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Abstract

:

A techno-economic assessment and environmental and social sustainability assessments of novel Fischer–Tropsch (FT) biodiesel production from the wet and dry gasification of biomass-based residue streams (bark and black liquor from pulp production) for transport applications are presented. A typical French kraft pulp mill serves as the reference case and large-scale biofuel-production-process integration is explored. Relatively low greenhouse gas emission levels can be obtained for the FT biodiesel (total span: 16–83 g CO2eq/MJ in the assessed EU countries). Actual process configuration and low-carbon electricity are critical for overall performance. The site-specific social assessment indicates an overall positive social effect for local community, value chain actors, and society. Important social aspects include (i) job creation potential, (ii) economic development through job creation and new business opportunities, and (iii) health and safety for workers. For social risks, the country of implementation is important. Heat and electricity use are the key contributors to social impacts. The estimated production cost for biobased crude oil is about 13 €/GJ, and it is 14 €/GJ (0.47 €/L or 50 €/MWh) for the FT biodiesel. However, there are uncertainties, i.e., due to the low technology readiness level of the gasification technologies, especially wet gasification. However, the studied concept may provide substantial GHG reduction compared to fossil diesel at a relatively low cost.
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1. Introduction


To avoid the devastating consequences of climate change due to greenhouse gas (GHG) emissions and to meet global and European climate goals, the use of fossil fuels needs to decrease through energy conservation, increased energy efficiency, and switching to non-fossil-energy sources [1,2]. In the transport sector, which accounts for 22% of global carbon dioxide (CO2) emissions, a switch to renewable resources is vital [3,4]. In 2018, domestic and international transport in the European Union (EU), the world’s third-largest emitter of GHGs, were responsible for 29% of total EU GHG emissions [5].



About 62% of all European newly registered vehicles in 2021 consisted of diesel- and petrol-driven vehicles [6]. However, low-carbon renewable fuels and alternative powertrains such as electric vehicles still account for only a minor share of the vehicle fleet due to the renewal time of the fleet. The average age of EU cars is 12 years [7]. The share of electric vehicles is increasing, mainly for smaller vehicles, as it is more challenging to electrify heavy transport and aviation [8]. Particularly in the short and medium terms, biomass-based transport fuels (biofuels) and other non-fossil fuels need to be introduced to a greater extent. The share of energy from renewable sources used for transport in the EU preliminarily reached 10.2% in 2021 [9]. Except for Sweden, Finland, and Estonia, most countries have not yet reached the 14% target in the updated Renewable Energy Directive (REDII) [10].



Policies and targets for the introduction of renewable fuels in the EU member states vary. Sweden, Germany, and Czechia promote the use of biofuels with relatively high GHG emission reduction potential [11], and some member states have specific targets for advanced biofuels increasing from, for example, 0.05% in Germany and 0.5% in Finland in 2020 to 0.5% and 10% in 2025 and 2030, respectively [11,12]. When referring to advanced biofuels, the European Commission addresses the conversion of specific feedstocks, mainly waste and residue streams [10,10], which are in focus in this paper.



Biodiesel may be used in conventional diesel engines to fully substitute fossil diesel or through blending. Biodiesel can be produced from various biomass feedstocks such as crops conventionally used for food production, dedicated energy crops, and agricultural or forest residues. The use of residues is less critical in terms of land use, deforestation, competition with food production, and water depletion during oil crop cultivation, and is promoted in REDII [13,14,15,16].



Bark and black liquor are significant residue streams extracted from pulp industry processes, currently burned to generate steam and electricity for the pulping process while the cooking chemicals required for the pulping process are recovered. However, they may be further processed and converted to more valuable products like transport biofuels, promoting a more efficient resource use. Globally, the pulp and paper industries produce about 170 million tonnes of black liquor (as dry solids) yearly, with a total energy content of about 2 EJ (560 TWh) [17]. Thus, black liquor represents a significant biomass source in countries with large pulp and paper industries such as Sweden and Finland [17]. A quantity of about 12 million tonnes of bark is also generated by European pulp mills [17], and about 6 million tonnes of bark at European sawmills [18].



The overarching aim of this paper is to assess the performance of a novel biomass-to-liquid (BtL) pathway based on bark and black liquor in terms of techno-economic performance and social and environmental sustainability performance. More specifically, this paper analyses (i) the techno-economic feasibility of the studied BtL process integrated at a pulp mill; (ii) the life-cycle environmental impact of the implementation of the BtL process in terms of climate change, acidification, eutrophication, and abiotic depletion; and (iii) the social impacts of the implementation of the BtL process for different stakeholders such as workers, local communities, society and value chain actors, and the parts of the system that contribute to social impacts.



The assessment is part of the European Horizon 2020 project PulpAndFuel [19], aiming at developing a novel BtL route. The final products include biobased FT diesel, jet fuels, waxes, and other chemicals. Fischer–Tropsch synthesis is performed with syngas from the gasification of dry and wet residue streams in the form of bark and black liquor recovered from pulp mills referenced in EU countries. The BtL process is novel in the sense that it combines the fixed-bed dry gasification of bark and hydrothermal supercritical water gasification of black liquor with the aim of obtaining an optimal syngas for the FT synthesis. One potential advantage with the use of hydrothermal supercritical water gasification is that it enables black liquor to be treated without drying, which saves energy in the pulp mill’s evaporation plant. The process can potentially also be extended to other residues. In a recent review, thermochemical production pathways, for example, biodiesel-gasification-based pathways (like the ones explored in this study), were also indicated to have a high unexploited potential [20].



As the studied BtL concept is still emerging, assessments of its techno-economic, social, and environmental aspects shed light on the strengths, potential weaknesses, and uncertainties associated with integrating a pulp mill with fuel production processes, which can aid in making more substantiated decisions for implementing sustainable biofuel systems. In addition, the challenge of assessing emerging technologies using process simulation and data-demanding life cycle assessment (LCA) methods is demonstrated.



Sustainability assessments have been widely employed to assess and compare biodiesel production derived from various feedstocks (including crops, process residues, and waste streams) globally, as shown by [21,22,23,24,25,26,27,28,29]; see Table 1. However, most of these studies primarily focused on environmental impacts as evidenced by [22,23,25,26,27,28,29], indicating that up to 80% GHG reduction can be achieved compared to fossil fuels in the case of hydrothermal liquefaction. On the other hand, [21] evaluated both environmental and economic aspects, and [24] assessed all three aspects of sustainability. A comparison of biodiesel production from 15 different biomasses showed that using waste cooking oil as a resource has the best sustainability performance, followed by biodiesel production from tallow [24]. In terms of social aspects of fossil fuels and biofuels, Ekener-Petersen et al. [30] concluded that country of origin has a larger impact on social risks than fuel type. The scarcity of the literature evaluating all three pillars of sustainability (Table 1) indicates the need for more comprehensive sustainability assessment of biodiesel production covering the three aspects.



The present study is novel in the following two aspects: (i) it represents an initial assessment of the sustainability performance of a novel BtL pathway that combines the fixed-bed dry gasification of bark and hydrothermal supercritical water gasification of black liquor to produce syngas for customized FT synthesis to produce primarily biobased FT diesel and (ii) provides a sustainability assessment of the emerging BtL pathway including assessments of economic, environmental, and social aspects, which is not commonly found for biodiesel production pathways in the literature.




2. Materials and Methods


The studied system and the methods used for the techno-economic, social, and environmental assessments are described in this section.



2.1. System Description and Modelling


The studied BtL pathway is based on implementing Fischer–Tropsch (FT) biodiesel production at an existing kraft pulp mill in France where bark and black liquor are generated as residues from pulp production. The BtL process consists of three main parts: (i) black liquor gasification (and processing of the gas), (ii) bark gasification (and processing), and (iii) fuel synthesis (see Figure 1).



The models of the BtL processes, considering relevant mass flows, flow compositions, heat and electricity demands, were integrated with a pulp mill model, yielding a superstructure for pulp production and potential fuel synthesis [31,32]. Economic optimization was applied to determine the process design for different scenarios [31,32]. The superstructure of process models and the solution generation approach were based on the work of Granacher et al. [31,32]. A summary of the process models for BtL (adapted from Granacher et al. [31]) relevant to this research follows. Further details can be found in [31,32] and in the Supplementary Materials.



2.1.1. Conversion of Black Liquor to Hydrogen


In the hydrolysis and salt separation (1) step, the weak black-liquor stream is disintegrated into smaller molecules in the hydrolysis stage through a decomposition reaction, and inorganic cooking chemicals are removed in a salt separator. The use of hydrothermal supercritical water gasification (SCWG) (2) enables wet biomass such as black liquor to be treated without drying. Non-catalytic reaction is considered, resulting in hydrogen-rich syngas, and gasification is taking place at 600 °C and 250 bar [31]. For gas separation (3) and cleaning (4) and hydrogen purification, three units of high- and low-pressure flash separation, amine scrubbing, and pressure swing adsorption are considered. The crude synthesis gas at the outlet of the gasifier is passed through a turbine to recover mechanical energy, and amine scrubbing is applied, followed by pressure swing adsorption to purify the hydrogen.




2.1.2. Conversion of Bark via Gasification


The pretreated powdered bark (5) (having correct moisture content and texture) is fed into the entrained-flow (EF) gasifier (6) with pressurized oxygen or steam to produce syngas. Processes after the gasifier consist of cooling quench and cold gas cleaning (7). In the water gas shift reactor (8), a part of the CO in the syngas reacts with water to produce carbon dioxide and hydrogen at moderate temperature.




2.1.3. Fuel Synthesis and Upgrading


The FT synthesis process (9) consists of a catalytic non-selective exothermal reaction in which syngas is converted to hydrocarbons. Upgrading (10) represents removal of gases in a knockout drum. To produce a diesel, the crude needs to be further upgraded. The FT crude is assumed to be transported to a refinery to produce biodiesel and other products. Alternatively, a hydrocracker can be used. Using a hydrocracker may be more costly than processing the crude at a refinery, but it has the advantage that it can occur in close connection to the biofuel production site.





2.2. Scenario Development


Two scenarios for combined pulp and biofuel production were tested: a pilot-scale/reference scenario and a large-scale scenario, both defined by a certain required yield of biofuels (detailed in Table 2). The pilot-scale scenario is used as basis for the LCA (presenting result per energy unit) as this scenario includes detailed descriptions of each process. However, the LCA result is also presented for the large-scale scenario, applying upscaling. The large-scale scenario is used for the techno-economic analysis (TEA) to ensure that the TEA results are related to a realistic commercial scale of the process. Bark is imported to the mill in this scenario since the amount of bark generated from the pulp production is not sufficient for producing the desired amount of biofuel. Both scenarios consider energy integration between the pulp mill and the BtL process, as described in [31,32].



Environmental impacts are assessed for implementation of the assessed BtL pathway at case-study pulp mills assumed to be located in selected European countries (including Finland, Sweden, Germany, and Portugal) having considerable pulp and paper industries [17]. The same process model has been used, but applying country-specific data. The GHG performance is compared with relevant sustainability criteria governing biofuels in the EU (e.g., REDII).




2.3. System Bounderies


In the LCA, the system boundary mainly covers the BtL process (Figure 2), but with exchange of heat and electricity with the pulp mill, to facilitate comparison with the REDII sustainability criteria. The investigated system covers bark and black liquor residues generated in a pulp mill all the way to the production of biodiesel, including the crude fuel upgrading in a refinery. In the social impact assessment, the same system boundary is adopted. However, in the TEA, a pulp mill system perspective is applied to assess the economic impact for the pulp mill of introducing the BtL process while also considering changes at the pulp mill, e.g., electricity sales and use of lime (Figure 2). The production cost for FT crude is estimated since the business model is considered to comprise sale of FT crude to a refinery for further refining into FT diesel and other final products.




2.4. Environmental Sustainability Assessment


An LCA aims to quantify the environmental impacts that arise from material inputs and outputs, like energy use or air emissions, over a product’s entire life cycle to assist policy makers or consumers in making decisions that will benefit the environment [33]. Here, LCA is applied to assess the potential environmental impacts of the studied BtL pathway if implemented in selected EU countries. The LCA relies on the European standards of ISO 14040, ISO 14044, and REDII, where the latter contains specific LCA methodology for the calculation of GHG emissions for biofuels. The LCA covers four main steps: (1) goal and scope definition, (2) life cycle inventory, (3) life-cycle impact assessment, and (4) interpretation of results.



The goal of the LCA is to study selected environmental indicators connected to the implementation of the studied BtL pathway. The functional unit (FU) is 1 MJ of biodiesel, which is in line with REDII. The processes covered and system boundaries are shown in Figure 2 (and are further described in Supplementary Materials). The CML 2001 method (August 2016 version) is employed to assess environmental impacts since it is a widely used methodology in European context. The included environmental indicators are climate change, acidification, eutrophication, and abiotic depletion. Ecoinvent database v3.7 is utilized as the background source of life cycle inventory (LCI) data, and the Gabi software version 10.7 is used for LCA modelling. Table S1 in Supplementary Materials presents the main inventory data of the system. These data were derived from the system modeling described in Section 2.1 and the Supplementary Materials. The LCA is performed for the pilot-scale scenario but is also presented for the upscaled large-scale case. A sensitivity assessment analyzing the impact on climate change of a case with 100% renewable electricity mix or increased process optimization/integration is also included.



The carbon abatement cost (In €/kg CO2eq)—a measure of how cost-effectively different fuel types reduce climate impact—is calculated as the difference between the production cost of the BtL fuel and fossil diesel (€/GJ) divided by the difference between the GHG emissions for the fossil diesel and the BtL fuel (kg CO2eq/GJ).




2.5. Techno-Economic Analysis


The TEA contains the calculation of operational expenditures (OPEXs) and capital expenditures (CAPEXs). The production cost is calculated based on OPEXs, CAPEXs, and the production volume. CAPEXs represent the investment cost in the BtL process and other necessary additional equipment such as water treatment equipment (see the table in Section 3.1). CAPEX is estimated using the methodology and correlations described by Turton and Shaeiwitz [34], which considers multiplication factors that define the size and capacity of different equipment components. The methodology is based on so-called grass roots cost, considering all necessary steps to construct a completely new plant ready to function.



The CAPEX estimate includes direct costs (e.g., purchase of equipment and modules) and indirect costs (e.g., engineering). The grass roots cost estimation starts with the equipment purchase cost (free on board). Then, three overhead costs are added (bare module cost, total module cost, grass roots cost). The total module cost represents the cost of making small to moderate expansions or alterations to an existing facility. Bare module cost is considered as an intermediate step to calculate other costs. Estimates in literature, cost estimates obtained from suppliers of equipment, and cost estimates made by engineering firms are also included. For the most expensive units, e.g., EF gasifier, hydrothermal gasifier, and FT reactor, further sources are investigated. These alternative investment costs (presented in the table in Section 3.1) are used for the sensitivity analysis. Investment estimates in the literature are adopted with a scale factor to obtain an estimate of the relevant size evaluated, following Equation (1):


C1/C2 = (V1/V2)α



(1)




here, C is equipment cost, V is capacity, and α represents the effect of economy of scale. C1 and V1 refer to the unknown investment and C2 and V2 refer to the known investment. For a given size of the unknown investment, C1 can be calculated. When α is equal to 1, no economy of scale is obtained, while the lower α is, the stronger effect of economy of scale is. This paper assumes α = 0.7 if not otherwise stated. To account for inflation, the Chemical Engineering Plant Cost Index for year 2021 [35] has been applied to transform older references to 2021 cost level.



OPEXs include revenues and operational costs (detailed in the table in Section 3.1). Revenues are obtained from the main product (FT crude) and from byproducts (electricity). The fixed operational costs—depreciation, financial costs, maintenance, and labor costs—are calculated as functions of CAPEX (assumptions in the table in Section 3.1). The variable costs are results from the modelling of a large-scale BtL process (143 ktonnes crude/year). Depreciation and financial costs are calculated based on assumptions for economic parameters such as interest rate and economic lifetime. The biomass cost (bark) used is 5.6 €/GJ (20 €/MWh). This value is the average of the interval found in [36], and it also corresponds to a long-term biomass cost used by, for example, Lönnqvist and Hansson [37]. For comparison, the Baltic spot price of wood chips during March 2023 was 6.7 €/GJ [38]. The electricity sales price is set to 0.058 €/kWh, which was the average sale price in France in 2018–2019 [39]. Maintenance and labor costs are assumed to be 5% of CAPEX [40].



Sensitivity Analysis


The biomass cost, investment cost (different parts of CAPEX) and electricity sales price are varied in a sensitivity analysis. First (as presented in the table in Section 3.1.1), (i) the biomass cost is varied between 2.2 and 9.2 €/GJ (8 and 33 €/MWh, based on the highest and lowest biomass cost found by the literature review in [36]), (ii) the component investment costs are also varied with the intervals presented in the table in Section 3.1 and (iii) the electricity sales price is varied ±50% (which aim to reflect the large volatility and uncertainty in future electricity prices). Then for a second case, the biomass cost, the other cost parameters and the electricity sales price are instead varied with ±50% individually.





2.6. Social Sustainability Assessment


Social life cycle assessment (S-LCA) methodology following the reference scale approach in UNEP guidelines [41] is applied to evaluate social performance and hotspots of the proposed system. S-LCA is carried out at two levels: (1) hotspot-level analysis and (2) site-specific analysis. For the former, the social hotspot database (SHDB) [42] and the life cycle inventory generated for the LCA were used. SHDB covers 57 sectors and uses the Global Trade Analysis Project, which is an input–output model that contains trade data for the covered sectors [42]. Relevant sectors for each input/output in the inventory were chosen from SHDB to identify social risks for production of 1 MJ of biodiesel. Impact category results for labor rights and decent work, Health and Safety, Human Rights, and Governance and Community were calculated using the social hotspot 2019 category method. Each result is presented in medium-risk-hour equivalent, which determines the number of hours worked by employees for each process unit and considers the level of risk associated with the indicator evaluated [43].



In the site-specific analysis, implementation of the BtL process at an already existing pulp mill in Sweden is assumed. Data were collected through semi-structured interviews with two experts on the development of the specific BtL process and one expert working as a human rights director in the Swedish pulp and paper sector. Four stakeholder categories (Worker, Local Community, Value Chain Actors, and Society) and five relevant impact subcategories were chosen for further investigation. These include Health and Safety (linked to Worker), Access to Material Resources (Local Community), Promoting Social Responsibility (Value Chain Actors), and Contribution to Economic Development and Technology Development (both for Society). Reference scales from −2 to 2 for the impact subcategories were adopted based on [41,44,45]. A value of 2 represented high performance and −2, low performance. The detailed methodology adapted specifically for the site-specific analysis can be found in [46].





3. Results


The techno-economic, social, and environmental performance of the assessed BtL pathway is presented in this section.



3.1. Techno-Economic Analysis


Table 3 details CAPEXs and references used for the cost estimate for each component for a large-scale plant with a production capacity of 143 ktonnes of FT crude per year. The CAPEX for this investment corresponds to approximately 270 M€. The two gasifiers, the SCWG and EF gasifier, represent the largest costs among the components, followed by the FT synthesis, the cobalt catalyst, and drying and torrefaction. The cost for upgrading the FT crude oil to diesel and other fractions at a refinery is estimated assuming that the cost of the hydrocracker represents the upper limit for upgrading, since it is likely cheaper to treat the FT crude in a refinery. Investment costs for a hydrocracker correspond to 45.6 M€ for the considered capacity [47]. When including the hydrocracker, the CAPEX amounts to about 315 M€.



Haarlemmer and Boissonnet [56] have made a literature survey of investment and production cost estimates for synthetic fuels that shows a large variation in EF gasifier cost estimates (135%) and a smaller variation in EF gasifiers for biomass (33%). However, for the latter, there are fewer estimates to compare. The uncertainty in investment costs for different components (see alternative costs in Table 3) is related to the Technology Readiness Level (TRL), which varies for different components. Hydrothermal gasification has TRL 3 while EF gasification and FT synthesis for BtL both have TRL 4 [19].



The OPEX is detailed in Table 4. The largest share of the OPEX is represented by the cost of biomass (55%) followed by depreciation and financial costs (29%) and maintenance and labor costs (15%). The estimated crude production cost is about 12.8 €/GJ (corresponding to about 46 €/MWh, 573 €/tonnes, or 0.43 €/L). The production cost of FT diesel is estimated at 13.9 €/GJ (or 50 €/MWh or 0.47 €/L), assuming a cost for upgrading to biodiesel at a refinery that corresponds to the cost of a hydrocracker [47]. However, the cost for upgrading at a refinery could be somewhat lower, which would then result in a somewhat lower biodiesel production cost.



Different crude cuts (i.e., the proportions of the different products obtained from the FT crude, such as FT diesel, bio-wax, bio-naphta, and bio-liquefied petroleum gas) will also affect the profitability of the biodiesel. Bio-products are estimated to have a higher value than their fossil equivalence [60]. The bio-wax is estimated to have an even higher value than the FT diesel [60,61]. Thus, a cut that maximizes the proportion of bio-wax could make the biodiesel production more profitable although more bio-wax and less FT diesel would be produced.



3.1.1. Sensitivity Analysis


The FT crude production cost varies from 8.1 to 24.7 €/GJ (29–89 €/MWh) in the sensitivity analysis using the uncertainty intervals from the literature for biomass and investment costs (Table 5). When varying each of the assessed parameters, ±50% the FT crude production cost varies with changes in the biomass cost (9–17 €/GJ), changes in investment cost (11–15 €/GJ), and from 12 to 14 €/GJ for changes in electricity sales prices. Both the biomass cost and the investment cost are important parameters for the crude production cost. However, the investment cost is found to be more uncertain than the biomass cost, and variation in investment costs results in a larger spread of the production cost.




3.1.2. Cost Estimates from Literature


In Figure 3, production cost estimates for various BtL pathways, including upgrading to the final biodiesel product, from the literature are shown. The European Commission’s Sustainable Transport Forum evaluates a wide range of advanced BtL pathways; the pathways based on wood feedstock and FT syntheses are included in Figure 3 [62]. In Haarlemmer and Boissonnet’s work [56], cost estimates for 34 BtL routes based on the gasification of biomass, including both forest and agricultural residues as well as dedicated crops such as salix, from 23 publications are presented. Ref. [63] estimates the production cost for a BtL pathway based on the gasification of woodchips. Ref. [64] evaluates five BtL pathways based on black liquor lignin separation with hydrotreatment or black liquor gasification, with or without combination with electrolysis, including the effects of integration with pulp mills, similar to this paper. In Figure 3, also, actual production costs for hydrotreated vegetable oil (HVO100) in Sweden (mainly produced from tall oil) at 36 €/GJ, and pure biodiesel produced from rapeseed (B100) at 39 €/GJ, based on data provided by all major Swedish producers, are included [65].



The cost estimates in Figure 3 vary between 11.7 and 56.4 €/GJ, which is the span found by Haarlemmer and Boissonnet [56]. However, it is more relevant to compare the estimate in this study with [64], which estimates the cost for more similar production pathways based on black liquor as being 21.4–41.7 €/GJ. The estimated production cost of FT diesel in this paper, at 13.9 €/GJ, is low in comparison to other relevant production pathways.





3.2. Environmental Assessment


A comparison of four environmental impacts of the studied BtL pathway when assumed to be implemented in five EU countries is shown in Figure 4 and in Table 6. The emissions reported are the total emissions released/saved during the life cycle of the BtL system, with the system boundaries, as depicted in Figure 2, being based on the FU of 1 MJ biodiesel production. Both emission sources like electricity and heat and tap water consumption as well as wastewater treatment and landfilling are responsible for emissions while heat recovery and credit for methanol (which is replaced by the use of wastewater from the process as a renewable carbon source in the wastewater treatment plant) and sulfur recovery contribute to emission saving through the process.



Overall, the results indicate that heat and electricity have the highest contributions in all impact categories for all countries (combined share: over 60%). In specific impact categories, electricity with shares of 30–75% and 20–80% has the largest effect in the global warming and abiotic depletion categories, respectively. Heat has the largest influence in eutrophication and acidification impacts (40–50%) for all countries except Germany and Portugal. Heat recovery is important in the studied process set up. Hence, electricity and heat consumption in the BtL system are found to be key for further improving the overall environmental performance of the system. Credit for methanol makes emission saving for abiotic depletion and global warming (GWP) potential.



In terms of global warming, the impacts of 1 MJ biodiesel production for the investigated countries vary from 16 to 83 g CO2eq/MJ (Table 6). Negative GHG emissions are obtained from the credit for methanol and heat recovery. On the other hand, global warming is dominated by electricity use. The electricity requirements of biomass pretreatment, gasification, and gas cleaning are the main contributors to GWP. Other processes such as wastewater treatment, tap water consumption, sulfur recovery, and landfill only contribute a small share to the GWP.



Abiotic depletion potential (ADP, measured in the unit gSb) also has negative contributions due mainly to the avoided heat and, to a minor extent, avoided methanol, resulting in some reduction in net ADP (−25 and −32.6 g Sb/MJ biodiesel for avoided heat and methanol, respectively). The principal positive contributor to abiotic depletion is the electricity required by the system, which varies from 97.6 g Sb/MJ biodiesel for Sweden to 2340 g Sb/MJ biodiesel for Germany.



The dominating factor for AP is the contribution related to the heat consumption by the system. This factor changes in a span of 0.2–0.4 g SO2eq/MJ biodiesel for considered cases. Like for AP, heat demand by the system plays the significant role in eutrophication potential (EP), varying from 0.07 to 0.2 g PO4eq/MJ biodiesel for various cases. In addition, wastewater treatment is another responsible contributor for EP, which values, as an average, 0.012 g PO4eq/MJ biodiesel. Wastewater treatment has a considerable impact on eutrophication due to nitrogen and phosphorus contents in wastewater.



Figure 5 shows the contribution to the assessed environmental impacts of different processes relevant to the BtL system for the reference case of France, expressed in percentages. The dominating process in GWP is gasification, which accounts for 39% of the total impact. The reason is the electricity use, which, in many countries is partly provided by fossil fuels. Around two-thirds of France’s electricity were supplied by nuclear power in 2021, and the rest came from fossil fuels like oil, while in Sweden, hydropower is the main source for electricity generation, which is followed by nuclear power and a growing contribution from wind.



The indicator of ADP is connected to the inputs of fossil fuels in the system. The key contribution process to ADP is also gasification, representing 52%, which is mainly linked to the air separation unit. The ADP impact is also caused by the gas cleaning unit (32%), along with the pretreatment process (10%). Both are closely linked to heat consumption, which is generally produced by fossil fuels in France (mainly from gas with fossil fuel share of 40%). Fuel upgrading is the only process that presents negative environmental impacts since the avoided products of heat and methanol are both considered as subsets of this process. This mainly influences ADP. Fuel upgrading represents approximately 6% of APD.



Gas cleaning contributes the largest environmental impact in terms of EP and AP, accounting for 40% and 35% for each impact, respectively. This is followed by gasification, which accounts for 20% of both these impact categories. The pretreatment and post-treatment processes also influence these categories. Sulfur and sulfur oxides in the fossil fuels (for heat and electricity use) are considered the primary factors causing acidification. The refinery process has only considerable effects on GWP and AP, accounting for 19% and 18% of each impact, respectively. The largest sources of GHG and acidic pollutant emissions at the refinery are stationary fuel combustion units such as steam boilers, process furnaces, and process heaters.



A comparison of various environmental impacts for the five studied countries is shown in Figure 6 in the form of their normalized respective proportions based on the reference case (i.e., France). Applying the BtL system in Sweden shows the lowest environmental impact. This is due to the high share of non-fossil electricity generation in Sweden and the fact that heating is supplied mainly through bioenergy-based district heating and heat pumps.



The BtL system employed in Finland causes higher impacts than in France (on average, 1.4 times higher). The running BtL system in Germany has the highest impact in all environmental categories except AP since the electricity generation in Germany is dominated by fossil-fuel sources (mostly coal and gas) and heating is supplied by natural gas, liquid gas, or biogas. Portugal mostly uses natural gas, hydroelectricity, and coal to produce electricity, with natural gas power being the largest contributor. Natural gas combustion leads to considerable emissions of CO2, SO2, CH4, and N2O which makes the BtL system in Portugal the one with the highest acidification potential (AP) impact.



The environmental impacts for the large-scale case of France are presented in Figure 7, normalized to the reference case results. The assessment show that the GWP is reduced by 6–10% compared to the reference case for the different countries when a larger facility is assumed. The impacts on eutrophication, acidification and abiotic depletion potential are reduced by 8–21%, 6–16%, and 3–17%, respectively for the different countries.



Electricity produced with 100% wind power instead of the national electricity grid mix is assumed to be used for the BtL fuel production in a sensitivity analysis used to illustrate the potential GHG reduction for the studied concept in case it is allowed to assume that electricity used for the production originates completely in renewable energy sources or if increased process optimization/integration is applied. In this case, the climate impact corresponds to 12.7–14.1 g CO2eq/MJ of FT biodiesel for all the investigated countries.



The carbon abatement cost corresponds to −0.5 to −0.07 €/kg CO2eq when including the GHG performance in all the assessed countries and assuming a production cost of 19.4 €/GJ for fossil diesel [65]. A negative carbon abatement cost means that it is more economically beneficial to use the biofuel option rather than its fossil counterpart, given correct cost estimates. For the cost interval for the BtL fuels at 9.2–25.8 €/GJ (from sensitivity analysis) and the GHG interval for the assessed countries, the carbon abatement cost corresponds to −0.9 to 0.6 €/kg CO2eq. This can be compared to the carbon abatement interval of −0.04–0.4 €/kg CO2eq for a variety of biofuels, presented in [66], which confirms the low BtL-production-cost estimate in this study.




3.3. Social Sustainability Assessment


Figure 8 presents the social impacts linked to the implementation of the BtL system for all countries, expressed as the contribution to the total social impact of all input/outputs. For all investigated countries, heat and electricity consumption in the BtL process are the major contributors to social impact according to the hotspot analysis. Therefore, heat recovery during the process decreases the social impact in total. In Germany, electricity consumption makes a larger contribution to the social impact compared to other countries. The contributions to social impact of chemicals and landfills are small for all countries, but vary. The values of impact categories in medium risk hours are given in Table S2 in the Supplementary Materials.



The total social impacts in all investigated countries related to the French case are given in Figure 9. The countries have different strengths and weaknesses. Sweden has the lowest impacts in Health and Safety and Governance, but the Human Rights and Community impacts should be further investigated. Finland has the highest impacts in Human Rights (eight times that of France). Portugal has the highest impact in terms of Labor Rights and Decent Work and Health and Safety and the second highest impact in the Community category, but, on the other hand, it has one of the lowest impacts in Human Rights and Governance. In a possible application in France, Governance-related social issues in the Legal System and Corruption subcategories should be evaluated, further according to this assessment.



Site-specific analysis results showed that on the reference scale from −2 to 2, Health and Safety can be ranked as 1 since occupational health and safety policy exists in the sector and risks are assessed systematically. Access to Material Resources is given the highest score because the BtL process uses the residues of the pulp mill and contributes to less consumption of material resources. In addition, waste-stream management is improved constantly. Promoting Social Responsibility and Technology Development also receive the highest scores, whereas Contribution to Economic Development receives a score of 1. The site-specific social assessment indicates an overall positive social effect for the local community, value chain actors, and society if the studied concept is implemented. Important social aspects include (i) job creation potential at the pulp mill, but also for suppliers of equipment; (ii) economic development through job creation, new business opportunities, and technology development; and (iii) health and safety for the workers due to the new process. The details of the site-specific analysis can be found in [46].





4. Discussion and Conclusions


The findings in terms of the techno-economic, social, and environmental performance of the BtL pathway in focus are discussed in this section, which ends with the main conclusions of the study and future research needs.



4.1. Environmental Performance Is Promising but Varies


The climate impact from FT biodiesel production for the investigated countries varies considerably. The corresponding GHG saving, estimated based on REDII (and its fossil fuel comparator of 94 g CO2eq/MJ [10]), is 12–83% (pilot scale). Thus, low-carbon electricity, or further process integration and optimization, is needed for the biodiesel produced from pulp mill residues by the developed BtL process to be a viable option for all investigated countries. Large-scale production will also lower the environmental impacts. However, the climate impact is promising in some countries, also, with the current assumptions.



Electricity and heat consumption are the main contributors to all the assessed environmental impacts of the studied BtL process (including, in addition to climate impact, eutrophication, acidification, and the depletion of resources), which is confirmed by the literature, e.g., [24]. A sustainability investigation of biodiesel production from 15 different biomasses [24] showed that fuel and electricity consumption during the biodiesel production is the major contributor to GHG emissions, even though the level of contribution varies for routes that uses different biomass resources. As the BtL pathway explored in this study is based on residues, it does not directly contribute to the demand for more questionable raw materials from a sustainability perspective.



The S-LCA showed that two levels of analysis provide different yet complementary results. The results provided using data from SHDB [42] can be used to determine most critical social issues linked to the implementation of the studied BtL process in different countries. Site-specific analysis makes it possible to focus on the facility and positive aspects like the contribution of a new application in technology and economic development. These results can be considered for decision making and policy implications for BtL process implementation. When formulating policies, as proposed also by Ekener-Petersen et al. [30], stringent procurement standards for social performance should be established for both fossil fuels and biofuels.



Limitations of the social impact assessment include the relatively low number of interviewees for site-specific S-LCA (due to the low TRL) and the general lack of applications of emerging technologies for site-specific S-LCAs wherein the approach can be followed, as site-specific S-LCA is generally conducted for processes in actual plants. The views from a broader set of relevant stakeholders linked to the BtL pathway could improve the findings from the S-LCA [46].




4.2. Production Cost Estimate Is Low but Uncertain


The production cost of FT biodiesel is estimated at 13.9 €/GJ (or 50 €/MWh or 0.47 €/L), and the corresponding cost for the crude (which is upgraded to diesel) at 12.8 €/GJ (or 46 €/MWh or 0.43 €/L). According to the sensitivity analysis, the crude production cost may vary between 8.1 and 24.7 €/GJ (diesel production cost: 9.2–25.8 €/GJ). The estimated production cost is low in comparison to estimates in literature (see Section 3.1.2). The main difference is the CAPEX estimate. CAPEX affects the production considerably. It is associated with large uncertainties, which can be explained by the low TRL. Thus, further research is needed to better estimate the costs as the technology matures.



The biomass cost is important for the OPEX as it also affects the production cost substantially. The biomass cost used, 5.6 €/GJ (20 €/MWh), based on [36,37], is, however, in the same magnitude as other estimates in the literature, and does not explain the low production cost. The actual production cost is also affected by the crude cut, i.e., whether FT diesel or bio-wax production is maximized [60,61]. Since the bio-wax commands a higher price, a larger bio-wax cut could lower the FT diesel production cost, but would also imply lower diesel production.



Haarlemmer and Boissonnet [56] describe how cost estimates in general tend to increase as technologies mature and know-how is accumulated up to a certain point when the estimated costs start to decrease. This point typically occurs when the first demonstration plant is built [56]. As the studied BtL pathway is novel, this could partly explain the relatively low-cost estimate of this pathway compared to many alternatives, and the production cost could thus increase as more research is conducted.



Limitations of the study include that the environmental LCA and the techno-economic assessment are based on process simulation and not data collected from an actual plant, in addition to additional general uncertainties linked to the assessment of emerging technologies with low TRL (or where at least part of the process has a relatively low TRL) using LCA and techno-economic assessment. Also, assumptions made in the underlying sources used for the techno-economic assessment may have influenced the estimate.



An important incentive for pulp mills to incorporate the BtL process is the potential to alleviate bottlenecks in pulp production caused by the limitations of recovery boilers [64]. This could potentially represent large economic savings for a pulp mill.



The profitability could improve further if the BtL process is implemented at a pulp mill of a larger scale. The TEA has been performed based on data from a pulp mill situated in France, with a pulp production volume about half the size of the average pulp mills in Sweden and Finland, where 60% of the paper pulp in Europe is produced [17]. In larger-scale mills, larger biomass volumes will be available internally, which could reduce the logistics cost. The allocation of the BtL process at a Swedish or Finnish pulp mill would also change the economic prerequisites in terms of the price levels for commodities such as electricity and water. Also, the biomass market prices vary locally depending on transportation distances.



For pulp mill owners, the findings of this study indicate that there are promising BtL pathways, which are possible to integrate with pulp mills, to explore further and to invest in to broaden a business. For this BtL pathway to be feasible, it is necessary to establish a business model and cooperation among key actors including a biofuel producer, a refinery, and, preferably, a large-scale pulp mill open for process integration. One example of a similar actor constellation is the company Sunpine. Sunpine was founded by the oil company Preem and by Swedish forest companies. Preem owns refineries in Sweden that receive a biocrude from Sunpine based on forest residues [67]. However, the proper business model is context-dependent.



The relatively low production cost and, in some cases, high climate performance of the studied BtL fuel (resulting in a relatively low carbon abatement cost compared to other biofuels) indicates that it would be attractive on markets promoting biofuels with high climate performance in relation to the production cost, such as the reduction quota in Sweden or the German and Czech equivalences [11]. The actual production cost is, however, crucial for the performance. The studied BtL fuel would also be attractive on the advanced fuels market since its feedstocks are within the list of approved feedstocks in REDII [10]. Thus, to support the assessed BtL pathway, the implementation of national policies promoting biofuels with high climate performance in relation to cost, such as reduction quotas, as well as specifically promoting so-called advanced fuels in more countries, is needed. This could also include investment support for BtL pathways integrated with pulp mills.




4.3. Conclusion and Future Perspectives


The assessed BtL pathway has promising performance in terms of economic, environmental, and social impacts. The techno-economic analysis indicates a low but uncertain production cost for the BtL concept (due to a low TRL). The LCA shows potential for low climate and other environmental impacts, albeit with large variation depending on the country of implementation. Social hotspot analysis concludes that the most important negative social impacts are related to the use of electricity and heat. However, the importance of the types of social impact differs between countries. On the other hand, site-specific social assessment finds an overall positive potential social impact in terms of, for example, promoting social responsibility, access to resources, and technology development linked to the implementation of the BtL process. Heat recovery, e.g., through integration with the pulp mill, is important to reduce the negative impact in terms of both environmental and social impacts.



In this study, an assessment covering all three aspects of sustainability has been conducted on an early design stage of a new process. In terms of future research, the studied BtL pathway and, particularly, the hydrothermal supercritical water gasification of black liquor needs to be developed further from a technical perspective. The development of the process will provide updated data for the environmental and techno-economic assessments and will improve the accuracy of these further. Linked to this, also, the impact on the environmental and economic performance of the possibility to further enhance the process integration and optimization of the processes needs to be assessed further. In addition, to estimate the actual GHG performance and other environmental impacts of a specific biodiesel production chain based on the explored BtL concept linked to a specific pulp mill, an environmental LCA needs to be conducted for the final setting up of the production process as it may differ somewhat from the process proposed in this project for technical and economic reasons.



In terms of social impacts, it would be valuable if all relevant stakeholders that would be affected by the process implementation explored in this study could be interviewed in future studies. This includes specialists working with the various process steps, workers and managers at mills, and the local community who live nearby the pulp mill. This would improve the understating of the impact on each stakeholder. Also, an assessment of social impacts should be conducted after the potential implementation of the assessed BtL fuel pathway. This is because the findings of early-stage assessments may differ from the results of the same assessment performed after the implementation of the technology at an industrial scale.
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Figure 1. Process map for FT fuel production. Wet gasification includes steps 1–4 (marked in yellow), dry gasification includes steps 5–8 (marked in blue), and FT synthesis and upgrading includes steps 9–10 (marked in green). 
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Figure 2. System boundaries used in the techno-economic assessment and environmental and social life cycle assessment, respectively. 
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Figure 3. Estimated production cost of BtL in literature [57,63,64,65,66]. In case the reference used presents an interval this is indicated with a line in the figure. 
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Figure 4. Environmental impacts of the assessed BtL system when assumed to be implemented in five different EU countries, illustrated via the share for each impact of different factors (−20 refers to −20). WW: wastewater, GWP: global warming potential, REDII: renewable energy directive, AP: acidification potential, EP: eutrophication potential, and ADP: abiotic depletion potential. 
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Figure 5. Contribution of various processes to the environmental impacts from the reference case of France. −20 refers to −20. GWP: global warming potential, REDII: renewable energy directive, AP: acidification potential, EP: eutrophication potential, and ADP: abiotic depletion potential. 
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Figure 6. Normalized environmental impacts in relation to the French reference case. GWP: global warming potential, REDII: renewable energy directive, AP: acidification potential, EP: eutrophication potential, and ADP: abiotic depletion potential. 
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Figure 7. Normalized environmental impacts for pilot and large-scale cases in relation to the French case. GWP: global warming potential, REDII: Renewable energy directive, AP: acidification potential, EP: eutrophication potential, and ADP: abiotic depletion potential. 
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Figure 8. The contribution by different input/outputs to the total social impact for the studied social impact categories in the hotspot analysis. −20 refers to −20. 
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Figure 9. Comparison of total social impacts in different countries based on the hotspot level analysis. 
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Table 1. Brief overview of selected recent sustainability assessments of biodiesel pathways and their coverage of sustainability aspects. Covered aspects are marked with X.
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Sustainability Aspects Covered




	
References

	
Environmental

	
Economic

	
Social






	
[22,23,25,26,27,28,29]

	
X

	

	




	
[21]

	
X

	
X

	




	
[24]

	
X

	
X

	
X











 





Table 2. Basic characteristic of the two assessed BtL scenarios, large-scale and pilot-scale, including raw materials, FT crude production, and change in electricity export (increase marked with + and decrease with −) from the case-study pulp mill.
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	Property
	Large-Scale
	Pilot-Scale





	Biomass energy content (bark and black liquor) [PJ/year]
	10.8
	



	Bark [tonnes TS/year]
	490,000
	8000



	Black liquor [tonnes TS/year]
	86,000
	1200



	FT crude production [tonnes/year]
	143,000
	1800



	Changed electricity export [MWh/year]
	+189,000
	−14,000










 





Table 3. Estimated investment cost of the different components in the assessed BtL fuel process for the large-scale scenario. Alternative investment cost estimates for some of the costly components used for the sensitivity are also presented.
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	Component
	Grass Roots Cost

[M€]
	Source
	Alternative Grass Roots Cost

[M€]
	Source





	Hydrothermal gasification (including hydrolysis, salt separator, SCWG)
	74.1
	[35,48]
	15–499
	[34,48,49,50,51,52]



	Acid gas removal and Pressure Swing Adsorption
	3.9
	
	-
	



	Drying and torrefaction
	17
	[53]
	17–21
	[34,40,49,53]



	Entrained flow gasifier
	61.5
	[35,47]
	8–134
	[34,49,54,55]



	Cold gas cleaning
	8.1
	[34,40,49]
	-
	



	FT synthesis
	45.9
	[35,47]
	10–45.9
	[34,35,40,47,49]



	Water Gas Shift
	12.9
	[34,40,49]
	12.9–17
	[34,40,49,53]



	Cobalt catalyst
	25.5
	
	-
	



	Upgrading
	5.6
	
	-
	



	Water treatment
	15.1
	
	-
	



	Total CAPEX
	269.6
	
	
	










 





Table 4. OPEX.
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	Revenues
	[M€/year]
	Assumptions and Sources



	Electricity sales
	14.3
	58 €/MWh: average sale price for France, 2019–2020 [39]



	Fixed costs
	[€/year]
	Assumptions and sources



	Depreciation and financial costs
	26.6
	10% of CAPEX:

Depreciation = 1/economic lifetime = 1/20 yrs = 5%

Financial costs = interest rate 5%



	Maintenance and labor costs
	13.5
	5% of CAPEX [40]



	Variable costs
	[€/year]
	Assumptions and sources



	Natural gas
	0.32
	7.5 €/GJ [57]: average price for France, 2018–2020. Medium-sized industries, without taxes.



	Fresh water
	0.014
	0.02 €/m3 [58]



	Biomass feedstock
	50.1
	5.6 €/GJ [36,37]



	Water treatment
	4.5
	Based on cost estimates for treatment of actual wastewater streams from multiple processes in the BtL pathway used for experimental analysis [59]



	Cooling
	0.63
	Mainly electricity [39]



	Disposal
	0.48
	Mostly disposal of lime mud (calcium carbonate)










 





Table 5. Sensitivity analysis of FT crude production cost.
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	Crude Production Cost (€/GJ)
	Assumptions





	8.1
	Biomass: 2.2 €/GJ; Electricity sales price: 58 €/MWh; investment cost: 269.6 M€



	18.1
	Biomass: 9.2 €/GJ; Electricity sales price: 58 €/MWh; investment cost: 269.6 M€



	9.4
	Investment cost: 121 M€; Biomass: 5.6 €/GJ; Electricity sales price: 58 €/MWh



	24.7
	Investment cost: 760 M€; Biomass: 5.6 €/GJ; Electricity sales price: 58 €/MWh



	11.7
	Electricity sales price: 87 €/MWh; Biomass: 5.6 €/GJ; investment cost: 269.6 M€



	13.9
	Electricity sales price: 29 €/MWh; Biomass: 5.6 €/GJ; investment cost: 269.6 M€










 





Table 6. Total environmental impacts of the assessed BtL system when assumed to be implemented in five different EU countries. GWP: global warming potential, REDII: renewable energy directive, AP: acidification potential, EP: eutrophication potential, and ADP: abiotic depletion potential.
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	Impact Indicators
	France
	Sweden
	Finland
	Germany
	Portugal





	GWP (g CO2eq/MJ)
	22.6
	16.1
	39.5
	83.3
	72.7



	EP (g phosphate, PO4 eq/MJ)
	0.06
	0.05
	0.09
	0.40
	0.14



	AP (g SO2eq/MJ)
	0.19
	0.15
	0.23
	0.28
	0.54



	ADP fossil (g Sb/MJ)
	0.26
	0.12
	0.45
	1.05
	1.02
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