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Abstract

:

Australia has abundant volumes of forest residues that are a potential feedstock for supplying biomass as a renewable carbon carrier to the market. However, there remains an underutilization of this resource, even in mature bioeconomy markets. Several existing or perceived barriers can be attributed to the underdeveloped, forest-based bioeconomy in Australia. One of these is the limited understanding of feedstock supply costs. In this study, two ranking approaches were applied to identify the optimal biomass feedstock supply chain from field to conversion plant gate. A panel of experts embedded in the Australian bioeconomy were employed to first assign ranks to biomass supply chain items by cost intensity. Then, a layer of analytic hierarchical process (AHP) was used to weigh and rank various biomass supply pathways by efficiency. The results reveal that biomass extraction ranks the highest and biomass feedstock storage ranks the lowest, relative to other supply chain costs. Extracting and chipping material in the field attracted the most support from the experts in terms of efficiency, followed by transporting and chipping at the roadside and, finally, transporting and chipping at the conversion plant. This study provides insights for designers of the forest-based bioeconomy in Australia into relative cost drivers that may be applied to investment and industry decisions. It also provides a framework to support further investigations into forest biomass development and the management of biomass as a renewable carbon carrier at a time when Australia is transitioning from an energy policy focused on fossil fuels to a renewable energy strategy.
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1. Introduction


Australia, a country rich in fossil fuel resources and a net energy exporter [1], has based its national energy policy as well as the overall economy on these sources [2]. In 2020–2021, fossil fuels accounted for 92% of Australia’s total energy consumption and 73% of its electricity generation [1]. Fossil fuels are also high export earners, generating AUD 81 billion in 2020–2021 [3], mostly from black coal, liquid natural gas (LNG), and crude oil, with 90%, 73%, and 83% of production exported, respectively [1]. Fossil fuels, however, emit carbon dioxide and other greenhouse gases into the atmosphere when burned and are the leading cause of human-induced climate change [4]. In recent years, national and state Australian governments have recognized the risks of climate change inaction and the opportunities for investing in renewable energy [2]. After decades of climate and emissions policy uncertainty [5] and politicized debate at the national level [6,7], the current Federal Australian Government legislated an emissions reduction target of 43% below 2005 levels by 2030 in 2022 [8]. State governments have set their own emission reduction targets and made commitments to renewable energy, including 50% renewable energy targets by 2030 in Queensland [9] and Victoria [10] and 150% renewable electricity generation by 2030 in Tasmania [11].



Biomass is a renewable carbon source [12,13] that could replace fossil fuel-based carbon throughout the economy in the production of food, fibre, chemicals, and fuels while creating carbon storage in materials and soils [14,15]. For fossil fuel-dependent economies, biomass presents a local opportunity to sustainably contribute to global and national climate-related targets [16,17] and transition to a decarbonized, more sustainable bioeconomy [18]. While innovative bio-based solutions are emerging [13,19], biomass use for energy presents a mature market segment of bioeconomy. Reducing traditional, inefficient uses of biomass for energy (e.g., fuelwood in open fireplaces or inefficient wood stoves) by encouraging energy-efficient technologies that deliver solid, gaseous, and liquid biofuels remains the main challenge in the bioenergy segment [20,21] as traditional biomass makes up 44% of total biomass use globally [22]. Demand and supply for modern bioenergy are expected to grow over the coming decades [17,22]. The Intergovernmental Panel on Climate Change (IPCC) Special Report estimates that bioenergy as a share of the global energy supply will increase to a more than 27% share by 2050 in the greenhouse gas (GHG) emission mitigation pathways compatible with limiting global warming to 1.5 °C [23]. In the European Union (EU), where bioenergy is a key component of energy transition and GHG emissions mitigation strategies, demand for forest biomass feedstock is expected to outstrip its supply capacity [17,24] under current biomass supply losses and energy conversion efficiencies. While bioenergy currently provides about 4% of Australia’s total energy consumption, modelling in the recently released ‘Australia’s Bioenergy Roadmap’ by the Australian Renewable Energy Agency [25] suggests it could potentially rise to 20% by the 2050s [25]. As a share of renewable energy, solid biomass is a major contributor in Australia, making up 37% in 2020–2021, with woody biomass accounting for about half of this biomass, or 18% of total final energy consumption from renewables [1].



Forest-based or woody biomass is a versatile renewable energy fuel that could be used in numerous energy conversion pathways [18,26], but it remains a primary source of renewable heat. For instance, in Canada, a dominant renewable electricity source is hydropower, whereas biomass is used for thermal energy purposes, accounting for 11.8% of overall fuel and heat consumption in 2019 [27]. In the EU, total primary solid biofuels are the first source of gross renewable energy that counts towards the EU’s binding target for its share of renewable energy, just ahead of wind and hydropower [28]. The bioeconomy is defined by the European Commission as meaning ‘using renewable biological sources from land and sea, like crops, forests, fish, animals and micro-organisms to produce food, materials and energy’ [29]. Forests play a central role in the transition to a sustainable bioeconomy, in the fight against climate change, and as an alternative to fossil fuels through bioenergy production [30,31]. As well as displacing fossil fuels, forest bioenergy provides other co-benefits including waste management [32,33,34], additional revenue streams [32,34], employment opportunities [35], sustainable innovation [36], and regional and rural development [30,31]. Forest-based bioenergy can be generated from all fractions of the tree, although, in developed markets, feedstock is generally restricted by market forces to unmerchantable materials such as thinned trees, low-grade or non-conforming sawlogs, and forest-based harvest (e.g., large branches) and mill residues [34,37]. The sustainable sourcing of forest biomass, both for materials and for energy, is important for maintaining the long-term sustainability of the source and avoiding negative effects on the environment, such as soil impacts [37,38,39,40,41,42].



There is an established forestry industry in Australia, with almost 1.7 million hectares of commercial plantations [43,44] generating large volumes of residues each year. Forest residues are inconsistently captured and reported across the industry; however, it is estimated that there are 6.5 million green tonnes of residues available annually, about half of which come from softwood plantations [45]. While these residues have several existing or potential pathways, including woodchips for export, pulp, and wood-based panels, they are also potential sources of bioenergy feedstock, with greenhouse gas mitigation benefits [34,45,46]. Mill residues are another feedstock source for bioenergy, with an estimated annual production of 4 million tonnes in Australia [45], some of which is already being utilized for bioenergy [34].



Understanding costs in the supply chain is critical to the planning and development of a sustainable, forest-based bioenergy market [47] and its context. The forest residue supply chain has several steps that can broadly be categorized as collecting, chipping, transporting, and storing. In the EU, logistics and associated costs have been investigated over many years, particularly following the development of the Tool for Sustainability Impact Assessment (ToSIA) [48]. In a review, Santos et al. [49] found that most assessment and optimization studies were concentrated in Europe and North America and were focused on biomass-to-bioenergy supply chains. There has been a call for research beyond the Northern Hemisphere [49]. Developing markets, such as Australia, are likely to become important in the international trade of forest products. The current study, therefore, adds to the existing literature on forest biomass supply chain sustainability.



Australia’s forest bioeconomy is emerging, but costs along the supply chain are not well-known, similar to the situation in Italy a decade ago [50]. Estimating forest biomass supply costs can be challenging due to variables including scale and location of plantations, residue type and quality, quantities, competition from alternative uses [47,51], and fluctuations in fuel costs [52] and, therefore, assumptions are made about these costs. This study provides a preliminary assessment of the most efficient pathways for supplying forest residues for bioenergy as Australia looks to increase the share of renewables in its energy mix.



This research builds on past Australian studies that investigated the sustainability benefits of forest residues for bioenergy, including greenhouse gas mitigation [46] and economic benefits through reduced site preparation costs [33]. Other studies in Australia have quantified the availability of forest biomass feedstocks for energy [53,54,55] and identified tactical or optimal locations of bioenergy conversion plants, considering factors like forest biomass availability and transportation distance [56,57], and multi-biomass feedstocks [58,59]. While the availability, demand, and opportunities for forest biomass feedstocks are well researched, there remain uncertainties associated with the economic feasibility and optimization of supply [51]. Luo et al. [60] compared forest supply chain planning methods and found that forest management vertically integrated with downstream wood processors could increase the economic returns for forest companies. The current study will extend the knowledge presented by Luo et al. [60] and other supply chain optimization studies that have focused on transport [61], machine systems [62], and a multi-feedstock case study in southern Australia [63].



The current study focuses on efficiencies in the forest biomass supply chain to better understand the cost drivers and potential barriers to the development of forest-based bioenergy in Australia. In identifying drivers of, and barriers to, the procurement of forest biomass for energy, it addresses an important knowledge gap, critical to the conversation about energy transition and the development of a sustainable, forest-based bioeconomy in Australia. It will contribute knowledge of strategies for implementing forest biomass supply chains. Further, the approach adopted here can serve as a framework for future studies investigating renewable energy pathways and potential barriers in other parts of the world with underdeveloped markets.



This study used weighted pairwise comparisons, a layer of the analytical hierarchical process (AHP) methodology, to evaluate alternatives for efficiently supplying woody biomass to the industry in Australia, based on the aggregated expert judgement [64]. The processes in the supply chain to which costs can be attributed are well-known in the literature and industry and were pre-selected in this study. Local (Australian) forest biomass experts were also asked to rank the costs of different processes (e.g., extracting, handling, processing, transporting, and storing) in the supply of forest biomass.



AHP is a robust, multi-criteria decision analysis (MCDA) technique [65,66] used in complex problem solving, with multiple conflicting criteria and decision makers with different preferences [67]. It surpasses the shortcomings of ranking alternatives by ordinal voting procedures and is a predecessor to a more detailed and sophisticated multi-attribute utility theory [64]. The application of AHP has been rather broad, including ranking, evaluation, allocation, cost-benefit analysis, forecasting, and strategic decision settings [64,67,68]. It is among the most widely used MCDA techniques in general [64,69,70,71,72,73] as well as for natural resource and energy management problems [73,74,75] and in energy transition studies investigating barriers to development, such as biorefinery transition in the European pulp and paper industry [76], renewable energy adoption in Pakistan [77], barriers to hydrogen fuel cell energy production in South Korea [78], and forest biomass for heating in Quebec [79]. Other studies have used AHP, often combined with other analytic techniques, to assess investment or policy decisions on alternative energies in Saudi Arabia [80] and renewable energy in transport policies in Europe [81,82]. It has also been used to investigate innovations in forest operations [83].



This paper begins with a description of the research framework including the design of the questionnaire to collect individual expert judgements, define and select the ‘expert’ participants, and select the forest biomass supply chain alternatives to the ranked. Then, ranking and weighted pairwise comparisons, as a layer of the AHP technique, were used to quantify weights and ranks and pathway efficiencies. The results, discussion, and conclusion of the study are then presented.




2. Materials and Methods


The research was conducted according to the following interconnected stages:




	
Designing and developing an expert panel and questionnaire to collect and aggregate individual judgements. An online platform, Alchemer [84], was used.



	
Ranking of costs of processes in the biomass-for-energy supply chain to identify the overall cost drivers. A Likert scale of 1 to 5 (most to least important) was employed to rank costs.



	
Undertaking an AHP layer to identify the most efficient biomass supply pathway. Pairwise comparisons were employed to assign weights to factors and then rank these according to importance, measuring the distances between ranks. Factors to be ranked were chosen based on the authors’ perceptions of key factors (see Figure 1).








2.1. Data Collection


The data were collected through an online questionnaire completed by a panel of experts. The expert panel consisted of selected experts, with sufficient subject matter knowledge to aggregate their individual judgements into a strategic decision setting related to a renewable carbon supply—in the form of forest residues—for the emerging Australian market. The group of experts had the same goal of finding value for forest residues, each having specific knowledge, interest, or a role in the long-term supply and demand of forest biomass in Australia, allowing for a synergistic, aggregated, individual judgement procedure in the pairwise comparisons [64]. The literature suggests that the context of research defines the number of participants in an AHP. The general consensus is that AHP aims more towards quality than the number of participants [64,68], suggesting that 2–5 panellists are a small group and above 5 panellists are a large group [64]. Here, to ensure 2–5 consistent answers and respecting social choice axioms for group decision making [64,66,85], a group of ten experts was invited. The panellists were asked to rank processes in the supply chain according to their cost significance, as well as to rank what would be the most cost-efficient way of supplying low-value wood to the market. ‘Renewable carbon carrier’ syntax was purposely omitted, given the limited knowledge of the broader bioeconomy context in the Australian market. Instead, the end use of the wood was kept as not predetermined for supply to be at a level playing field for the bioeconomy market, including bioenergy, which is not subsidized in Australia. Two different approaches for ranking were applied: weighted ranking for supply chain processes and weighted pairwise comparison for biomass supplying options.




2.2. Ranking Cost Drivers


Biomass supply processes (extracting, handling, processing, transporting, storing) represent a chain of consecutive operations from the place of biomass origin to the storage facility at the market gate; this required a ranking method to focus on cost reductions along the supply chain (Figure 2). The experts were asked to rank these five processes according to overall cost significance on a 5-point Likert scale, with 1 being the highest cost and 5 being the lowest cost. Figure 2 defines these processes, which were also applied to the pairwise comparisons described in Section 2.3 below.



Overall ranks and rank distributions were generated using MS Excel and the Alchemer [84] platform. A weighted average was calculated:


    W   a v   =   s c o r e × n   − 1    



(1)




where score is the product of the frequency by the weight of each ranking:


= (freq. R1 × 1) + (freq. R2 × 2) + (freq. R3 × 3) + (freq. R4 × 4) + (freq. R5 × 5)



(2)




and n is the number of experts on the panel.



The processes were then ranked according to the calculated weighted average values, with the lowest value bearing the highest costs.




2.3. Weighted Pairwise Comparisons


Here, the experts were challenged with conflicting alternatives of supplying biomass to the market where the most efficient one would overcome those less efficient. The alternatives were deliberately not built around cost items but around overall efficiency by framing the question, ‘If you were a biomass supplier, which would be the most efficient way to supply woody biomass to the industry?’ Efficiency would assume cost efficiency but embedded with other factors too such as logistics, speed of delivery, procurement length, tendering costs, risk factors, etc. (Table 1). Consistent with practices in Australia, ‘extracting’ was synonymous with collecting and handling, ‘chipping’ was synonymous with processing, ‘extracting and transporting to roadside’ was synonymous with tractor, and ‘transporting to conversion facility gate’ was synonymous with truck transportation.



The selected method for ranking was weighted pairwise comparison, as a layer of AHP, where a set of criteria were the relative costs of processes involved in harnessing forest residue material and the goal, or problem to be solved, was the ranking of the most cost-efficient pathway for getting forest residues to a bioenergy (bioeconomy) plant gate. The alternatives were the factors embedded in the biomass supply pathway. AHP [86] has been praised for its transparency and simplicity, based on the weighted ranking of conflicting alternatives organized in a hierarchy [70,74]. The applied weighted pairwise comparison uses only one layer of hierarchy by obtaining the weights for each criterion in accordance with Saaty’s scale of importance and obtaining an overall score for each alternative to eliminate illogical, thus inconsistent, comparisons.



In the first step, respondents made comparisons in a two-stage process in the online questionnaire. First, the experts paired one biomass supply pathway against the other according to their relative efficiency. Second, the respondents evaluated the relative efficiency of their chosen option against the alternative on a five-point sliding bar with the following numerical quantities supported by linguistic descriptions: in the middle of the bar (value ‘1’ or ‘equally efficient’), at both ends of the bar (value ‘5’ or ‘far more efficient’), and between 1 and 5 (value ‘3’ or ‘moderately more efficient’). As has been adopted in previous studies [68], an adaptation to Saaty’s original scale (1–9) was made here by keeping the odd values only (Table 2), and the results were normalized to the original scale. This approach has been found to be easier for panellist responders to interpret [68,81,87]. Following the expert weighted pairwise comparison, the weights for each criterion were adjusted in accordance with Saaty’s scale of importance (Table 2) in the second step of the data analysis. Overall scores for each alternative, under consistency ratios (CR) of 20%, 30%, and 40%, were obtained following the original CR suggested by Saaty [65], but also the less stringent consistency criteria as used in Ho et al. [88], Mahmoud and Hine [89], and Kulišić et al. [81], and as reported by Schmidt [68].



A judgmental matrix, the pairwise comparison matrix (A), was constructed, in which the elements aij inside the matrix could be interpreted as the degree of the precedence of the ith criterion over the jth criterion, or one supply chain pathway over the other.


   A =     a   i j     =      1     a   12     ⋯     a   1 n         a   21     1   ⋯     a   2 n       ⋮   ⋮   ⋱   ⋮       a   n 1       a   n 2     …   1        =      1     a   12     …     a   1 n           1   a     21     1   …     a   2 n       ⋮   ⋮   ⋱   ⋮       1     a   1 n           1   a     2 n     …   1        



(3)







When constructing the pairwise comparison matrix, the following rules needed to be verified:



If aij = ∝, then aij = 1 × ∝−1. If criteria i is judged to be of equally relative importance as criteria j, then aij = aij = 1 and aij = 1 for all i. If all the comparisons are perfectly consistent, then the relation aik = aij = aik ∀ i,j,k.



To recover the vector w = [w1, w2, …, wn] from A, which indicates the weight that each criterion is given in the pairwise comparison matrix, the following two-step procedure was used:




	
For each of the A’s columns, divide each entry in column i of A by the sum of the entries in column i. This yields a new matrix, called Anorm (for normalized), in which the sum of the entries in each column is 1.



	
Estimate Wi as the average of the entries in row i of Anorm.








To ensure that the priority of decision criteria was consistent, a consistency ratio (CR) for each matrix was verified with the ratio of consistency index (CI) and random index (RI):


CR = CI/RI



(4)







CI was obtained through the largest eigenvector of the matrix A or λmax:


CI = (λmax − n)/(n − 1)



(5)




where λmax is calculated as


Aw = λmax∙w



(6)




and w stands for the eigenvector of the matrix A, computed using the following equation:


  w =         ∏  j = 1   n      a   i j           1   n         ∑  i = 1   n          ∏  j = 1   n      a   i j           1   n          



(7)




where n is the number of criteria being compared in this matrix. The largest eigenvalue λmax of A can be estimated by


    λ   m a x   =   1   n     ∑  i = 1   n          A w     i       w   i        



(8)







Random index (RI) represents the average consistency index of a randomly generated pairwise comparison matrix of a similar size (Table 3).



Classical AHP allows for inconsistencies in giving the priorities of the pairwise comparisons up to the point where the decision maker’s comparisons are consistent enough to give useful estimates of the weights for their objective. For a perfectly consistent decision maker, the ith entry of AWT = n (ith entry of WT). This implies that the perfectly consistent decision maker has CR = 0. While Saaty and Vargas [66] set CR < 10% as a threshold for inconsistency in answers, Ho et al. [88] and Mahmoud and Hine [89] applied CR < 20% to AHP surveys that cover a wider population allowing for non-expert responses.





3. Results


3.1. Expert Profile


The 10 experts were distributed across a range of geographical regions (states), roles, and fields of expertise (Appendix A Figure A1). The expert panel was 40% from academia, with the remainder in non-academic roles and equally distributed between industry (30%) and government or government-backed enterprises (30%). The panel worked across four Australian states: Queensland, Tasmania, New South Wales, and Western Australia. Victoria was the only state or territory with an established forestry industry not represented by the expert panel. The selected experts self-identified as having a high level of expertise, with 50% working more than fifteen years in their field and 80% for seven years or more.



The panel also displayed expertise in multiple fields (experts could select across multiple fields) involved in the Australian bioeconomy ecosystem (Appendix A Figure A2), further enhancing the multi-disciplinary approach of this study. Within these fields, the experts identified as being able to contribute knowledge on the mobilization of forest biomass for energy, the logistics of forest biomass for energy, bioenergy sustainability, biomass conversion technologies and products (e.g., biogas, combined heat and power, liquid biofuels), carbon balances of biomass and bioenergy, and governance and policy frameworks.




3.2. Results of the Process Cost Rankings


The weighted average values of the supply chain processes had a distance of 2.0 and ranged from 2.0 (minimum) to 4.0 (maximum). Extraction had the highest cost ranking and was estimated to be twice as high as the lowest-cost supply chain item: storing (Figure 3).




3.3. Results of the Weighted Pairwise Comparisons


The pairwise matrix was solved to obtain the weights and rankings of alternatives. None of the pairwise comparisons had a 10% CR, whereas 1, 2, and 3 responses had 20%, 30%, and 40% CRs, respectively. The results are quite similar (Figure 4) across different CR values, with a strong preference for low-value biomass supplied by extracting and chipping in the field (A1 pathway), which was weighted to be about twice that of the second alternative—extracting and transporting to roadside, chipping at roadside (A2)—and about 5–6 times that of the lowest-ranked biomass supply pathway—extracting and transporting to roadside, then transporting to conversion facility gate, chipping at conversion plant (A3).



Given the low consistency in pairwise comparison among the group of experts, the results were verified by excluding the consistency ratio, and a pairwise comparison was made with manual matrices (Appendix A Figure A3).



‘Extracting and chipping in the field’ (A1 pathway) was selected by 80% of the experts to be a more efficient pathway to supply biomass to the gate than ‘Extracting and transporting to roadside, chipping at roadside’ (A2). Ninety per cent of experts ranked A2 over ‘Extracting and transporting to roadside, then transporting to conversion facility gate, chipping at conversion plant’ (A3), which supports the above results that include consistency ratios and a smaller representation of the group opinion.





4. Discussion


The main objectives of this research were to quantify the relative importance of biomass supply processes and identify the most cost-efficient pathway for harnessing forest residues for bioenergy in Australia. This study elicited the views of leading Australian-based forest biomass experts to explore process costs and pathway efficiencies. To minimize bias in the expert opinion, the experts were carefully selected based on their characteristics (Appendix A Figure A1) and their opinions were processed through two types of analysis. The goal of the ranking and weighted pairwise analyses was to identify the cost drivers in the biomass supply chain and the most economically efficient system of delivering residue to a bioeconomy player, be it a bioenergy conversion plant or advanced bio-based product replacing the fossil carbon in materials, chemicals, and fibres. The approach of combining expert perspectives on biomass supply chain cost structure and supply pathways has been widely used in similar contexts in other regions, but it is believed that this is the first application to a strategic, decision-setting analysis of forest biomass for a wood-based bioeconomy, or energy transition, in Australia.



The results suggest that, in terms of costs, truck transport ranks behind extracting and is close to chipping material. Transport and chipping material are supply chain segments with the highest fuel consumption for powering engines. This contrasts with past findings and commonly held assumptions that transportation is the key driver of biomass supply chain costs in Australia [51,56,61,63]. It also contrasts with findings in other parts of the world, such as Europe, where transportation (field and road) was considered the largest fraction of biomass procurement costs [90]. The transportation of woody residues was ranked highest among six limiting factors in a US study, above processing and storage and handling [91]. Travel distances could provide an explanation for the lower relative cost of transportation found in this study. Transportation costs vary according to distance and mode [92], and it is important to note that while truck transportation costs per tonne-kilometre decrease as distances increase, overall transportation costs rise with distance [63]. A study in Finland found that when distances exceeded 135 km, truck transportation was no longer cost-competitive compared with train transportation [93].



In Australia, biomass transportation is conducted solely by truck, and biomass processing plants, such as conversion plants, tend to be co-located at the plantation and/or mill site. As the industry is still developing, forest bioenergy is predominantly used for onsite heat and energy by industry operators working within the forestry value chain [34]. Where the primary purpose is the production of on-demand, dispatchable energy production as in wood pellets (to support non-dispatchable sources in the energy mix), mill residues are the primary feedstock, as occurs at Altus Renewables [34,94] in Queensland. Indeed, forest bioenergy generation in Australia has traditionally been generated from mill residues, with forest-based residues a new and underutilized resource [45].



Modern bioenergy can play a vital role in covering shortages and gaps caused by the variability of other renewable, non-dispatchable sources like solar and wind [95,96,97]. For Australia, where solar and wind are established, cost-effective providers of renewable domestic heat and electricity, forest-based biomass for energy can complement these technologies. Forest biomass can provide dispatchable, renewable electricity for grid stability [25,34] or provide bioenergy and carbon sinks with technologies such as pyrolysis [98]. Modelling for Australia’s Bioenergy Roadmap [25] identified bioenergy as a suitable alternative to hard-to-abate fuel products like liquid fuels for aviation and process heat for industry [25]. Forest residues are also a potential feedstock for second-generation or advanced biofuels for the transport sector [98,99,100]. In 2021, the transport sector produced 19.4% of Australia’s net emissions [101]. While helping to reduce emissions and combat climate change [99], combining advanced biofuels replacing diesel for long-haul truck transportation with biochar production could lessen Australia’s dependency on imported refined fuels [25]. Biochar has been recognized for its potential in land-based carbon removal [102,103], which could contribute to Australia’s emission reduction strategy. As conversion plants tend to be co-located in Australia, biomass transport distances and, therefore, costs may be constrained in this developing market. However, the greater utilization of forest residues for dispatchable energy—regardless of whether they feed into the electricity grid, are exported to international markets, or are used as a liquid drop-in fuel—is likely to lead to a more decentralized approach. In this case, transportation costs may become more critical to the overall efficiency and thus the viability of residues for a broader bioeconomy.



The transportation cost profile can be interpreted alongside the experts’ analysis of pathway efficiencies. The experts supported the view that the costs of supplying residue increased the further the unprocessed (not chipped) material was transported along the supply pathways. This is consistent with other research reporting the impact of biomass quality (moisture content) and quantity (biomass volume) and distance on transportation costs [61,104,105]. Truck payloads are dependent on both volume and weight. Unprocessed material (with higher moisture content) reduces a truck’s load volume, limiting the ability to reach full load capacity; hence, transportation becomes less efficient and costs rise [51,104]. Transporting unprocessed material also increases loading (handling) time and costs [63], which was found in the current study to be the least important cost. Studies in Europe report that leaving residues to dry at the roadside [105,106] had a positive effect on costs and that above a distance threshold, it is inefficient to transport unprocessed material [93]. Designers of forest residue supply chains in Australia, therefore, should prioritize field processing (chipping) to manage delivery costs and optimize profits.



Biomass processing and moisture content also affect storage [107]. Storage can occur at different points and locations in the supply chain including field, roadside, and conversion plant. Material that is unprocessed and has a higher moisture content requires a larger physical storage space and has a higher cost. Storage, which ranked the lowest cost in this study, may not be as critical in the supply chain in Australia as in other parts of the world such as Europe and North America, where forest bioenergy is a supplier of heat, and fluctuations in energy demand affect storage demands [93,104].



In contrast, the extraction and processing of residues were found in this study to be the highest and second-highest relative costs, respectively. Extracting biomass has challenges due to its bulky and non-uniform composition [92] and dispersion within the field. In Australia, forest biomass extraction and processing are time- and labour-intensive, and costs may be influenced by machinery systems [62]. Automation or more advanced mechanization, operational efficiencies, and economies of scale may make extraction and chipping more efficient in the future. Location-specific factors and the learning curve are likely to affect efficiencies over time for all process costs in the supply chain [107].



Based on the results of this study, forest management strategies and bioeconomy generation pathways that are designed to prioritize chipping in situ in the forest had the most support from the study experts. Management strategies that prioritize this pathway are likely to be the most economically viable supply option. This is important as managing costs will be critical to attracting investment and government support and for the forest-based bioeconomy to be competitive with other renewable and non-renewable (energy) sources.



While this study did not distinguish between softwood and hardwood stands, plantations, or native forests, it is likely that the findings apply to all forest types, given that the assessments were relative comparisons rather than absolute values. Softwood plantations present perhaps the best opportunity from which to develop a forest-based bioenergy industry in Australia, although other forest resources exist in large volumes also.



The generalizations made here are an important first step in developing knowledge; however, there are some limitations. This study did not disaggregate costs according to residue types such as thinning versus logging residues, moisture content, storage locations (field or conversion plant), plantation location, or scale of operations. Also, this study relied on known, pre-selected, expert participants, but other perspectives may exist.



Evaluating costs and efficiencies in the supply of available forest biomass is critical to decision making and the development of the forest-based bioeconomy in Australia; however, the research findings must be considered in the context of the broader national and global economy. Australia’s economy is structured around the resources industry, particularly carbon-based fossil fuel sources like coal, gas, and petroleum [2,6]. These sources provide most of Australia’s domestic energy needs, but the vast majority are exported to global markets, generating huge revenues for national and state governments [2,108]. Recently developed or updated renewable energy and emissions reduction targets in Australia, along with more stringent reporting of emissions along the value chain (scope 3 emissions) in the EU [109], are likely to promote, if not accelerate, the transition away from carbon-based energy. As markets for fossil fuels in developing countries such as China and India continue, there is also a growing international demand for clean energy including biomass for energy in advanced economies [22]. Demand is mostly met from within the EU, but if the biomass demand cannot be met, it may need to import wood pellets from other regions [17,24,95].




5. Conclusions


The growing interest in forest residues for bioenergy within a broader forest-based bioeconomy highlights the opportunities for this developing industry in Australia. Expert perceptions of the supply chain costs of harnessing biomass feedstock contribute valuable knowledge for forest management, energy policy, and investment decisions, and may increase the likelihood of its future success and contribution to a sustainable bioeconomy. The forest bioeconomy has inherent opportunities, co-benefits, and trade-offs, as well as uncertainties and potential negative impacts [18]. Building knowledge of the drivers of costs and benefits is key to ensuring that the sector development is sustainable and attracts the support of key stakeholders like government and investors.



In this study, experts ranked processes in the forest residue supply chain in Australia according to the relative costs of different processes. Given the logic behind the question, two different ranking methods were employed—weighted ranking and weighted pairwise comparison based on AHP—to interpret the opinion of experts in a specialized supply chain, where many variables add to the complexity and uncertainty of its cost profile [51,60,61,104]. Experts ranked extracting and chipping residue in the field as the most efficient pathway for forest residue supply. This was followed by transporting and chipping residue at the roadside, and transporting and chipping residue at the conversion plant was identified as the least efficient way of supplying material to conversion plants. After extracting and chipping, experts agreed that transportation costs were the most significant costs in the biomass supply pathway, followed by handling and storage costs.



This study is an important preliminary assessment of the efficiencies of supplying forest residues for the forest-based bioeconomy in Australia. It allows for a narrowing of the economic cost analysis to the most efficient biomass supply chain, either as a fuel or a renewable carbon carrier. The evaluation of supply chain efficiencies provided here will be valuable for designers of forest residue pathways as well as forestry managers interested in improving the profitability and sustainability of their value chains and industry. Further studies may extend this work by broadening the stakeholder involvement in the problem structuring stage to (1) identify and engage additional key stakeholders [110] and (2) settle on the criteria or alternatives for the problem [70], including looking deeper into alternatives within the most efficient supply chain. A range of forest types and management regimes, for instance, softwoods, hardwoods, and native and non-native plantations, could be included to determine if differences exist among them. Also, future research may combine a problem structuring method (PSM) such as strength, weakness, opportunity, threat (SWOT) with a broader AHP or another MCDA method to develop greater, independent insight into potential supply chain drivers and barriers. Combining PSM with MCDA can add depth to decision scenarios [110], and SWOT is commonly combined with AHP in forestry research [111,112]. In a review, Marttunen et al. [110] found that SWOT-AHP was the most common among PSM-MCDA combinations.



An important aspect to consider in future research is related to the principle of the cascading use of wood [113,114], particularly the utilization of residue material to extend the total renewable carbon from biomass availability within the bioeconomy [115]. Forest residues from sustainably managed plantations can be a feedstock for many co-products including energy (heat, electricity), panel boards, and biochar [103], as well as having potential applications in bioplastics [116], renewable diesel [34], green hydrogen [117], and BECCS [118]. A holistic assessment of different product pathways is required to promote maximum resource efficiency, thereby promoting the reuse and even co-production of multiple products from the residue material [119]. Linkages between potential markets, and market reactions and acceptance of new products [14], will likely impact the success of forest residue products in Australia.



An evaluation of policy-related barriers to the development of the Australian market is required. Given Australia’s history of fossil fuel dependency and inaction on renewable energy and climate-related targets [2,6,7], it is critical for market development that there is a clear understanding of both the policy settings that are favourable for investment as well as those that act as barriers in Australia. Comparisons with more developed markets in other parts of the world, particularly in the EU and North America, will provide insights into the Australian context. Australia can demonstrate value-adding opportunities for the forest industry and forest management strategies [60] that may also provide broader reputational and public perception benefits.
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Figure A1. Composition of the expert panel by geographical distribution (state), background (sector of work), and years of experience. 
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Figure A2. Knowledge areas of the expert panel regarding the Australian bioeconomy. 
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Figure A3. Pairwise comparison of the three alternative biomass supply pathways. 
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Figure 1. Overview of the research framework. 
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Figure 2. Outline of biomass supply chain segments, with descriptions, used for ranking. 
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Figure 3. The ranking order of biomass supply processes. 
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Figure 4. Ranking of three alternative biomass supply pathways according to consistency ratios (CRs). 
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Table 1. Biomass supply pathways as opposing alternatives.
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	Alternative
	Biomass Supply Pathways





	A1
	Extracting and chipping in the field



	A2
	Extracting and transporting to roadside, chipping at roadside



	A3
	Extracting and transporting to roadside, then transporting to conversion facility gate, chipping at conversion plant.










 





Table 2. Comparison scale for ranking relative efficiencies of the biomass supply pathway factors.
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Verbal Expressions

	
Far more Important

	
Strongly More Important

	
Moderately More Important

	
Somewhat More Important

	
Equally Important

	
Somewhat More Important

	
Moderately More Important

	
Strongly More Important

	
Far more Important






	
Values used in survey

	
5

	

	
3

	

	
1

	

	
3

	

	
5




	
Saaty’s values used in analysis

	
9

	
7

	
5

	
3

	
1

	
1/3

	
1/5

	
1/7

	
1/9




	
2,4,6,8

	
Intermediate values, for example, a value of 8 means that objective i is midway between strongly and far more important than objective j











 





Table 3. Random index (RI) for values of n.
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	n
	2
	3
	4
	5
	6
	7
	8
	9
	10





	RI
	0
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49
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