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Abstract

:

Up to now biorefinery concepts can hardly compete with the conventional production of fossil-based chemicals. On one hand, conventional chemical production has been optimised over many decades in terms of energy, yield and costs. Biorefineries, on the other hand, do not have the benefit of long-term experience and therefore have a huge potential for optimisation. This study deals with the economic evaluation of a newly developed biorefinery concept based on superheated steam (SHS) torrefaction of biomass residues with recovery of valuable platform chemicals. Two variants of the biorefinery were economically investigated. One variant supplies various platform chemicals and torrefied biomass. The second variant supplies thermal energy for external consumers in addition to platform chemicals. The results show that both variants can be operated profitably if the focus of the platform chemicals produced is on high quality and thus on the higher-priced segment. The economic analysis gives clear indications of the most important financial influencing parameters. The economic impact of integration into existing industrial structures is positive. With the analysis, a viable business model can be developed. Based on the results of the present study, an open-innovation platform is recommended for the further development and commercialisation of the novel biorefinery.
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1. Introduction


What would our economies look like if we produced exclusively biobased chemical products with renewable resources? Can chemical production plants be operated economically independently of finite fossil raw materials in the sense of a circular economy? Is superheated steam (SHS) torrefaction suitable for the economic production of platform chemicals?



Revenues from circular economy products and services are not yet as profitable as their classic linear-oriented alternatives. Raising venture capital, promoting commercialisation and exporting to international markets are among the key future challenges that circular economy companies will have to face [1,2,3]. Biorefineries must increase their revenues in order to be competitive and attract future investments. However, the economic performance of biorefineries is influenced by many external factors, such as the development of energy prices, the cost of biomass feedstocks and the change in supplier markets due to changing competitive conditions.



1.1. Economic Aspects


Investigations by Ref. [4] show that biorefinery concepts are particularly hampered in their commercialisation by the following economic aspects: necessity of high investments, high operating costs, high overall costs, low return of investment, high capital costs, high logistical costs and volatile biomass costs [4]. Raising venture capital, promoting commercialisation and exporting to international markets are further challenges for the bioeconomy [2,3,5,6]. As long as biobased products are in direct competition with conventional alternatives, they can only be profitable in niche markets that reward sustainability in terms of price [7] or offer application potentials [8]. On the other side, the changed risk analysis of financial institutions with regard to sustainability supports the acquisition of funds for biorefineries. Business models that require non-renewable raw materials are increasingly excluded from financing [7]. Quality and product differentiation seem to be the preferred strategic response to compete successfully with biorefineries [9]. For instance, Ref. [8] reports on a profitable biorefinery concept for the valorisation of olive oil pomace that can produce high value products while improving the economic and environmental sustainability of the olive oil value chain [8].



From the market side, fluctuating prices of the end products and the raw materials used represent the most important economic challenges for a biorefinery [10]. The markets for bioproducts and biofuels are relatively new and volatile. This has an impact on demand and can significantly affect the selling prices of these products in the market [11].



Most publications assessing the competitiveness of biorefineries refer to the production of biomass fuels or chemicals sold in higher quantities, such as fibres or synthetic fuels. The few examples from the chemical industry show that the switch to circular value chains is preferable via commodity chemicals [12,13,14,15,16].




1.2. Pilot and Demonstration Scale, Commercialisation


The majority of biorefinery plants are still under development, at pilot or demonstration scale. Established research does not address the immediate challenges at this level of development. Even the literature on technology and innovation management is scarce in this regard. However, pilot and demonstration scale are important and necessary to raise industrial interests and encourage collaboration between different actors, i.e., industrial companies, academia, public authorities and equipment industry [17,18]. Robust biorefinery concepts can only be realised through a multi-layered approach that takes the relationship between biorefinery configurations, economic performance and future uncertainties into account [16]. Aspects of the innovation system in the biorefinery environment that have been weak so far are primarily resource mobilisation and market formation [9]. Therefore, new markets and businesses need to be developed and their potential needs to be assessed. This in turn requires that new market applications are established and new technologies are developed [19]. Ref. [19] conducted an exploratory case study specifically for a biorefinery in Germany. They focused on the company actors and found that the combination of leading actors, learning companies and gap fillers from the SME or start-up sector was an important success factor. Investments in new technologies with long payback periods need to be made by mature industries that have alternative investment opportunities available [9]. Established companies are seen as playing a crucial role in the commercialisation of new technologies because no market entry would take place without an adaptation of their strategies and business models [20]. The presence of “gap fillers” is an indication of partnership-based strategic system-building activities, where suppliers and manufacturers integrate complementary resources to jointly create products and markets [21]. The innovation system must be able to mobilise the necessary resources while creating supply and demand [20].



One of the biggest challenges in terms of commercialising a biorefinery is setting up a biomass supply system that can meet the biorefinery’s long-term biomass demand in a cost-effective way. In addition to the fluctuations in the costs of the supply system, the volatilities of the market prices for the produced goods of the biorefinery should not be underestimated [10]. A diversification strategy developed in a network by fully valorising a biomass resource into a range of products with maximum total value, combined with a good business model, can improve the economic feasibility of biorefineries [22].




1.3. Industrial Symbiosis Aspects


Many of the higher value-added chemical compounds found in biomass residues are present in low quantities. The value proposition must therefore be to maximize the added value of biomass and resource efficiency. This strategy requires cost-effective, cascading biomass utilization that can fully utilize all components [1,23]. The potential for new process combinations has certainly not yet been exhausted and offers considerable market opportunities [7]. Thus, an optimised biorefinery realises maximum cascading value creation throughout the life cycle [24].



Recent studies show that flexibility on the feedstock and integration into existing production networks allows one to increase the economic performance of biorefineries [15,25,26,27]. Combining biorefinery concepts like torrefaction with other processes such as co-combustion, pyrolysis, gasification or industrial processes to further increase the value of the product outputs makes it more efficient and economical than using it as a stand-alone process [15,28,29]. Biorefinery technologies that are thermally integrated with cooperating industries offer opportunities to increase significantly the economic and energetic performance [30,31]. If heat integration is chosen, the optimal production capacity of the biorefinery can be matched to the demand of the consumers in the heat network [16]. However, the capacity of the biorefinery can also be designed in such a way that all biological residues produced by the hosting companies are used as feedstock [32], or the biorefinery production covers the fuel needs of the host firms [33].



For an environmentally friendly and economic use of biomass-residues, it is necessary to develop cross-sectoral valorisation visions [24]. It is therefore important to concentrate on high-quality products on the one hand and to increase the spectrum of products for the solid and liquid fractions obtained on the other [9]. It has been widely discussed in the literature that a diversification strategy and the extraction of a range of products with maximum total value from biomass, combined with a good business model, significantly improves the feasibility of biorefineries in economic terms [20,34,35]. Although research on biomass torrefaction is increasing recently, there is a lack of information on the integration of the technology within an overall biorefinery concept for specific applications [15].




1.4. Goal, Scope and Structure


This paper builds on Part 1 of the series, which examines a biorefinery concept under development for the simultaneous production of high-quality biochar and platform chemicals by SHS torrefaction of biobased residues. In the first part of the series, it was shown that the newly developed biorefinery is capable of producing several platform chemicals with a favourable environmental footprint. In this second part of the series, the process is evaluated economically, and the most important economic levers are identified. Based on the economic analysis and the technical possibilities of the investigated biorefinery as well as the state of the art in science, it is furthermore shown which path to commercialisation could be taken.



This publication is structured as follows. First, there is a detailed presentation of the methods and materials used. This is followed by a chapter on the economic analysis of the biorefinery studied. Based on this economic analysis and the state of the art presented in the introduction, a further section is devoted to the derivation of a possible commercialisation strategy. This is followed by a discussion of the economic results and the commercialisation aspects. The results of the work are then briefly summarised in the conclusion.





2. Materials and Methods


This study is based on experimental results obtained within a German public-funded research project on an innovative biorefinery concept (see funding section). The economic evaluation of the newly developed biorefinery builds on the process flow diagram as shown in Figure 1, and the material and energy balances developed in part 1 of this publication series. More information on the process steps is given there. The process units with grey background represent the reference case. In addition to this reference case, another variant was investigated in which the torrefied biomass is fed to an incineration plant (hatched background and dashed lines) that serves to supply thermal energy to the biorefinery process being investigated and to external consumers. A steam loss of 5% was considered for each of the two variants, which translates into a corresponding condensate accumulation and product output.



Traditional discounted cash flow analysis is often used to provide an indication of how likely it is that an investment will be profitable. However, the shift to biorefinery concepts is a long-term investment and is subject to time uncertainties. The discounted cash flow analysis ignores the possibility for investors to adjust their investment strategy to changing market conditions and is therefore not necessarily suitable for evaluating biorefineries [36], especially when it comes to the flexible production of small quantities with high product quality. For this reason, no discounted valuation method was used for the present investigation.



The economic evaluation was carried out according to the method of [37], which estimates the costs of process plants with an accuracy of +/−20% and is based on financial calculation methods in chemical and process plant engineering [38,39,40]. Table 1 lists the assumptions and parameters for the economic analysis. The determination of the investment costs is based on a list of equipment that is developed from the process flow diagram [37] and Part 1 of our publication series in the Materials and Methods section [41], and thus on the mass and energy balance of the biorefinery. For this purpose, the process equipment was dimensioned for an input flow of 1000 kg/h of chipped beech wood residue within the scope of this project. Standard apparatuses such as motors, pumps, fans, heat exchangers, silos and conveying elements were queried from suppliers or determined via the internet. Special designs, such as the housings of the drying and torrefaction chambers, but also silos and tanks, were dimensioned, and the steel weights were estimated, by the authors themselves.



The material and processing costs were taken from specific sources for normal and stainless steel from [43,44]; the raw prices of these components were determined accordingly. All heat exchangers were designed using an online shortcut heat exchanger sizing tool from Ref. [45], and their weights were determined as well. From this, the raw prices of these components were determined for verification purposes using the method described above. This approach had to be taken because the offers were obtained in spring and summer 2021 during the COVID-19 pandemic, and offers with an unusually long delivery time in particular appeared to be overpriced.



The investment costs were determined from the apparatus costs using two different calculation methods. One method called Hand works with multiplication factors for different types of equipment. The other method, the Plant Component Ratio (PCR) method, uses cost distribution factors for equipment and other trades, such as the foundations, instrumentation or piping of a process plant [37,38,39,40]. The Hand method adds cost factors for indirect investments (e.g., buildings and infrastructure), process investments and risk supplement to the equipment costs to arrive at the total investment costs. The PCR method determines the total investment costs via cost distribution factors between the process engineering apparatus, process design costs, electrical and instrumentation and control technology, construction site costs, etc. [37,38,39,40]. Individual cost distribution factors, such as those for process design and construction site costs, were adjusted after the results were provided in order to arrive at realistic values. The absolute process design costs, for example, could be estimated by the authors themselves based on experience developing similar plants. The biorefinery should be constructed from as many standard components as possible, and the individual process units should be delivered to the site completely pre-assembled on frames (skid-mounted) in order to minimise the assembly effort and thus the costs at the construction site. For the process variant, only a completely supplied biomass incineration plant including flue gas cleaning is added in terms of investment. Due to the high additional costs for the incineration plant compared to the biorefinery, the surcharges for the Hand method were adjusted for the total investment costs of the variant so that realistic absolute values are given. The same applies to the variant for the cost allocation factors for the PCR method. Two offers were obtained for the biomass incineration plant and verified with the specific investment costs from Ref. [46]. The mean values for the investment costs were then calculated from the two investment cost methods according to Ref. [37] for the reference case and the process variant with biomass incinerator. These were depreciated over 20 years and assigned to the fixed operating costs. These annual depreciation costs represent the only CapEx factor.



Capital costs, maintenance, laboratory expenses, property taxes, municipal charges, insurance costs and license fees were determined according to Ref. [37] and allocated to fixed operating costs. For the capital costs, the weighted average cost of capital (WACC) for 2019/2020 in Germany according to Ref. [42] has been taken. The personnel costs were determined for the case that the biorefinery is an independent facility and thus must be fully staffed from the managing director to the cleaning staff and the security service. The variable operating costs were determined from the process-related material and energy balances. All costs have been calculated for the location Germany.



According to Ref. [37], research and development costs as well as sales and administration costs were added to the total operating costs to finally obtain the total annual operating costs of the biorefinery in the reference case and the variant with biomass incineration plant.



The total annual costs calculated in this manner were counterbalanced against the total annual revenues from the extracted platform chemicals, the torrefied biomass or, in the case of the process variant with an incineration plant, the sales revenue from the heat generated. Only the products shown in Figure 1 were considered for the revenues.



In addition, it was analysed how the investment costs are distributed over the entire process and which subprocesses represent the biggest cost drivers.



Within the course of a sensitivity analysis, the personnel, material and energy costs as well as the revenues from the platform chemicals, torrefied biomass and thermal energy generated were considered in particular.



A consideration of the cost allocation to the various saleable end products was carried out using the allocation methodology according to the Ref. [47].



A basic eco-efficiency analysis was conducted following references [48,49,50].



The economic considerations refer to a plant with 1000 kg/h input material and an assumed annual operating time of 5080 h and takes into consideration the development status of the plant. Only the two variants described above were considered. Further considerations, such as the combination with a combined heat and power plant, pyrolysis or synthesis gas production, were not carried out within the scope of this work. In addition, all investigations referred to conditions in Germany.



Based on the results of the economic analysis and the state of the art in science, a proposal for a possible development and commercialisation path was prepared.




3. Results


3.1. Investment Costs


Figure 2 shows the investment costs of the reference case and the process variant, which were determined using the Hand and PCR methods. These include all direct and indirect investment costs, risk surcharges, etc., as described in the methodology chapter. Details of the calculation are provided as Supplementary Material. The incineration plant for torrefied biomass represents a considerable additional investment in the process variant. However, it must be taken into account that the incineration plant with boiler and flue gas treatment is a proven technology with low additional risk, which causes significantly lower additional costs in percentage terms with regard to the indirect investments. These inter-relations were considered in the calculations. The two investment cost calculations according to Hand and PCR lead to results that differ by less than 5% for the two variants examined.



In the reference case, it becomes clear that the processing units that handle the largest material flows also cause by far the largest investment costs. Dryer and torrefaction account for about 92% of the total investment. The separation of the different chemicals thus only causes about 8% of the total investment costs.



In the process variant, the incineration plant with boiler and flue gas treatment accounts for the largest share of costs (approx. 65.7%), followed by the dryer and torrefaction (approx. 31.5%). Here, the separation of chemicals accounts for an even smaller share (approx. 3% in total).



The investment costs are depreciated on a straight-line basis over a 20-year period and then included in the total operating costs.




3.2. Operating Costs


Figure 3 shows the total annual operating costs for both variants. These costs do not yet include the surcharges for research and development, profit, sales and administration.



In the reference case, 66% of the total operating costs have to be spent on fixed costs, and 34% have to be spent on variable operating costs. In the process variant, 77.5% are attributable to fixed costs and 22.5% are attributed to variable costs.



In both variants, personnel costs account for the largest share, followed by the costs for biomass woodchips residues. The energy costs burden the reference case with 10% and can be significantly decreased to less than 4% in the process variant with thermal self-supply. For electricity, a price of 18.25 Eurocents per kWh was used [51], and 3.96 Eurocents per kWh was used for natural gas [52]. In the process variant, the capital costs of more than 13% and depreciation of 10% of the total costs have a considerable impact due to the significantly higher investment costs. All other cost shares are well below 10%.



The total costs for both variants under investigation were then further charged with 10% for development overhead and profit margin, as well as 7.5% for sales and administration as indicated in Table 1.




3.3. Product Revenues and Profitability


Table 2 lists the products generated with an assumed steam loss of 5%, the market prices found and the revenues calculated from these. The steam loss should be below 1% in a well designed and constructed plant so that with this conservative assumption, the predicted chemical yields are realistic. The excess thermal energy found in the table represents the thermal surplus energy from the combustion of the torrefied biomass in the process variant after deduction of the plants’ own thermal energy demand



The market prices for the products extracted essentially depend on the quality and the sales quantities. Because the aim is to serve the market for the extracted chemicals with small production quantities and a high product quality, the corresponding prices were taken from the sources mentioned in the table and used as a basis for the calculations. For example, three types of furfural with purity greater than 98% are available on the mentioned sources. As a result, the market price for furfural is calculated as an average price per kilogramme of furfural. A higher heating value (HHV) of 22 MJ/kg was assumed for the torrefied biomass produced. In reality, however, this value can be as high as 28 MJ/kg depending on the feedstock and selected process parameters, resulting in higher revenues. For the thermal energy produced, it was assumed that there are several industrial consumers with different heat demands. A corresponding mixed price was set for the thermal energy delivered.



Market prices for sodium acetate and sodium formate have increased since 2021. The extent to which changed market prices affect the profitability of the plant is examined in the following chapter as part of the sensitivity analysis. For the calculation of profitability, it was assumed that the 10% cost surcharge for development overhead and profit are each divided 50% on average over the years of operation.



This results in a profitability of 19.8% for the reference case and 18.5% for the variant with biomass incineration. This means that the high investment costs for biomass incineration with the assumptions deteriorated the profitability of the plant by about one percentage point. However, it must also be considered that the calculation of the investment costs with the chosen method results in a target accuracy of plus-minus 20%. Thus, the result for profitability is also subject to a higher uncertainty than the above-mentioned difference regarding the profitability of the reference case and the process variant. For this reason, the cost parameters with the greatest influences were exposed to a sensitivity analysis.




3.4. Sensitivity Analysis


Sensitivity analyses were carried out for the cost blocks energy, material, personnel costs and revenues from the sale of the products.



Figure 4a shows the influence of the variation in energy costs on profitability. Given the recent energy price development in 2021, a stronger price increase rather than a price decrease is expected in the future. Therefore, a price escalation of up to plus 50% was considered. The sensitivity analysis shows that the reference variant in particular is affected by energy price increases in terms of profitability and that this does not drop by more than five percentage points.



Because material costs are usually linked to energy costs, a variation between minus 10% and plus 50% was also considered here (see Figure 4b). Material costs have a much greater impact on profitability than energy costs. Here, as well, the reference variant is more affected by price increases. In the range considered, profitability decreases by about 11 percentage points for this variant and by almost 9 percentage points for the variant with an incineration plant. Even with a 50% increase in material prices, profitability still remains above 10%.



The sensitivity analysis also considered the case in which the biorefinery is operated in an industrial network. In this case, personnel capacities can be shared, and thus the proportional personnel costs can be reduced. Figure 5a shows the influence of personnel costs. The basic calculations assume a self-sufficient operation of the plant with complete staffing. A range of plus 20 to minus 50% was considered for the sensitivity analysis of personnel costs. An increase in personnel costs by 20% reduces profitability by about 5 to 6% in both variants. A 50% reduction in personnel costs increases profitability by 13 to 15%, whereby the basic variant benefits more from lower personnel costs.



The market prices for the products produced have the greatest influence on the profitability of the plant (see Figure 5b). A variation of plus/minus 20% was considered for the cost block revenue. If total revenues fall by 20%, then profitability also falls by approx. 20% for both variants. The process variant falls below 5% profitability earlier than the reference case because its values are generally about 1 to 1.5% lower. At a revenue decline of approximately 15%, the plant reaches the 5% profitability threshold, and at a decline of 20%, the plant runs at a loss. On the other hand, an increase in the revenue situation by 20% causes an increase in the return by about 13%.




3.5. Allocation of Costs to Products


The first part of this publication series examined how the primary energy demand and CO2 emissions of the new biorefinery are distributed among the individual products generated. In this economic part of this publication series, an analysis was therefore made of how the operating costs of the plant are distributed among the individual products according to Ref. [47]. Such an analysis reveals whether all products provide a contribution margin or whether particularly profitable products have to compensate for less or non-profitable ones. For this allocation, a distribution of product volumes and another distribution of relative market values were generated from Table 2. Torrefied biomass has the largest production mass share of all products at over 97%, but it has the smallest share of the total market price per ton at 0.016%. The torrefied biomass was set to an equivalent value of 1 due to its smallest market price share, and all other products were set relative to the market price share of this reference product. This results in an equivalence value of 5833 for the most expensive product 5-Hydroxymethylfurfural (5-HMF) which has a mass share of 0.0073% and a total market price share per ton of 93.84%. The sales units can be calculated by multiplying the individual equivalent values by the annual output of each product. The total cost per year is then divided by the total number of sales units to obtain the total cost per sales unit, which is 0.1925. The equivalence numbers can then be multiplied by the total cost per sales unit to determine the production costs for each product shown in blue in Figure 6. For instance, the equivalence value of 5-HMF is multiplied by 0.1925 to obtain a production price of 1123 €. The thermal energy produced had to be related to the torrefied biomass, which is energetically recovered by combustion, in order to keep the relation to one unit (kg/h). The thermal energy is then allocated using the aforementioned method, which has a market price share of 0.031%, nearly twice that of torrefied biomass. The allocation shows that all products provide a positive contribution to profit in the reference case as well as in the variant with incineration plant.




3.6. Eco-Efficiency Analysis


The results from the ecological analysis from the first part of this publication series were presented again for the operation of the biorefinery with beech woodchips in the form of a spider diagram for the reference case and the variant with biomass incineration in Figure 7a. The categories human toxicity (HTP), freshwater eutrophication (FEP) and freshwater ecotoxicity (FETP) are the same for both variants because only the biomass feedstock affects these three categories, and the operation with straw is not examined here.



Figure 7b depicts the eco-efficiency portfolio of both operating variants considered. This profile was created according to references [48,49,50]. The values of the LCA and the sum of operating costs and revenues (indicated as “costs”) are normalised in relation to each other, with the worst performance being assigned a value of 1 in each case. From this, the normalised mean values for the environmental impacts and the normalised mean values for the costs are calculated. Because there are five environmental impact categories, each must be weighted. Climate change (GWP) was weighted at 40%, primary energy demand (PE) at 30% and the remaining three at 10% each. The individual results are then related to the mean value and multiplied by the individual weighting factors in the case of environmental impacts.



The normalised costs are 1.018 in the reference case and 0.982 in the variant with incineration plant, i.e., the process variant performs slightly poorer under the selected boundary conditions. However, with a value of 0.724, the process variant performs significantly better in terms of environmental impacts than the reference case with 1.276.





4. Derivation of Commercialisation Opportunities


4.1. Context


In today’s economy, fossil-based products set the economic standard. To be economically successful, biobased alternatives must offer at least the same quality and functionality as their conventional alternatives [7].



The bioeconomy is traditionally very strong in the food sector and in wood processing. However, it still has considerable growth potential in the economic sectors of construction materials, paper, textile fibres, chemicals, pharmaceuticals, heat, electricity and fuels [7]. In the processing sector, which currently still uses fossil carbon sources, biobased products have a potential for expansion (in some cases considerable) that goes far beyond the pure economic growth of these sectors [7].



Biobased products are in most cases more expensive than fossil carbon sources under current framework and market conditions. Due to the complex processing of biological raw materials, biobased alternatives are also less competitive than fossil-based products. Therefore, biobased products that are in direct competition with conventional alternatives can only be profitable in niche markets and only those that reward sustainability through price. For companies, this means adjusting their strategy, anticipating changing framework conditions at an early stage and adapting their product range accordingly [7]. Commercialisation opportunities for biorefineries may arise from the fact that new solutions and more sustainable alternatives are either mandated by regulations or demanded by customers [1]. Biobased alternatives must be assessed on a case-by-case basis for their suitability compared to their conventional alternatives, and if no suitable products are available today, appropriate research efforts can be successful [7]. However, if products manufactured with fossil raw materials are burdened by taxation or an expansion of trading in emission certificates, this can change the competitive situation in favour of biorefineries [7].



The literature research carried out within this work does not allow for a sound quantitative representation of the market sizes of different markets and the competitive positions of biobased products from biorefineries. However, the following markets seem to be of special interest for the investigated biorefinery:




	
Plastics, base and fine/speciality chemicals



	
Pharmaceuticals



	
Active carbon, synthetic fuels and others



	
Energy markets (electricity, heat)








The review showed that currently the market development for the bioeconomy cannot be assessed so easily, especially because neither the industrial companies nor the markets examine biobased products separately. Only in the chemical and pharmaceutical industries are the possible developments more foreseeable [62].



The novel biorefinery studied here extracts a relatively small amount of high-value platform chemicals compared to the feedstock and produces a relatively large amount of high-quality torrefied biomass (see Figure 8).



Both product groups are interesting for different markets, which are discussed in the following.




4.2. Markets for the Platform Chemicals


Of particular importance in this development are biobased platform chemicals, bioplastics and biobased fine and speciality chemicals [62]. The chemical companies are most likely to see competitive advantages in biobased speciality chemicals and plan to focus more strongly here [62]. Chinese companies currently dominate the production and demonstration of marketable biobased products [62]. For biobased plastics, China, India and Southeast Asia are seen as the most important production locations of the future, and Brazil is also expanding its capacities [62]. The large chemical companies have little incentive to change the system towards biorefineries because they use proven, highly optimised technologies on a large scale, the infrastructure is built up and the process chains are established. The plants are often depreciated and therefore highly profitable [62]. Biobased chemical products are sold to the application-oriented industry, i.e., as intermediates. Market introduction was particularly successful when a “green premium” could be obtained for the intermediates [62,63].



Even though the use of renewable resources has only played a minor role in the pharmaceutical industry so far, innovative biotechnological approaches are of central importance for this branch of industry [62]. In Germany, a biopharmaceutical innovation system has been successfully established over the past decades and is networked with strong, internationally competitive players. A number of large companies and a significant and stable number of SMEs are active here and one finds a well-developed corporate landscape for biopharmaceutical activities [62].



The economic analysis shows that the investigated biorefinery can be operated economically under current market prices. However, the personnel costs and, in particular, the revenues must be viewed critically in terms of profitability.



The impact of personnel costs can be reduced by increasing the annual number of operating hours of the biorefinery and by integrating it into existing industrial networks.



The revenues from the sale of the products and demand must be considered volatile, especially for the extracted chemicals [11]. The quality and price of the chemicals produced must be kept at a high level to avoid jeopardising the economic viability of the plant. This means focusing on high quality products and even on application services for the speciality market rather than the mass market. Product and market diversification towards higher value products is seen as key for biorefineries to overcome commercialisation barriers [20].



These arguments are also supported by the fact that the plant concept of the biorefinery under investigation is not designed for large production volumes of chemicals and that biorefineries based on torrefaction for the production of mass products (biofuels) have not yet been successfully commercialised despite years of development with different approaches [15].




4.3. Markets for the Torrefied Biomass


The thermal integration of biorefineries in an internal or external production network promises a significant energy and economic improvement [31]. If heat integration is chosen, the optimal production capacity of the biorefinery can be matched to the demand of the consumers in the heat network [16]. These findings can also be transferred to the plant investigated here. Against the background of the results of the economic assessment, the optimal solution would be to integrate the investigated plant into an industrial network that already has its own heat supply or, in the best case, its own electricity generation. This would be particularly beneficial for the profitability of the investigated process variant and the ecological aspects.



The capacity of the biorefinery can be adapted so that it can best be integrated into an industrial symbiosis. It can be flexibly adapted in terms of the use of different biomass residues and energy recovery. In biorefineries that supply torrefied biomass as output, further processing by pyrolysis or gasification is possible in addition to thermal use through combustion. In this way, high quality products with technical advantages for iron production, adsorbents for environmental protection or feedstocks for the production of synthetic fuels can be generated [15].




4.4. Biomass Supply


An argument against mass production is the demand for biomass residues, which could possibly drive up prices. Long-term and the year-round availability of biomass at competitive prices is an important criterion for the operation of biorefineries. It is therefore advantageous if the plant can flexibly use several feedstocks per year depending on availability [13]. In the available studies on biomass torrefaction, different biomass materials have been used as feedstock. Lignocellulosic biomass and energy crops (e.g., bamboo, pine, spruce, willow, eucalyptus, banyan, larch, beech, birch, wood briquettes and wood pellets, etc.) are the most commonly used feedstocks. Torrefaction of agricultural residues and forestry wastes (e.g., sawdust, bagasse, coffee residues, rice husks and straw, wheat straw, empty fruit bunches from oil palms, etc.) has also been studied. However, special care is taken to ensure that there is no imbalance to the disadvantage of food supply and forest vegetation [15].




4.5. Recommendations for Commercialisation


A step-by-step approach for successful commercialisation in an open innovation system has proven to be viable to ensure resource mobilisation and market creation. Collaboration across the supply chain has proven to be beneficial because it can generate positive momentum. The innovation system must be able to mobilise the necessary resources while creating supply and demand [20].



As most business decisions are still made on the basis of the economic value of the main product in a value chain, awareness of value creation opportunities in alternative sectors is generally low from a marketing perspective. This is reinforced by the fact that costs and benefits of valorisation of biomass residues are assigned to different parties in the value chain. Therefore, new business models are needed that create an environment of equitable distribution of effort and benefit and that enable the development of innovative technologies across sectors [24]. It is important to involve public and private partners from the biomass supply sector and the end-product sector, and also to consider partners outside the value chain [64]. Typical customer–supplier relationships must be replaced by multi-actor relationships [24].



Therefore, a recommendation for the successful commercialisation of the investigated biorefinery concept is the operation of a flexibly usable demonstration plant in an open innovative network. The following sectors in particular should be considered as innovative partners for such a network, whereby the order does not represent a preference:




	
Utilities with high innovation potential (e.g., from the municipal sector), which already have experience with the use of biomass



	
Companies from the field of speciality chemicals, pharmaceuticals and food with a connection to the bioeconomy



	
Innovative engineering companies with experience in biomass processing



	
Consulting firms with roots in the bioeconomy and strong knowledge concerning supply chain aspects



	
Start-ups and SMEs dedicated to application know-how and commercialisation aspects in the bioeconomy.








Companies from the paper industry or the large-scale chemical industry, for example, were deliberately not named because they are usually too entrenched in their existing structures and, after studying the state of the art, thus do not have the necessary innovation potential. On the other hand, they might be interested in buying green energy (heat or electricity) in the near future to reduce their carbon footprint and meet the new policy targets for CO2 emissions.





5. Discussion


5.1. Economic Assessment


The biorefinery investigated in this publication series fulfills both the ecological [41] and the economic sustainability criteria, provided that product revenues do not fall by more than 15% compared to the current market price level.



Both cost estimation methods used in this analysis lead to comparable investment costs. The depreciation over 20 years leads to reasonable annual fixed costs in the reference case. In the process variant, the necessary investment in an incineration plant leads to more than a doubling of the annual depreciation costs. In the process variant, the premiums for the indirect investment costs (such as infrastructure), for the process investment costs and the risk supplement, were reduced compared to the reference case. It is assumed that the incineration plant represents a high technical maturity level with low risk and is delivered as a pre-assembled unit that requires only minor additional investments in infrastructure compared to the reference case. A capital recovery factor over a 20-year lifetime is a common practice [16], especially for mature components such as silos, conveyors, fans, ductwork and the biomass incineration plant, which are used in the biorefinery in this case and account for the largest share of the costs. A reduction of the depreciation period of the investment costs to 15 years would nevertheless not endanger the profitability of the plant.



In the economic evaluation, it was assumed that the facility under investigation is operated as an independent enterprise and must therefore have complete staffing. Full staffing is a particular financial burden as it makes up in the investigated case for more than one third of the total costs (see Figure 3). The economic integration of the biorefinery into an industrial network would help to reduce the proportion of personnel costs and thus improve significant profitability (see Figure 5a).



The presented analyses of the newly developed biorefinery assumes an hourly processing capacity of 1000 kg of biomass and an annual operating time of 5080 h. Because the fixed costs in the reference case and in the process variant account for 66 and 77.5% of the total operating costs, respectively, the annual operating time has a significant influence on profitability. An increased annual operating time raises the variable operating costs, but higher revenues are generated and the proportion of fixed costs is reduced.



The costs for the biomass residue raw material represent the second largest cost block in both variants after the personnel costs. These costs can be decreased significantly if low value feedstock, such as residues from forestry activities, is used. However, an increase in procurement costs has a significantly lower impact on the profitability of the plant than personnel costs (see Figure 4b).



The biorefinery has been significantly optimised in terms of energy as part of the process development to date, and the process variant allows fossil fuels to be abandoned for heat generation. The variation in energy costs has little effect on profitability in the reference case (<5%) and very little effect in the process variant (<2%) within the considered price range of −10 to +50% (see Figure 4a).



From the output side, two different categories of products must be delineated. Almost 70% of the input material is converted into torrefied biomass with a lower monetary specific value and just under 2% into platform chemicals with a high monetary specific value. In the scenarios considered, the torrefied biomass is made available as a high-grade fuel in the reference case or as feedstock for upgrading to activated carbon, synthesis gas or synthetic fuel. In the variant with incineration plant, the torrefied biomass covers the biorefinery’s own thermal energy demand and provides a significant amount of thermal energy for external customers.



Given today’s market prices for torrefied biomass and for thermal energy, between 38 and 52% of total revenues are generated directly from torrefied biomass or indirectly through thermal energy sales. Due to the small plant size, the sales volume of torrefied biomass or thermal energy is considered small, which can be seen as an advantage for the integration into existing industrial networks. The design of the dryers and the torrefaction systems is modular (250 kg/h input per unit). This means that the plant can be designed precisely to meet the needs of industrial consumers. Because heat with a temperature of up to 270 °C is generated, it could possibly be sold at a higher price than is currently assumed (7.5 Eurocents/kWh), which would increase the profitability of the biorefinery.



Due to their small quantities, the extracted platform chemicals can be viewed in isolation from the torrefied biomass produced concerning the plant design, the location of the extraction process steps and the market for chemicals. More than 20 extractable chemicals were identified in the experiments with beech wood chips. However, only five currently attractive chemicals were explicitly included in the present economic study. Further studies need to show what other chemicals can be extracted if other biomass residues are used and what prices may be obtained for them. With the values taken in this study, the platform chemicals contribute more than 60% to the value generation in the reference case and 48% in the variant with an incineration plant.



In the ideal case, customers from the chemical (speciality and fine chemicals), pharmaceutical, cosmetic or other specialty industries would be in direct local connection with the biorefinery. However, due to the small production volumes and the high value of the extracted chemicals, the transport costs for these play a subordinate role. In other words, the customers for the platform chemicals can be further away.



By varying the feedstock, temperature and residence time in the torrefaction chamber, the output of potential chemicals can be altered. This means that with the choice of biomass feedstocks used and the variation of plant parameters, one can flexibly extract different value-added chemicals and thus respond flexibly to market changes. The literature review has shown that the flexibility of a biorefinery in respect to constantly changing markets and the products that are in particular demand is a very important commercialisation success factor.



Product revenues have the greatest influence on the profitability of the plant in the biorefinery studied in this paper. Therefore, a commercialisation strategy for the platform chemicals must pay special attention to primarily serving the high-quality and thus high-priced customer segment and not the low-priced mass market. The platform chemicals produced are usually needed for intermediate products. This requires a high degree of flexibility and application know-how. Therefore, the revenues generated should be invested in application-oriented research efforts that focus not only on the further technical development of the plant, but also on possible new market applications. The increase in product revenue also has the greatest impact on the return on investment (ROI) and the payback period (PP). With the basic assumptions made, the annualised ROI for the reference case is 24.6% and the PP 4.4 years (process variant 22.7% and 7.8 years, respectively). If revenues can be increased by 20%, the annualised ROI in the reference case is 49.5% and the PP is 2.2 years (process variant 47.2% and 3.75 years, respectively).



All six biorefinery products investigated in this work deliver a positive financial contribution to the result. For further extractable substances, however, it would have to be examined whether this statement is still valid, especially if further process steps have to be installed for this purpose. CO2 credits were not included in the economic analysis because this requires government authorisation to participate in emissions trading. These alone would only marginally improve profitability, because the costs for primary energy account for just 10% of the total operating costs in the reference case examined and merely 4% in the process variant.



In the eco-efficiency analysis, both variants examined with the assumptions made perform almost equally on the economic side. However, the process variant with biomass incineration plant and thermal self-supply performs significantly better ecologically than the reference case. In the case of an industrial symbiosis, participation in emissions trading and/or rising material and energy prices, the process variant benefits from economic performance and then moves into the best area of the eco-efficiency portfolio compared to the reference case. The present eco-efficiency analysis should be seen as a basis from which to review the eco-efficiency portfolio for concrete implementation cases within the framework of an industrial symbiosis. For this purpose, other environmental impacts such as particulate matter may have to be added.




5.2. Commercialisation Aspects


Against the background of the information gathered from the literature review and the economic analysis carried out, it seems advisable to realise the demonstration operation as well as the commercialization of the biorefinery in an open innovation environment. The possible separation of biomass pre-treatment and extraction of different platform chemicals from the condensate facilitates the participation of different types of actors in the open innovation network.



The literature research has shown that traditional players find it difficult to adapt their more or less proven traditional way of thinking to the new conditions of a circular economy and constantly changing market conditions. This is especially true when these players have served large market volumes at low prices, but rising energy prices and current climate policy could change this behaviour in the future. Nevertheless, it is important for the network and commercialisation of the biorefinery to involve innovative, knowledge gap closing and application-oriented actors especially from the fields of speciality and fine chemicals, the pharmaceutical, cosmetic and bioeconomy sectors as shown in Figure 9. The network’s external recognition must be strong enough to attract and embrace further innovative actors, e.g., from the utility sector. This also means that the open innovation system must be designed in such a way that it can develop continuously. If robust industrial symbiosis can be developed within the network, this will have a positive impact on the profitability of the biorefinery, as infrastructure and personnel can be shared.



In order to trigger the necessary investments, it is necessary either to obtain state funding or to attract financially strong actors. This will also raise the question of how the profits will be distributed fairly in the network and who will take over the project management at which point in time. Against the background of these challenges, it makes sense to take a closer look at existing open innovation platforms from other industrial sectors, such as ARENA 2036 [65], for the mobility and production of the future, or to join a platform from the bioeconomy sector, such as TALENT4BBI [66].





6. Conclusions


The economic analysis of the investigated novel biorefinery shows that it can be operated economically under the current conditions and the assumptions made. Because the plant is small compared to the conventional production capacities, the infrastructure and personnel costs are disproportionately high. However, the plant size can be increased if enough feedstock is available. Moreover, this dilemma can be solved if the biorefinery is used as part of a production network and the above-mentioned costs only have to be charged in part. Selling the surplus heat has little impact on profitability but makes it independent from the purchase of natural gas, which is more environmentally friendly and interesting for a sustainable industrial symbiosis. Focusing on niche markets that are willing to pay a higher price for high-quality chemicals is crucial for the profitability of the biorefinery operation. The plant size, the structure and the flexibility of the biorefinery in terms of the biomass feedstock, the mode of operation and the generated products are advantageous for an industrial symbiosis. The different, flexibly generated products make the biorefinery interesting for a variety of different industries. The plant is at the development stage between laboratory and demonstration scale and has yet to be established in the circular economy environment. It would therefore make sense to carry out further development and commercialisation within the context of an open innovation platform. Such a platform would allow different actors to participate in the project, and hence, valuable synergies could be leveraged. In summary, the flexibility of the plant, its low complexity and the focus on niche markets are a good basis for the sustainability, competitiveness and resilience of the novel biorefinery.



The investigated biorefinery is ecologically and economically very well suited to support the achievement of the 2030 target for the reduction in greenhouse gas emissions as well as the target of climate neutrality by 2050 within the framework of the European Green Deal. It is also appropriate for realising the shift from linear economy to circular economy value chains.



The successful upscaling and implementation of the developed biorefinery concept will depend on the ability to treat different types of feedstock/residues, the automatic and robust operation of the different processes (with reduced staff intervention) and the market demand of the obtained products. Therefore, further works will focus on the continuous separation of chemicals, the flexible extraction of different valorisation products and the upscaling of the SHS-based drying/torrefaction with different biomass residues.
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Figure 1. Biorefinery process set up. 
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Figure 2. Investment costs: (a) reference case; (b) process variant. 
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Figure 3. Annual Fixed and variable operating costs: (a) reference case; (b) process variant. 
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Figure 4. Sensitivity analysis: (a) energy costs; (b) material costs. 
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Figure 5. Sensitivity analysis: (a) personnel costs; (b) product revenues. 
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Figure 6. Cost allocation: (a) reference case; (b) process variant. 
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Figure 7. (a) normalised environmental effects; (b) eco-efficiency portfolio. 
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Figure 8. Biorefinery product-market-relationship. 
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Figure 9. Biorefinery commercialisation proposal. 
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Table 1. Assumptions and parameters for the economic analysis.
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Designation

	
Value

	
Unit

	
Description

	
Source






	
Evaluation model

	

	

	
according to references

	
[37,38,39,40]




	
Accuracy for the investment cost

	
+/−20

	
%

	




	
Design input

	
1000

	
kg/h

	
Biomass input

	




	
Operating time

	
5080

	
h/a

	

	
Authors’

assumption




	
Plant location

	

	

	
Germany

	




	
Indirect investment costs

	
40

	
%

	
of direct investment costs

(reference case *)

	
[37,38,39,40]




	
Process investment costs

	
20

	
%

	
of direct and indirect

investment costs

(reference case *)




	
Risk supplement

	
15

	
%




	
Annual depreciation

	
5

	
%

	
of investment costs

	
Authors’

assumption




	
Weighted average cost of capital (WACC)

	
6.6

	
%

	
according to reference

	
[42]




	
Maintenance costs

	
3

	
%

	
of investment costs

	
[37,38,39,40]




	
Property tax, municipal charges,

insurance and license fees

	
4

	
%




	
Development overheads

and profit margin

	
10

	
%

	
of total annual

operation costs

	
Authors’

assumption




	
Sales and administrative overheads

	
7.5

	
%




	
Sensitivity analysis

	

	

	
Material costs

Energy costs

Personnel costs

Product revenues

	
Authors’

decision








* for the process variant the absolute costs were estimated.
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Table 2. Product revenues.
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Product

	
Amount

	
Market Price

	
Revenues

	
Source




	
Reference Case

	
Process

Variant






	
Torrefied

beechwood

	
694.85

	
kg/h

	
0.24

	
€/kg

	
847,161 €

	

	
[53]




	
Excess thermal energy

	
3812

	
kWh/h

	
0.075

	
€/kWh

	

	
1,452,372 €

	
[54]




	
Methanol

	
1.169

	
kg/h

	
0.40

	
€/kg

	
2376 €

	
2376 €

	
[55]




	
Sodium acetate

	
13.459

	
kg/h

	
6.93

	
€/kg

	
473,820 €

	
473,820 €

	
[56]




	
Sodium formate

	
1.254

	
kg/h

	
62.39

	
€/kg

	
397,444 €

	
397,444 €

	
[57]




	
Furfural

	
0.830

	
kg/h

	
21.97

	
€/kg

	
92,584 €

	
92,584 €

	
[58,59,60]




	
5-HMF

	
0.052

	
kg/h

	
1400

	
€/kg

	
369,113 €

	
369,113 €

	
[61]




	
Total revenues

	

	

	

	

	
2,182,497 €

	
2,787,708 €
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