to analyze the influence of the productive context on biorefineries development. 

Germany and France have a consolidated growth in biomass use and biorefineries implementation. Then, an analysis based on (i) the potential implementation of biomass conversion processes into different productive chains, (ii) experiences related to the biomass valorization and biorefineries implementation, (iii) restrictions and freedoms addressed to implement a bioeconomy model, and (iv) the influence of the industrialization level on biorefineries complexity is done for Canada, Italy, Greece, and Colombia to give significative insights for biorefineries implementation and development.

3.2. Potential opportunities in biomass conversion. 
Several industries have adopted raw material transition since international requirements claim a mind change. Therefore, facilities must use renewable raw materials (i.e., biomass) and integrate different products to be commercialized in many productive sectors (e.g., energy, transport, chemicals, food & feed, materials). In this way, biomass use has led to process intensification and industrial patents development [21]. For instance, industrial processing strategies to separate biosurfactants from the fermentation broth have been developed using solvents or pH change strategies [29,30]. On the other hand, biomass sources must be identified and sustainably exploited according to the regional availability (at least at the beginning) since the scale of the process must be defined. Consequently, identifying the most important agricultural productive chains is mandatory before introducing biomass upgrading processes in existing or new facilities. Then, an overview of the most important sources of lignocellulosic biomass in Canada, Italy, Greece, and Colombia is given below. 

3.2.1. Potential feedstocks and value chains for biomass upgrading. 
Agricultural products, agricultural residues, agro-industrial waste, and forestry biomass are the most common biomass sources to be upgraded in a portfolio of products at an industrial scale. Agricultural lignocellulosic biomass produced in Italy and Greece is about 29 million tons per year (see Table 2). The major crops in both countries are addressed to produce cereals (i.e., wheat, rye, barley, oats, grain maize, triticale, sorghum, rice) [16]. Most residues are burned or left in fields instead of search valorization alternatives [31]. In Italy, wheat straw and maize residues contribute 45.2% and 13.9% of the total lignocellulosic biomass produced [32]. Then, these feedstocks can be categorized as the most prominent alternatives to start a transition towards bioeconomy. Indeed, some industries use these residues as raw materials to produce chemicals and materials (see Section 3.3.1.2). More efforts could be implemented to increase the use of these raw materials since the current share of used lignocellulosic biomass does not overcome 15% [33]. Instead, Greek lignocellulosic biomass potential is related to the production of wheat straw, cotton ginning residues, and olive tree residues contributing 23.3%, 20%, and 20% of the total lignocellulosic biomass production [31]. Unlike Italy, Greece does not have any industry upgrading these residues in value-added products. Most biomass is lost in fields. On the other hand, Canada produces a large amount of forestry residues (e.g., bark and branches) and wheat straw (see Table 6). However, forestry biomass represents more than 60% of the total lignocellulosic biomass production [18]. Then, most valorization alternatives in existing facilities are addressed to upgrade this raw material. Indeed, the pulp and paper industry is upgrading forestry biomass in bioenergy and chemicals, proving the possible integration of biomass sources as feedstock in existing facilities (see Section 3.3.1.4). Finally, Colombia has well-defined the sugarcane bagasse and oil palm crop residues use (e.g., palm pressed fiber or empty fruit bunches) as raw material in sugar and oil palm mills to produce energy [34]. Rice, cassava, coffee, avocado, and plantain residues do not have a specific use [35]. Then, most residues from these crops are left in the field. 

Lignocellulosic biomass is the most suitable option for producing a series of value-added products without comprising food security [36]. Table 6 shows the composition of several lignocellulosic residues produced in Italy, Greece, Canada, and Colombia. Reliable and feasible valorization alternatives can be proposed considering the logistic and industrial development of the region. Moreover, the chemical characterization for one residue (e.g., corn stover) does not vary significantly from one region to another. Before, three alternatives to increase the use of lignocellulosic biomass are (i) biomass trade (i.e., export suitable lignocellulosic feedstocks), (ii) biomass use as the energy source of industrial processes (already implemented), (iii) small-scale applications focused on produce feed, composites, additives, and energy vectors, and (iv) large-scale and medium-high technological complex applications addressed to produce elaborated manufactured products (e.g., biomaterials, specialty products, and fine chemicals). The implementation of these alternatives depends entirely on the country's development level. Indeed, complex processes that disrupt biomass and produce a portfolio of chemicals are not an option for countries like Colombia, where the logistic and industrial aspects are still under development (country variables). Hypothetical cases addressed to upgrade lignocellulosic biomass are unreliable since these processes are not in line with the country's reality. Indeed, conceptual designed processes without considering logistics and industrial development do not have the opportunity to be implemented in the real world. For instance, Aritizábal-Marulanda et al. [27] demonstrated how the logistic and availability of the raw material (i.e., coffee cut stems) could limit the economic performance. The case study evaluated by these authors gives, as a result, an economically feasible configuration only if the biomass input overcomes the regional availability. This configuration is not possible to be considered a feasible process. In addition, Ortiz-Sanchez et al. [28] demonstrated the possible integration of orange peel waste (OPW) as raw material to produce essential oil and biogas. An introduction of a new processing line is economical and environmentally feasible at the processing scale of the orange juice facility [37]. These applications can be introduced depending on the technological readiness level of the process to be implemented. However, there is necessary to know what kind of products can be obtained and the current applications given to biomass sources by some enterprises. Then, the following sections show the potential products derived from biomass and the current state of Greece, Italy, Canada, and Colombia in the introduction of biorefineries as brownfield or greenfield processes.

3.2.2. Potential biobased value-added products. 
This section describes the possible products able to be obtained in Canada, Colombia, Italy, and Greece. Energy vectors and value-added products are reviewed based on the country variables. For instance, Canada and Italy have a high potential to produce renewable energy using other sources such as wind and sunlight. Nevertheless, natural gas is the most important energy source in these countries. On the contrary, Greece and Colombia have a high share of energy derived from oil (non-renewable resource). On the other hand, materials and chemicals production is described to analyze the difference of the technologies implemented in each country. Thus, the purpose of this section is to elucidate how biomass can be upgraded into a wide variety of products depending of the producing region. 

3.2.2.1. Energy and energy vectors. 
Heat and power have been produced using biomass as raw material to supply a share of the energy demand at the industrial level (e.g., sugar mills, oil palm mill, and paper and pulp industries). Stand-alone heat and power-producing facilities are more common in industrialized countries such as Canada and Italy. Nevertheless, most industries have moved to the simultaneous production of heat and power in cogeneration facilities since the process efficiency is higher (35% - 49%) compared to only power production (30%) [38]. Indeed, combined heat and power (CHP) plants are more desirable in the energy sectors because more benefits can be obtained (e.g., steam) [39]. 

Biomass combustion and gasification technologies have been applied to supply a share of industries' heat and power demand since these processes have a high technological readiness level (TRL) [40]. Cogeneration processes use thermochemical pathways and thermodynamic cycles to produce heat and power simultaneously. For instance, Biomass Integrated Gasification Combined Cycles (BIGCC) is a comprehensive technology to produce heat and power simultaneously. BIGCC systems apply the concepts of the Brayton (gas turbine) and Rankine (Heat Recovery Steam Generator) thermodynamic cycles [41]. Nevertheless, another emerging small-scale technology to produce heat and power is the Organic Rankine Cycle (ORC) due to this process being more environmentally friendly and can use low-grade heat sources (e.g., sunlight and biomass) [42]. Finally, the energy transition towards complete stand-alone use of several energy producing plants has been done by applying co-combustion and co-gasification processes, where non-renewable resources (i.e., coal or lignite) are combined with biomass to produce heat and power without reducing the energy output. [43]. A comparison between the energy matrix and bioenergy production in Italy, Canada, Colombia, and Greece is done to give a picture about the energy context

The energy matrix in all countries (Italy, Canada, Greece, and Colombia) is based on fossil fuels since oil, natural gas, and coal provides more than 70% of the energy demand. Biofuels and waste provide about 10% of the total energy demand. Indeed, Colombia has the highest share of energy supplied by biofuels and waste due to biodiesel, and bioethanol are the most important energy vectors used in the transport sector. Italy also has a relatively high share of the energy supplied by biofuels. Nevertheless, Greece and Canada have the lowest energy supply from biofuels since these countries have a strong trend to use fossil resources. On the other hand, fuels prices give a base to understand the trend of these countries to implement renewable energies. Low prices of fossil fuels do not create the need to search for new alternatives. Colombia can be considered a special case because this country has introduced biofuels supported by the government. 

Italy has 381 plants addressed to the stand-alone production of electricity and 115,569 plants to produce heat with an average production output of 1.55 GW and 1,042 GW. The current electricity generation is 4,000 GWh/y (17% of the possible electricity production from biomass). Then, more efforts should be made to increase renewable resources instead of fossil fuels. The possible electricity production is 23,507 GWh/y, while gross heat production is 22,532 TJ, according to the estimations reported by Moliner et al. [33]. Greece, specifically Crete, 1,950 TJ. Several agricultural residues can produce this potential energy (e.g., olive tree pruning and vineyards). The difference between the energy potential in Italy and Greece is attributed to the lignocellulosic biomass production potential (see Table 2) since Italy produces four-fold more biomass than Greece.
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Table 5. Energy matrix of Italy, Canada, Colombia, and Greece. [44]
	Energy Source
	Italy
	Canada
	Greece
	Colombia

	Oil
	1’842,300 
	32.54%
	3’942,190
	35.28%
	381,441
	48.52%
	722,655
	39.22%

	Biofuels and Waste
	611,907
	10.81%
	556,286
	4.98%
	53,499
	6.81%
	221,728
	12.03%

	Wind and Solar
	391,291
	6.91%
	147,150
	1.32%
	61,772
	7.86%
	0
	0.00%

	Hydropower
	167,998
	2.97%
	1’384,682
	12.39%
	12,054
	1.53%
	196,537
	10.67%

	Natural Gas
	2’448,407
	43.25%
	4’702,400
	42.08%
	206,346
	26.25%
	500,934
	27.19%

	Coal
	198,987
	3.52%
	441,733
	3.95%
	70,968
	9.03%
	200,528
	10.88%

	Total (TJ)
	5’660,890
	100%
	11’174,441
	100%
	786,080
	100%
	1’842,382
	100%

	Diesel (USD/l)
	1,855
	1,219
	1,731
	0,585

	Natural Gas (USD/kWh*)
	0,067
	0,022
	0,051
	0,039

	Gasoline (USD/l)
	2,001
	1,158
	2,028
	0,596


*Cost for Business



Canada has an installed capacity of 2,408 MW supplying 1.7% of the country's energy demand. This bioenergy is produced by 70 power plants, which use wood and wood by-products. Nevertheless, the current energy generation is under development since the theoretical energy potential is 590,000 TJ. Colombia has a theoretical energy potential of 550,000 TJ considering agricultural residues and forestry biomass as energy sources. The technical energy potential (i.e., reliable energy production from biomass sources considering the current installed capacities) is 35,000 TJ (i.e., 6%). Then, the bioenergy sector needs to improve and boost in Colombia [35]. In this way, American countries (i.e., Canada and Colombia) have more potential to produce bioenergy (as was expected) due to the high amount of biomass produced. This characteristic can be attributed to a country extension because Canada and Colombia have larger harvested areas than Italy and Greece. 

On the other hand, biomass also can be upgraded to energy vectors such as bioethanol, biodiesel, hydrogen, bio-methanol, biogas, syngas, biobutanol, and biomethane. The energy vectors production processes are well-known and described in the open literature [55–57]. The most produced energy vectors are bioethanol, biodiesel, and biogas in Canada, Colombia, Italy, and Greece. Information related to statistics, plants, production volumes, and raw materials to produce these energy vectors has been widely reported since energy transition programs and policies have been addressed to strengthen production. Energy vectors such as bio-methanol and biobutanol have interesting applications in the transport sector and are used as solvents in the chemical industry. Nevertheless, most biobutanol and bio-methanol producing plants are not located in the studies countries. Indeed, Greece, Italy, and Colombia do not produce these energy vectors using biomass as raw material. Only Canada has two bio-methanol production plants (i.e., Enerkem and Alberta-Pacific Forest Industries), where municipal solid waste and forestry biomass are used as raw materials. The pathway to produce bio-methanol involves patented gasification processes and later catalytic upgrading. Then, syngas is used as a platform. Other examples of bio-methanol facilities are located in Iceland, Sweden, and the Netherlands, using syngas as a chemical platform [58]. Finally, hydrogen has been profiled as the future fuel because the production process has a high environmental performance. Nevertheless, hydrogen production has different challenges related to end-user consumption, production, storage, and transportation [59]. 


Table 6. Potential lignocellulosic biomass sources in Italy, Greece, Canada, and Colombia.
	Country
	Crop
	2G-Biomass
	Production rate (Mt/y)*
	Composition**
	Current uses
	Ref.

	
	
	
	
	Cellulose
	Xylan
	Lignin
	Ash
	
	

	Italy
	Wheat
	Straw
	10.4
	35.1
	22.8
	16.1
	7.5
	Electricity, Heating, Composting, Biogas
	[16,33,45]

	
	Maize
	Stover
	3.2
	35.3
	22.7
	13.2
	7.1
	Composting and Bigas. 
	[32,45,46]

	
	Barley
	Straw
	0.7
	32.9
	13.5
	18.6
	6.2
	Animal feed
	[32,45,46]

	
	Rice
	Husk and Straw
	0.8
	32.3
	16.1
	13.5
	15.8
	Not reported. 
	[31,46]

	Greece
	Cotton
	Ginning waste
	1.4
	25.0
	10.0
	26.0
	N.R
	Electricity
	[31,47]

	
	Wheat
	Straw
	1.2
	33.8
	45.1
	16.4
	4.7
	Single-use plastic straws
	[31,48,49]

	
	Olive
	Olive tree waste
	1.2
	32.5
	12.2
	21.3
	1.3
	Pellets, Heating
	[31,45,48]

	
	Maize
	Stover
	0.6
	40.6
	31.1
	11.7
	2.2
	Nor reported
	[31,50]

	Canada
	Forest
	Forest residues
	97
	51.8
	24.25
	21.2
	2.7
	Electricity, Heating, Chemicals
	[51,52]

	
	Wheat
	Wheat Straw
	21
	40.0
	33.8
	24.6
	1.6
	Bedding for livestock 
	[53]

	
	Rapeseed
	Straw
	0.8
	34.1
	14.5
	16.2
	6.2
	Animal feed
	[32,45,46]

	
	Barley
	Straw
	1.4
	32.9
	13.5
	18.6
	6.2
	Animal feed
	[32,45,46]

	Colombia
	Oil palm
	OPF, EFB***
	13.0
	34.4
	22.8
	22.1
	1.8
	Heating, Nutrients’ source for soil
	[17,54]

	
	Coffee
	Stems
	9.1
	37.35
	27.8
	19.8
	2.3
	Heating
	[17,54]

	
	Rice
	Straw and Husk
	3.4
	34.9
	22.1
	17.6
	14.9
	Nutrients source for soil, Energy
	[17,54]

	
	Sugarcane
	SCB***
	13.0
	39.0
	26.4
	21.8
	4.2
	Industrial heating and power generation
	[17,54]


*Production rate of residual biomass was estimated based on the agricultural product rate (t/y) and residues-to-crop ratio (residue/t crop). Data from 2019 was used. 
**Chemical characterization is given on a dry and extractives-free basis. Average values were used to describe those crops with more than one residue. 
***OPF: Oil Palm Fronds, EFB: Empty Fruit Bunches, SCB: Sugarcane bagasse



3.2.2.2. Materials.
Plastics, polyesters, and polyurethanes can be produced using biomass as raw material via fermentation pathways. Polylactic acid (PLA) is a polymer or bioplastic made up of lactic acid monomers similar to polyethylene terephthalate (PET). Then, PLA can be used as a renewable source in textile, 3D printing, packaging, and automotive applications. This polymer is 100% biodegradable and 100% compostable because the decomposition temperature is not higher than other plastics. Italy produces PLA through the Galatea Bio-Tech company. This industry uses first-generation raw materials (i.e., maize) to produce fermentable sugars. Then, a low-pH fermentation using the Lactobacillus genus as a microorganism is performed. Galatea Bio-Tech company has stated their purpose to produce PLA using second-generation feedstock such as organic waste to develop a bioeconomy in Italy. However, the implementation of this process is still under development. Several efforts on R&D have been made in different countries to estimate the possible feasibility of the PLA production process using second-generation raw materials. Indeed, Rueda-Duran et al. [60] have reported the detailed economic assessment of a PLA production facility located in Colombia. The results reported are reasonable since a reliable and feasible processing scale of coffee cut stems. 

Polyhydroxyalkanoates (PHAs) are considered the most suitable option to replace petrochemical plastics and avoid all the environmental issues caused by them. PHAs are produced using first-generation raw materials such as starch, sugars, or vegetable oils [61]. This biopolymer can be either thermoplastic or elastomeric material since the melting point varies from 40°C to 180°C [62]. Polyhydroxybutyrate (PHB) is the most widely studied member of the PHA family and the first produced at an industrial scale [62]. Indeed, the applications of this biomaterial are addressed to produce bottles, films, and fibers. In addition, PHB is preferred for the development of pharmaceutical products. PHB is commonly produced from Cupriavidus necator and Alcaligenes latus at the industrial level. However, the PHB production costs are not competitive with other plastics. Then, different process configurations are required [63]. Therefore, PHB represents a great opportunity to be produced at the industrial level because it contributes to industrial decarbonization, and governmental credits can be obtained. Moreover, 1,3-propanediol is another interesting material to produce a polymer fiber with nylon and polyethylene terephthalate properties. Moreover, 1,3-Propanediol can be formulated into various industrial products, including composites, adhesives, laminates, coatings, moldings, aliphatic polyesters, polyesters.

Another interesting perspective related to second-generation biomass valorization is natural fibers production. For instance, plantain pseudostem can be used to produce useful fibers. Rodriguez et al. [64] performed the sustainability assessment of the production of coffee jar lids using a combination of high-density polyethylene (HPDE), PLA, and plantain fibers. The authors reported an increase in the sustainability index (considering the social, economic, and environmental dimensions) when plantain fibers and PLA share increases [65]. Then, industries can use this approach to start a transition to produce 100% biodegradable materials. Indeed, Mater-Bi is a renewable product produced in Italy using lignocellulosic residues such as wheat straw. Similar initiatives can be found in Greece and Canada since wheat is one of the most important crops in these countries. In this way, biomaterials derived from biomass, especially second-generation biomass, are a potential and reliable alternative to be introduced in current facilities today, improving the sustainability of productive chains. 

3.2.2.3.  Chemicals
The US Department of Energy (DOE) identified around twelve chemical building blocks with high potential for industrial production. These building blocks are Four carbon 1,4 Diacids (Succinic acid, Fumaric acid, and Malic acid), 2,5 Furan dicarboxylic acid (FDCA), 3-Hydroxy propanoic acid (3-HPA), Aspartic acid, Glucaric acid, Glutamic acid, Itaconic acid, Levulinic acid, 3-Hydroxybutyrolactone, Glycerol, Sorbitol, and Xylitol. Most chemicals are produced using non-renewable raw materials. For instance, Bartek and Polynt produce malic and fumaric acid using butene as feedstock in Canada and Italy. Moreover, Novamont has started a demonstration-scale project to build an FDCA plant. In contrast, Glycerol and Levulinic acid are produced using renewable raw materials. Indeed, Glycerol is a by-product of the biodiesel production process. Then, the high availability of this compound is present in those producer countries (Italy, Canada, Colombia, and Greece). Glycerol is purified up to 95% to be sold as glycerin and upgraded into personal care products and pharmaceutical applications. Levulinic acid is produced by the GFBiochemicals industry also using first and second-generation feedstocks. Other carboxylic acids (Itaconic acid, Glucaric acid, and Aspartic acid) are not produced in the case of study countries. Then, a transition to renewable raw materials related to the production of malic acid, fumaric acid, and FDCA can be boosted by private and public sectors financial support. This transition can contribute to decarbonizing industries decreasing the amount of carbon dioxide emissions associated with the entire life cycle of the raw materials and products. 

3.3. Existing biomass conversion and biorefineries in Europe, North America, and Latin America. 
Numerous developed and developing countries have implemented different ways to produce bio-based products, energy, and energy vectors. For instance, China, the United States of America (USA), and Canada have been recognized as the world's largest wood pellets (i.e., an energy vector) production, among other chemical products. Moreover, the USA, Canada, Spain, and Italy implemented the production of succinic acid (i.e., platform chemical) via fermentation using either raw sugar, glucose syrup, or glycerol as raw materials obtaining good and bad financial results. Then, the transition to a biobased economy and biorefineries implementation is happening in different regions worldwide. More than 400 biorefineries are currently addressed to produce materials and chemicals at the commercial or demonstration stage. Most biorefineries are localized in Europe (i.e., 75%). The biorefineries installed in this region use C6 sugars and starch as main platforms to produce a portfolio of products. The industrial expertise and research efforts at the lab/pilot scale have contributed to increasing the commercialization of bio-based products. In addition, several biorefinery projects using second-generation raw materials have been proposed to upgrade different raw materials. Nevertheless, most facilities have not been profitable and sustainable over time since issues related to productivities, sub-costing, and supply chain have been identified. In this way, successes related to the biorefineries implementation in developed and developing countries are discussed, considering the selected study cases (i.e., Italy, Greece, Canada, and Colombia).

3.3.1. Greece
The Hellenic Republic has six biorefineries at commercial scale addressed to produce chemicals and liquid biofuels simultaneously according to the European Commission, Bio-based industry database in 2018 [20]. These facilities align with the biorefinery concept given by Moncada et al. [10]. In addition, efforts of biomass conversion to produce platform chemicals and products have been made at lab and pilot scales. Moreover, several conceptual designed-based biorefineries have been proposed and evaluated in the open literature using raw materials such as winery waste streams and orange peel waste. Biorefineries implementation starts in Greece since projects and initiatives are being proposed to convert different biomass sources to a series of value-added products in the next years. Nevertheless, most projects are planned to reach a demonstrative pilot process (i.e., TRL = 5) since financial support is required to scale up to an industrial process.

On the other hand, Greece has made substantial progress in promoting and supporting projects to decrease the use of fossil fuels (decarbonization). Indeed, this country has increased the use of renewable energy sources (RES) to supply a share of the gross energy demand. Wind and sunlight are the most important RES supplying 51.11% and 41.53% of the total energy production in 2019. This high energy derived from wind and sunlight is attributed to the geographical location since the Hellenic Republic has 250 sunny days (3000 hours) per year. Despite the high potential of wind and sunlight as RES, biomass to energy plants have been installed successfully. For instance, the Viopar Energy s.a company produces 5 MWe through biomass combustion using exhausted olive cake, cotton ginning residues, and sunflower husk pellets as raw materials. This biomass-fired plant uses the Organic Rankine Cycle (ORC) technology to produce about 40,000 MWh of electricity in a year. Furthermore, Greece has 25 biogas and 12 biodiesel plants installed and operating. Most biogas plants are operated in solid waste landfills and municipal wastewater treatment plants, leaving aside the potential use of agricultural residues as raw materials since the capacity of biomass-based biogas plants does not overcome 1 MW of electrical capacity. Meanwhile, biodiesel is produced using sunflower and rapeseeds as feedstock. Consequently, biorefineries implementation could be the next step to reduce oil-based products commercialization since Greece is planning to decarbonize most facilities at the end of 2050 (i.e., creating new green industries and transforming existing oil-based refineries into biorefineries). 

3.3.2. Italy. 
The European Commission database reported 31 facilities producing more than one product using agricultural, forestry, marine biomass, and organic waste. Eight facilities also produce directly usable energy or energy vectors [20]. This statistic is similar to the report given by the Bio-based Industries Consortium, which reported the existence of the same number of biorefineries considering the definition mentioned above [66]. However, this country has several examples of successful and failed facilities due to some biorefineries had been closed. Examples of failed bio-based facilities are Beta Renewables and Reverdia located in Crescentino and Cassano Spinola. Beta Renewables was a biorefinery that produced bioethanol, animal feed, heat, and power using sugars and lignin as platforms from second-generation biomass. Reverdia was the world’s first large-scale bio-based succinic acid plant. Nevertheless, this plant was closed in March 2019. On the other hand, successful examples of biorefineries in Italy are GF Biochemicals, Mater Biotech – Novamont, Caviro Extra S.p.A, and Spiga Nord Spa. GF Biochemicals produces levulinic acid, formic acid, and biochar using second-generation raw materials (e.g., grass, wheat straw, and wood), applying the Atlas Technology. Mater Biotech – Novamont uses corn starch and vegetable oils to produce 1,4-butanodiol, cosmetic ingredients, biolubricants, and bioplastics. Caviro Extra S.p.A uses residues from the wine-making industry (25%), agri-food industry (49%), and pruning residues (26%) to produce high-quality products (i.e., bioethanol, tartaric acid, proteins, and biomethane) and fertilizers. Finally, Spiga Nord Spa produces glycerol and polyglycerol using vegetable oils.

In the same way, other facilities are operating in different locations in Italy. Regarding biogas production, there are 1,555 with a total installed capacity of 1,170 MWe (the average plant capacity is about 752 kW). Agricultural biomass (80%), wastewater (4.7%), municipal solid waste (2.9%), and landfills (12.4%) are used as raw materials to produce biogas in Italy [67]. All the aforementioned facilities have implemented technologies patented and proven in an operational environment (i.e., TRL =9). Furthermore, Italy has made other efforts to implement more biorefineries in the region. Then, small-scale processes under research and development are analyzed (i.e., 4 < TRL < 6). The high number of facilities can be attributed to the availability of local competitive biological feedstocks and the high interest of the Italian government to accomplish the environmental goals proposed by the United Nations (UN). 

3.3.3. Canada.
Canada is a developed country with a high potential to produce several types of products since this country has one of the largest biomass resources (energy crops and lignocellulosic biomass). This country also has other advantages over Latin America developing countries, which can be associated with (i) high skilled labor, (ii) well-developed structure for biomass transportation and supply in conversion facilities, (iii) high financial support for research and development (R&D), and (iv) well-established academy-industry links. Several existing facilities are evolving into multiproduct systems according to global requirements. In truth, pulp and paper mills have been introducing different products since the demand for paper has decreased over the years. Canadian pulp and paper mills have been reinventing to produce nanocrystalline cellulose, cellulose fibers, bioethanol, and biomethane using lignocellulosic biomass as raw materials. A notorious example of this transition is the Alberta-Pacific Forest Industries Inc. (ALPAC). This kraft pulping mill uses forest biomass (hardwood) to produce kraft pulp, energy, and bio-methanol. The energy produced is sufficient to self-supply the mill's energy demand and supply the energy demand of 15,000 households in Alberta. Regarding bio-methanol, this product can be used for plastics, dyes, and glues. Then, pulp and paper mills can be considered near-future biorefineries in Canada.

Another existing biorefinery is Permolex. This industry uses wheat, wheat starch, corn, and barley to produce ethanol, gluten, flour, and livestock feed. Other examples of biorefineries in Canada are Enerkem and Greenfield Global. This last business is a leading producer and supplier of high-value-added products (e.g., ingredients, energy vectors, and additives). An example of failed renewable industries is BioAmber, which produced succinic acid from raw sugars or glucose syrup. This company, Bioamber, officially ceased operations in August 2018. In the same way as European countries, Canada produces large amounts of bioethanol, biodiesel, and biogas. There are more than 25 facilities addressed to upgrade biomass into a series of marketable products. Nevertheless, the energy supplied share using biomass as a source is less than 1% since hydropower, wind, and sunlight are the most important RES [68].

3.3.4. Colombia. 
Sugarcane upgrading into a series of value-added products and energy vectors is the best example of successfully implemented biorefineries in Colombia. Consequently, sugarcane mills are considered biorefineries since sugar, bioethanol, compost, electricity, and heat are produced. First, the cane juice concentration, crystallization, and centrifugation processes allow obtaining crystalline sugar (i.e., sucrose). Then, bioethanol is produced via molasses fermentation and product dehydration. Finally, sugarcane bagasse produces heat and power in a cogeneration process. An example of this kind of facility is the Ingenio Risaralda. This facility produced 375,650 tons of sugars, 23,600 m3 of bioethanol, 202,013 MWh of electricity, and 8,286 tons of compost using 1’600,527 tons of milled cane in 2019. In addition, the Ingenio Risaralda contributes to the socio-economic improvement of the region through job creation (585 direct and 2,355 indirect) and children programs addressed to improve academic and sport skills. In the same line as Ingenio Risaralda, other sugarcane mills in Colombia produce a similar product portfolio. Another bio-based process is the production of pulp and paper. In this process, woody biomass (e.g., Eucalyptus grandis and Pinus Patula) is converted into marketable products applying different pulping processes (i.e., kraft pulping). However, this industry still cannot be considered a biorefinery in Colombia. Black liquor is used to produce heat to supply a share of the thermal needs of the pulping process, but it does not produce income through the commercialization of other products, as in the Canadian case. Nevertheless, this industry can be addressed to produce other value-added products such as lignin, phenolic compounds (e.g., vanillin and vanillic acid), and aromatic molecules (i.e., benzene, toluene, xylene). On the other hand, Colombia produces biodiesel using palm oil as raw material in 12 plants. Nevertheless, biodiesel production is considered a stand-alone process because no further biomass valorization is done. Finally, other efforts to upgrade organic waste have been implemented at a pilot scale since biogas production processes are still being developed. 

4. Socio-economic context. 
A country's socio-economic context is also an important issue to be considered when defining biorefineries either as brownfield or greenfield processes. For example, socio-economic aspects such as tax rate, interest rate, minimum to living wage ratio, gender gap, unemployment rate, and corruption issues undoubtedly affect the possible investment of foreign companies to implement greenfield processes based on renewable raw materials. Table 7 shows some indicators of the selected countries to give a big-picture about the socio-economic context. 

Table 7. Indicators based on economic and social information of Italy, Greece, Canada, and Italy.
	Country
	Unit
	Italy
	Greece
	Canada
	Colombia

	Tax rate
	(%)
	24.0
	24.0
	26.5
	33.0

	Interest rate
	(%)
	0.0
	0.0
	0.25
	12.1

	*M/L
	N.A.
	1.4
	1.4
	1.5
	1.1

	Gender pay gap
	%
	4.7
	10.4
	16.1
	0.1

	Unemployment rate
	%
	9.2
	13.3
	6.3
	12.1

	CPI**
	N.A.
	52
	59
	11
	92


*M/L: Minimum to living wage ratio for a person, **CPI: Corruption perception index. N.A. Not Apply. 
Data before COVID-19 pandemic. 

Economic indicators such as Tax rate and Interest rate are used as input data to perform the economic assessment of biorefineries [69]. Indeed, the tax rate for investment analysis is used to calculate the percentage of earnings before taxes are paid to the government. The interest rate is used to estimate the net present value (NPV). But, then, higher tax rate and interest rate values can be unattractive to investors due to the large sums of money that must be paid to funders and the government. Moreover, the CIP index also implies a low attraction for investment since most technological development for facilities improvement or construction must be imported. Here is the point where the local government can help boost the development of biobased industries decreasing the taxes and allowing economic growth. This support can be given by introducing new policies to favor bio-based products, reduce taxes, give financial support, or flexible taxation schemes. An indirect indicator of the current situation of a country is the unemployment rate since this index allows establishing the percentage of the population without formal work. Higher unemployment rates reflect the need to implement social development programs and government investment to improve the population's quality of life. These funding sources can be derived from the implementation of bio-based industries and projects. Indeed, a reduction of taxes can increase the corporate social responsibility programs of biobased processes, reducing the unemployment rate. Instead, implementing sustainable processes helps create jobs for skilled and unskilled persons, decreasing the inequity index (i.e., Gini index). In this case, Colombia can be considered a non-feasible option to develop large-scale biobased industries. Thus, the development of policies is required. On the contrary, Canada, Italy, and Greece are promising countries to introduce large-scale applications because these countries allow a calmer economic growth and consolidation. 

On the other hand, social indicators such as gender payback, minimum-to-living wage ratio, and corruption perception index can be improved by implementing biorefineries. For instance, creating new green industries allows young people to develop skills related to biomass upgrading, no matter gender. Indeed, there are a lot of programs encouraging women's role in all productive sectors, which promotes reducing the gender payback per country. Canada has the highest gender pay gap between the selected study cases. Then, most incomes are perceived by men. This fact can affect the consolidation of a sustainable economic model. This social indicator is not directly derived from implementing biobased industries or not. Still, developing a sustainable bioeconomy model and the extensive use of natural resources can reduce the existing gender payback by understanding each person's skills without matter gender identity. 

Regarding wages per country, a sustainable transition to a sustainable bioeconomy through the implementation of biorefineries can help increase workers' incomes in all stages of a productive chain. For instance, implementing small-scale biorefineries to upgrade residual biomass from crops to produce regional marketable products can increase the farmers' incomes [12]. Moreover, implementing large-scale processes can help supply the demand for products and services, increase national incomes, and reduce inflation. This behavior improves the population's quality of life since the country's economy will be more stable. Furthermore, this transition will be easier for those countries with a good global social performance because a raw material change (i.e., change from crude-oil to renewables) could be considered a not priority issue. Finally, the CPI can also be considered a criterion to decide the best location to start the implementation of successful biorefineries and not the so-called “white elephants.” Indeed, countries with a high CIP index seem to be plagued by extreme resource misallocation [70]. The CPI average value in the world is 90. Then, countries with a higher value can be considered unstable to make investments. Then, Canada seems to be the best option to implement projects related to biobased industries since this country has a high potential to become ideas in reality. Countries like Italy, Greece, and Colombia can be good options for implementing biorefineries and sustainable development projects. 

5. Case study of biomass upgrading. 
Forest biomass (woody biomass) has been preferred among other biomass sources to provide heat and power to the domestic and industrial sectors [71]. This preference is attributed to the advantages related to easy handling, high energy content, and relative-high fixed carbon content [72]. Certainly, woody biomass has supplied about 9% of the total energy consumption and contributed 65% of the total renewable energy produced in the last years [73]. The high-energy content and the chemical properties profile forest biomass as an attractive renewable resource for bioenergy projects [74]. Besides, woody biomass can produce chemical compounds (via heterogeneous catalysis) to compete with oil-based products in economic terms [75]. Regardless of the woody biomass classification (i.e., hardwood, softwood, and eucalypt) and chemical composition, several studies have been published on using woody biomass as a raw material in stand-alone processes and biorefineries. For instance, the production of hydrogen (H2) via air-downdraft gasification of Pinus Patula was reported by García et al. [76]. Moreover, the direct catalytic upgrading of different sources of woody biomass to produce ethylene glycol (0.756 g/g cellulose and hemicellulose) and monomeric phenols (0.465 g/g lignin) was reported by Changzhi et al. [77]. Furthermore, the production of organic compounds through catalyzed hydrothermal carbonization was reported by Ghaziaskar et al. [78]. The levulinic acid production (0.25 g/g wood chips) using sulfuric acid as a catalyst was reported by Kłosowski [79]. Finally, the production of bulk products derived from the thermochemical processing of woody biomass such as methanol and dimethyl ether also has been investigated [80]. Thus, the thermochemical and catalytic upgrading of woody biomass can be profiled as a possible way to obtain several products. Figure 2 presents the high potential of woody biomass to be upgraded in different value-added products. 

[image: ]
Figure 2. Products derived from the thermochemical and catalytic upgrading of woody biomass. (T.C.: Thermochemical conversion, C.C.: Catalytic conversion). 

Canada, Colombia, Italy, and Greece have a high potential to produce woody biomass. Nevertheless, aspects related to the production scale, supply chain, and technological development can limit potential applications of this raw material. For instance, Colombia and Greece use woody biomass as source energy in household or industrial applications through direct combustion. On the other hand, Italy imports and exports wood pellets without further processing (e.g., torrefaction). Finally, Canada is producing biomethanol using woody biomass as raw material. This change of the application of a biomass source is the product of the combination of most factors mentioned above (i.e., LPI, CIP, Industrialization level, and Socio-economic context). 

The link between the implementation of biorefineries and country context is evidenced in some papers reported in the open literature. Indeed, Aristizábal-Marulanda et al. [81] demonstrated that the most suitable use of a woody biomass residue (i.e., coffee cut stems) is energy production in the Colombian context. This result was obtained after a comprehensive simulation of several pathways to upgrade this raw material in a portfolio of products (e.g., bioethanol). Nevertheless, most of these configurations were not economically feasible since the capital investment overcomes the incomers of the process. Meanwhile, Singh et al. [82] reported the implementation of reliable woody biomass existing biorefineries in Canada based on woody biomass gasification. Greenfield biorefinery projects also can be analyzed considering the context. For instance, woody biomass can be upgraded to produce vanillin and vanillic acids [40]. Simulation tools can determine technical, economic, and environmental indicators. For instance, woody biorefinery can produce biomethane, vanillic acid, and vanillin (Figure 3) [83]. 

Oxidative upgrading of black liquor
Alkaline pretreatment
Anaerobic digestion & biogas upgrading
Woody biomass
Biomethane
Vanillin
Vanillic acid
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Figure 3. Process flow diagram of a greenfield biorefinery configuration using woody biomass as raw material (Adapted from Poveda & Cardona., [83]). 

This biorefinery configuration has been assessed using Eucalyptus grandis as raw material and considering the Colombian context. Indeed, the minimum processing scale for the economic feasibility of the proposed biorefinery is 8.58 ton/h. This result overcomes the national production of Eucalyptus grandis in Colombia. Then, this project is unfeasible under the evaluated context. Nevertheless, this process can be feasible in other countries like Canada and Italy since the tax and interest rates are lower than in the Colombian case. Moreover, the availability of woody biomass overcomes the total available in Colombia (i.e., Canada is the largest producing country of woody biomass). On the other hand, freight and value-added tax (VAT) needs to be considered more reliable investment values [60]. Canada, Italy, Greece, and Colombia have VAT values of 13%, 22%, 24%, and 19%, respectively. Then, the Capital Expenditures (CaPex) of the proposed biorefinery will be different. This fact implies a high value of investments depending on the country to the proposed biorefinery. Furthermore, operational expenditures (OpEx) also vary since the workforce has different wages. Then, the return of investment (ROI) and payback period varies from one country to another. This information can give a preliminary selection of the best country to implement the proposed biorefinery. The conditions mentioned above allow Canada to be the best option to implement the proposed biorefinery since there is a high availability of raw materials, low taxes, low VAT, and experience working with the raw material at the industrial level. 

6. Conclusions.
[bookmark: _Hlk94860591][bookmark: _Hlk94861501]Biomass processing is the starting point to make a transition to a bioeconomy. European and American countries have a large potential to obtain energy vectors and value-added products through biomass processing. The biomass concept is very inclusive; however, the lignocellulosic biomass is the key concept for any analysis given the high availability. Decarbonization and renewable energy production are the common targets at the worldwide level. Nevertheless, the transition to a bioeconomy challenge is faced differently by industrialized and emerging industrial countries. Canada and Italy have made several efforts to integrate biomass processing lines into existing or new ones. This integration has been possible due to these countries' logistics and industrial maturity. On the other hand, Greece and Colombia still need to make more efforts to improve logistics and industrial performance to underuse available biomass's high potential. Industrialized countries can potentially implement large-scale processes and high-technological complex biorefineries because there is an established pathway to support research and development efforts and guarantee economic feasibility combined with existing plants. Nevertheless, emerging industrial and developing countries seem to be far from biorefineries implementation as brownfield and greenfield processes since the context (i.e., logistics, industrial development) does not support this change yet, although the environmental policies boosted by governments. Then, emerging industrial and developing countries are more addressed to valorize biomass in a stand-alone process for energy purposes in decentralized systems. The only way to make a faster economic transition is through cooperation between industrialized and emerging industrial countries. Then the present paper opens a discussion about how the future development of the biomass transformation into different products under the biorefinery concept should be. If biomass is really the raw material to replace oil, then the supply chain could be based on the export of the raw material from high producing countries to highly developed and consuming countries? It means to repeat the oil-based experiences contributing to the existing linear economy we have today. Maybe equilibrium is the best option for energy transition and biorefineries implementation. For high biomass producing regions, the internal market requirements according to the context of every country will define the products of the biorefineries and the possibilities to export the biomass surplus.  At the same time, highly developed and high biomass consumption countries could follow the same strategy but contribute to developing more valorization options in the low incoming and developing countries to establish a real, sustainable international market.
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