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Abstract

:

We establish a framework to examine the feasibility of using local vegetation for bioenergy power systems in small-scale applications and remote settings. The framework has broad application, and we present a specific case here to demonstrate the process. Our case study is the Tiwi Islands in northern Australia, where a large Acacia mangium plantation is a potential source of biofuel feedstock. Two types of technology were considered: 1. Bio-oil from pyrolysis in diesel generators and 2. Direct combustion coupled with a steam turbine. The biomass was characterized and found to have adequate properties for an energy crop, with a lower heating value of about 18 MJ/kg and entire tree ash content of 2%. Measurements from trees that were damaged from wildfires had similar results, showing potential value recovery for a plantation after unplanned fire. In comparison to a petroleum diesel-based generator, the bio-oil system was 12% more expensive. The direct combustion system was found to be the most economical of those explored here, costing as low as 61% of the bio-oil system. Additional social and environmental benefits were identified, including local employment opportunities, improved energy security and reduced greenhouse gas emissions. Our findings of high techno-economic potential of bioenergy systems, especially through direct combustion, are widely applicable to on-demand renewable energy supply in remote communities.
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1. Introduction


The supply of energy to remote communities is a global challenge, with about 20% of the world’s population lacking access to a major electricity grid network [1]. These are usually rural populations in developing countries where the major grid networks do not extend to [2]. The solution to providing electricity in cases where grid connections are not possible is the installation of micro-grids or standalone systems. Common technologies used to provide energy where grid connections are not possible include conventional diesel and gasoline generators as well as renewable energy sources such as biogas, photovoltaics (PV), wind, and hydro power [3]. The conventional sources have historically dominated, but now that reliability of renewable technologies has been established, the expenses continue to fall, and there is a desire to move away from fossil fuels, renewable systems are becoming increasingly competitive. Converting current microgrid power systems from conventional to renewable energy can also provide the blueprint for further dispersion of renewable power systems to locations that are currently without electricity.



In Australia, state and territory governments are responsible for supplying electricity to many of the remote communities, where the populations are often mainly Indigenous. Diesel and gas generators have been the dominant technology to meet the community demand [4]. Though there is growing introduction of PV and batteries into the remote power systems for daytime operations, diesel is still required for 24-h operations as the cost of battery storage is too high [5]. Due to the nature of the landscape and seasonal weather events, the logistics of diesel fuel delivery leads to substantially increased costs and can cause shortages and unreliability in the local network [6,7,8,9]. Local communities often experience power outages that can cause significant social disruption, including to health services. Many remote communities in northern and central Australia experience extreme weather such as very high temperatures during summer and/or cold during winter [10]. This is becoming more extreme due to climate change, increasing health risk due to a disrupted electricity supply [4,11,12]. By developing a microgrid that runs on locally produced feedstock, disruptions to the supply chain would be greatly reduced, leading to improved energy security in these regional communities. Since this essential service is typically provided at an economic loss at present, given the great expense of delivery to small populations in remote areas, our focus is on finding the option that is cost-effective and provides the best overall benefits to the community.



Here, we examine the techno-economic potential for replacing imported petroleum-based diesel fuel with local bioenergy for a more secure electricity supply that could also reduce greenhouse gas emissions, deliver financial savings, and provide regional employment opportunities. The technology used to meet the electricity demand in remote Australia needs to be reliable and robust to ensure communities are not left without power. Equipment parts and specialized services can be difficult to obtain, especially on short notice. Therefore, we have chosen to investigate two options: 1. pyrolysis oil (bio-oil) without upgrading for diesel generators, and 2. direct combustion of woody biomass. There has been little research on using bio-oil directly in internal combustion engines (ICE) in recent years, but it has been shown that with slight modifications, bio-oil is a usable fuel [13,14,15,16]. Since pyrolysis can be performed at small scales and in remote locations [17,18], we decided to revisit the use of bio-oil directly in diesel ICEs for electricity generation to determine if research on this process should be renewed for remote applications. This would allow the most straightforward application to the current diesel generator systems in place. Recent research is focused on upgrading bio-oils into higher quality fuels [19,20,21,22], but this adds complexity to the overall system and has yet to be proven on the small-scale, limiting their current appeal for remote applications. Therefore, more complicated systems were not explored in this study.



The second option we investigate is the direct combustion of biomass. Combustion in a boiler to create steam that runs a turbine is one of the oldest and simplest ways to generate electricity from a biomass source, and the technology has reached maturity [23,24]. While more modern methods have higher efficiencies, the total capital costs of a combustion system are much lower [13,25] and the systems have proven to be robust, an important characteristic for remote applications.



Our case study site is the Tiwi Islands, located 80 km north of Darwin in northern Australia. The map in Figure 1 shows the two inhabited Tiwi Islands, the closely approximated Melville and Bathurst Islands that have a combined area of 8320 km2 supporting a mostly Indigenous population of approximately 2500 people [26]. All Tiwi communities use diesel generators, either in full or in part, for electricity supply through microgrids. There are plans by the local power company to install an interconnection between the largest communities of Wurrumiyanga (Bathurst Island), Pirlangimpi (Melville Island), and Milikapiti (Melville Island) to run on a single grid network [27].



On Melville Island, there is a 30,000-ha community-owned forestry plantation that grows mainly Acacia mangium as an export industry [28]. The wood is chipped on site and shipped overseas from its port near Pirlangimpi, where it is used to make paper. In this study, we investigate the feasibility of using the woodchips and waste products from the local acacia plantation as a fuel for electricity generation to meet the demands of the Tiwi people. Researchers from around the world have already demonstrated the characteristics of A. mangium show promise as a bioenergy feedstock [29,30,31,32].



Our overall objective is to investigate through a techno-economic analysis whether electricity generated from locally grown vegetation is an economical alternative to current petroleum diesel-based systems and to determine the land requirement to fulfill the energy needs. We first assess the suitability of the A. mangium grown on the Tiwi plantation as a feedstock for bioenergy. We then determine if the relatively newer technology of producing bio-oil through pyrolysis is a better option than the more well-established direct combustion coupled steam turbine system at small-scales for remote communities. Lastly, we look at what other socio-economic and environmental benefits can be realized through developing renewable energy systems in remote communities.




2. Materials and Methods


In order to determine feasibility and advantages of supplying electricity through the use of biomass for remote communities, we established the framework outlined in Figure 2. The strategy is broad enough to relate to any remote community, but the details in this work are specific to the Tiwi Island case study.



The communities on the Tiwi Islands receive their electricity from diesel generators. Aside from the community of Wurrumiyanga, the electricity demand of the Tiwi Islands is not publicly known. However, the combined population of the three largest communities is around 2300 people [33,34,35], which is similar in size to that of the community of Maningrida [36] located about 300 km away on the NT mainland and has an electricity demand of 8738 MWh/yr [37]. For our study, we assumed the electrical interconnection between the Tiwi communities was completed at government expense, so a single central power plant could supply electricity to the three communities with an energy demand similar to that of Maningrida.



The electricity demand in remote communities in the Northern Territory varies much less than a standard grid network [38]. In the absence of actual usage data, for simplicity, we modelled a constant 1 MWe net-output power system to give an estimate of the installation and running costs of all power systems that we considered, generating a net 8760 MWH/yr. While there is expected to be increased air conditioning load during the wet season, our overall results would not be substantially impacted as only a slightly larger system would be needed to manage peak demand. A 1 MWe solar photovoltaic (PV) system without a battery energy storage system, which is located at Wurrumiyanga [37], was not included in the analysis presented in this paper. This would not impact the capital investment estimates as the system would still need to account for 100% of the maximum power demand given the intermittency of solar PV. This also allows the modelling presented here to have a broader application, as PV output is highly dependent on location and would need customized analysis for a hybrid system for different sites.



Using previously published models, we simulated a theoretical diesel generator power system that supplies electricity to the three largest communities on the Tiwi Islands on a single grid network as the base case, since this is the technology currently in place. We then replaced the conventional system with alternatives that run mainly on biomass, but also with supplementary diesel. All systems were designed with redundancy to ensure an uninterrupted electricity supply.



Since there is a large Acacia mangium plantation already on Melville Island, the choice of biomass was obvious. It has also been identified as having desirable bioenergy properties [29,30,31,32]. The first step was to characterize the vegetative material and evaluate its potential to be used as a feedstock for bioenergy electricity systems. The properties of the samples were used as inputs into techno-economic models of two possible bioenergy electricity systems: 1. raw bio-oil produced via pyrolysis used in modified diesel generators, and 2. direct combustion of material paired with a steam turbine generator. From the models, we determined the capital and operational costs associated from the point where the diesel and biomass were received at the facility through to electrical connection to the grid network. The amount of biomass needed was calculated based on the electricity requirements and efficiencies of the electricity generation systems, and from there the amount of land needed for cropping was estimated.



We assumed a cost of 175 AUD/odt of biomass based on 2019 export prices of wood chips [39]. However, these prices could be expected to be considerably lower as the chips are not required to be of export quality; indeed, unwanted plant parts could be used for energy purposes to reduce costs. The proximity of the plant and guaranteed constant supply for the power plant could further reduce biomass costs through contract negotiations. The diesel price was based on the 10-year average of the terminal gate price of the closest city of Darwin, 1.31 AUD/L [40]. An additional 23% was added to account for the excess costs of transporting the fuel to the islands based on the price difference between fuel station prices in Darwin and on the island, leading to a cost of 1.61 AUD/L (44.0 AUD/GJ).



Additional financial incentives for switching to renewable energy are carbon credits. The current Australian carbon credit scheme issues credits through the Clean Energy Regulator for new technologies that reduce carbon emissions by generating Australian Carbon Credit Units (ACCUs) [41]. Each unit is equal to one tonne of carbon dioxide equivalent that is stored or avoided altogether. The credits are sold on the open market. The National Greenhouse and Energy Reporting legislation used to determine credits, places emissions from non-transportation combustion of diesel oil at 3 t CO2-e/kL and bioenergy sources at nil emissions. Emissions savings were estimated based on the difference in emissions from a petroleum diesel electricity plant, such as is used currently, and the amount that the mostly renewable systems modelled here would produce. The cost savings in ACCUs were calculated at a conservative price of 25 AUD/unit over the seven years for which they are allowed [42].



2.1. Biomass Characteristics


The biomass source for these calculations was Acacia mangium from the plantation located on Melville Island. We characterized the wood chips, fines (debris that fell off the chips during loading), residue (parts that were stripped before chipping excluding bark) and regrowth (trunk less than two years old including bark). The regrowth samples were the only freshly cut ones, but the age of the other samples was not known. The regrowth was chosen to estimate the lower limit of energy expectations as it presented the lowest measured calorific content. Additionally, we investigated the trunks of two trees that were exposed to wildfires and therefore damaged, so no longer available for sale.



The moisture content (MC) was measured by drying to constant mass in an oven at 105 °C. The HHV was measured using an oxygen bomb calorimeter (C5000, IKA, Kuala Lumpur, Malaysia), ash content (AC) using a tube furnace (EHA, Carbolite-Gero, Hope Valley, UK) and organic elemental composition (CHNS/O) using an elemental analyzer (FlashSmart, Thermo Fisher Scientific, Milan, Italy). All tests were run in triplicate and average values were obtained, except for AC that was run in duplicate according to ISO 18122:2015 procedures and MC, in which the entire sample was used at once. The lower heating value (LHV) was calculated from the measured HHV and hydrogen weight percentage according to Equation (1) [43]:


      L H V    [    G J  t   ]  = H H V  [    G J  t   ]  − 0.2183 ∗ H  [  w t %  ]       



(1)







Using the results from these tests, two separate biomass-based electricity technologies were considered in the following sections: bio-oil used in diesel generators and direct combustion.



We assumed the entire tree above ground level was used for the conversion process. To calculate the overall AC, we used the measurements of each plant part and summed them using weighted averages [44]. We did not have a sample of bark, so an AC value of 5.58% was assumed [30].




2.2. Bio-Oil as a Diesel Substitute


Pyrolysis liquid derived from biomass, bio-oil, has shown to be a suitable substitute for diesel in slow and medium diesel engines with slight modifications and extra cleaning steps [13,14,15]. In addition to bio-oil, there are biochar and gas products from the pyrolysis process, which have chemical energy that is released when combusted.



In this section, we present the technical and economic features of the process from biomass to electricity generation through the pyrolysis process, which occurs in five distinct steps: pre-treatment, pyrolysis, bio-oil storage, electricity generation, and electricity distribution. We mostly followed the costings of Bridgwater et al. [13] for their 1 MWe system, which were based on well-developed and utilized technologies, except for the pyrolysis process itself, which was subsequently updated [45], and we used the new estimates.



In the following sections, the technical details and the associated capital and operational costs were given for each step in the biomass to electricity process based on the work of Bridgwater et al. [13,45] and adapted for our application. In our circumstances, labor costs were calculated with an average salary of AUD 75,000 in four shifts. Maintenance and overhead costs were assumed to be 2.5% and 2.0% of capital costs, respectively. Annualized capital costs (ACC) were calculated using total capital cost (TCC) and the capital recovery factor (CRF) according to Equation (2)


      ACC = CRF · TCC      



(2)






      CRF =   i    (  1 + i  )   n       (  1 + i  )   n  − 1        










  i =    i ′  − f   1 + f    








where i is the real discount rate, i′ is the nominal discount rate, f is the inflation rate, and n is the number of years. We used a nominal discount rate of 8% and inflation rate of 2% over the course of the twenty-year lifespan of the facility. The levelized cost of energy (LCOE) was determined by the ACC, operational expenses (OPEX), fuel costs, and the total amount of electrical energy, Ee, produced in a year according to Equation (3)


      LCOE =    ACC  +  OPEX  +  Fuel      E   e     .      



(3)







All costs were calculated in euros for the year in which these works were based and updated with inflation based on the Harmonised Index of Consumer Prices (HICP) to values for the year 2021 [46]. The costs were then converted to AUD using the exchange rate reported by the Australian Tax Office (1 €: 1.575 AUD) [47].



2.2.1. Pre-Treatment


Pre-treatment includes the reception of the chipped biomass and everything needed to prepare it for the pyrolysis process; the steps are shown in Figure 3. The biomass was assumed to have an MC of around 50%. After reception, the biomass is stored while it awaits processing that involves screening and re-chipping, if needed, to reach the appropriate size. Afterwards, it is dried to MC of 7% and then ground to sizes of less than 2 mm. The heat required for drying is produced through burning of the gas and biochar produced as by-products of the pyrolysis process.



Since the LHV of our feedstock differed from that of Bridgwater et al. [13], our quantity of biomass was adjusted to match the total energy of 121 TJ in the original model. A change to the amount of biomass would also affect the costs of the pre-treatment process. The precise details of the capital and operational costs of the pre-treatment process were not given, but the overall costs were given for three different sizes of mass processing flows. A linear fit of this data was performed with an R2 value of 0.999 according to Equation (4) [Appendix A].


      p r e t r e a t m e n t   c o s t  (  k  €  2000    )  = 0.01347 × M + 313      



(4)




where M is the amount of dried biomass processed in oven-dry tonnes (odt) per year by the facility. Based on our LHV measurements of the A. mangium, we used Equation (4) to calculate the pre-treatment costs to compensate for the difference in the amount biomass needed for a Tiwi power plant. We made further adjustments to the labor costs to compensate for the higher Australian wages.




2.2.2. Fast Pyrolysis


After pre-treatment, the steps for converting the biomass into bio-oil [45], and into electricity to be distributed in the microgrid [13], are shown in Figure 4. The analysis was based on fast pyrolysis in a fluid bed reactor, which maximizes bio-oil yield [48]. In fast pyrolysis, the pre-treated biomass is quickly heated to a temperature around 500 °C in an oxygen-deprived atmosphere with a residence time on the order of seconds. Liquid (bio-oil), gaseous, and solid products are separated. We used a conversion efficiency of raw, dry biomass to bio-oil of 70% by weight [20]. The resultant LHV of the bio-oil is 15.7 GJ/t [13]. After the liquid is collected, it is transferred to storage tanks. The pyrolysis gas and biochar are ignited to provide the heat necessary to continue the pyrolysis process while bio-oil was collected, so no external power supply is needed.




2.2.3. Bio-Oil Storage


The bio-oil is placed into storage tanks following the fast pyrolysis process. Extra storage was included to allow for unexpected shutdowns of the pyrolysis furnace to guarantee a constant fuel supply for the generators.




2.2.4. Diesel Generators Powered by Bio-Oil


Slow- and medium-speed diesel generators can run on the type of bio-oil produced through the methods above with slight modifications [13,15]. Flushing with methanol is required due to fouling of the fuel injection system, but this is a viable option with minimal alterations to the engine and with slightly more maintenance; such costs have been included as a 10% increase over standard petroleum diesel generators in the calculations. Additional maintenance costs are 0.02 AUD/kWh, similar to petroleum diesel generators.



Diesel engines cannot easily be run solely on bio-oil due to a lack of ignition, so 7.5% of the total fuel energy comes from typical petroleum diesel mixed with the bio-oil. As bio-oil has a much lower calorific content than petroleum diesel, on a volume basis petroleum diesel would make up 4.1% of the fuel. The engine efficiency is 39.5% and 0.2 MWe of the generated power is for plant operations [13].



To ensure an uninterrupted power supply, our system was designed with n + 1 redundancy in the number of engines. This would also allow for the additional maintenance needed for using bio-oil as a fuel source. In place of the single 1.2 MWe output generator, we modelled 3 × 0.6 MWe engines with the understanding that two engines would always be running, leaving one for maintenance requirements or backup supply. The net electricity output would therefore be given by Equation (5)


      N e t   o u p u t    (   M    W   e    )  = 2 × 0.6    M    W   e   − 0.2    M    W  e  = 1.0    M    W   e     .      



(5)








2.2.5. Grid Connection


The last step involves obtaining the electricity from the generators to the grid network. Since we assumed the interconnection between Wurramiyanga, Pirlangimpi, and Milikapiti was constructed as planned by the Power and Water Corporation at their expense [27], only a single connection is needed. Costs are included to cover controls and protection equipment, as well as transformers and switchgear.





2.3. Direct Combustion


The system we looked at for generating electricity from direct combustion of the biomass was through a steam turbine generation unit. As shown in Figure 5, the woodchips are received and placed into storage while awaiting combustion. The heat from combustion creates steam in the boiler, which in turn drives a turbine to generate electricity. The electricity is exported to the grid. Ash from the woodchips is collected and disposed of, while gaseous NOx and SOx produced from the combustion process are scrubbed to reduce emissions.



As one of the more popular technologies in power generation due to its low NOx emissions, we chose a fluidized bed boiler for woodchip combustion and steam generation. To calculate the costs of such a system, we followed a similar process as above and utilized the model developed of such a system by Caputo et al. [49]. In this model, the capital works and operational expenses were itemized and summed to yield the total cost of the plant. For details on this model, we refer you to the original work. We mainly followed their methods, and the key input values are outlined below.



We used a net energy efficiency from biomass chemical energy to electrical energy of 23% in our calculations. The combustion system operates for 8000 h/year and is shut down so that maintenance can be performed, and 10% of the gross electricity output is used internally. We added a single 1.2 MWe diesel generator to provide electricity to the communities when the direct combustion system was not available in the case of maintenance or unplanned outages.



Inflation was adjusted using HICP [46] and then converted to Australian dollars using the exchange rate from the Australian Tax Office for the end of the year 2021 [47]. Yearly capital expenses were calculated with a nominal discount rate of 8% and an inflation rate of 2% over the course of the twenty-year lifespan of the facility using Equation (2).



2.3.1. Capital Costs


We calculated the cost of each component of the system based on the itemized list of Caputo et al. [49] for a 1 MWe net-capacity power plant. Included were direct plant costs, such as equipment, civil works, electrical works, and instrumentation, and indirect plant costs, such as engineering and start-up. The sum of the component costs was used to give the total cost of the plant.



As a comparison to the theoretical model described above, we also included calculations based on the work of Morató et al. [25]. They collated the total capital costs of a multitude of real-world direct combustion power plants. The plants were separated based on combustion technology: fluidized bed and grate-fired, with grate-fired found to be more economical at smaller scales. However, the grate-fired systems had larger capital cost variance than the fluidized-bed, so we included both technologies. They performed power regression analysis of the total capital cost versus plant capacity, which we used to calculate the total capital costs for both technologies. As the currency used in that paper was USD in the year 2017, we used the inflation given by the US Bureau of Labor Statistics to adjust for inflation to the year 2021 [50] and converted to AUD using the ATO figures [47]. The diesel generator was costed according to Bridgwater et al. [13].




2.3.2. Operational Costs


Labor costs were based on an operational bioenergy combustion plant. The closest capacity real-world example we could find employment numbers for was located in Italy, with a nominal 3.6 MWe capacity, which employs 10 people [51]. With consideration that a minimum number of employees would be needed to run the various steps of the plant, e.g., biomass receiving, storage, combustion, and ash disposal, we used the same employment number for our 1 MWe plant. To calculate the labor costs, we used the average salary of AUD 75,000 for each of the 10 employees. We note that more specialized labor may be needed for the direct combustion plant than for the diesel generator plant due to the complexities of the steam engine cycle, such as the water treatment.



Other than labor costs, the operational costs of the direct combustion process were calculated following the method of Caputo et al. [49]. Removal of ash from the premises requires transporting it out. The amount of ash was estimated from the results of our characterization tests, but the cost of transportation is 98 AUD/t, and the estimated ash disposal fee of 100 AUD/t was used. Since the disposal site would be on Indigenous land, the actual cost would need to be negotiated but this value is close to the general commercial garbage disposal fees in the Darwin landfill [52].



Maintenance was calculated as 1.5% of capital costs. Insurance and general costs were calculated as 1.0% of capital costs. The total operation cost of the direct combustion system was the sum of all the categories above. We added the operational expenses associated with the diesel generator to the total. The operational costs for the diesel generator were the same as those described above in Section 2.2. The expenses related to modifications for burning of bio-oil were not needed and are reflected in lower operational expenses.





2.4. Calorific Content Sensitivity Analysis


Since there is always some variation in the calorific content of biomass, a sensitivity analysis was carried out for different values of LHV. This is also beneficial to understanding how the cost would change if a different feedstock were used. The LCOE was used as a comparison for the different values of LHV.



For the case of the bio-oil, we assumed that the bio-oil LHV was unchanged but that the mass of feedstock needed to produce the bio-oil varied by the same percentage of the feedstock, i.e., if the raw biomass had an LHV of 16 MJ/kg instead of 18 MJ/kg, 12.5% more raw biomass would be needed to produce the same amount bio-oil.



In the case of direct combustion, the conversion efficiency was unchanged, so raw biomass needed to be changed proportionally to the give the same total output energy of the initial 18 MJ/kg feedstock. For the sensitivity analysis, the costs of the three different combustion models were averaged.




2.5. Land Area Requirement


Another important aspect for using local plantations to supply the needed biomass to the electricity systems is the land area requirement. Since we chose our feedstock to be regrowth that is harvested every two years, to prevent the plants from reaching maturity and seeding stage, we determined how much land is needed to provide the necessary amount of biomass.



Acacia mangium is prolific in regrowth. The measured biomass growth rates for two A. mangium plantations in neighboring Indonesia were measured by Heriansayah et al. [53]. After the initial two years of growth, the plantation in West Java produced 10 odt/ha while the one in South Sumatra produced 34 odt/ha. The mass of the roots accounted for 13% of the total mass, which we did not plan for harvesting to allow reshooting, so we reduced yield by this amount, leading to a biennial production rate of 8.7–29.6 odt/ha.



Once the total amount of woodchips needed was determined by the results of the biomass characterization tests and technical models below, we used the two-year growth rate to determine the land area required for yearly energy production. The total area needed would be twice this amount, with a rotation between two plots annually.





3. Results


3.1. Biomass Characteristics


The results from biomass characterization are shown in Table 1. The conservative LHV value of 18.0 GJ/odt was used in the power system models below. The AC of the entire tree was calculated to be 2%, similar to the value used by Caputo et al. [49]. The MC of the regrowth trunk was close to our chosen value for modelling of 50%. The trunks that were exposed to wildfires had the lowest MC of all samples, likely due to being dried out by the fires. Most of the samples showed promise as bioenergy feedstocks, having high LHV and low AC. The AC of leaves by themselves may be too high, but if mixed with other biomass, the overall percentage would be brought down to acceptable limits and their energy content exploited. There would likely be some changes in composition of the raw materials as plant parts would be available in different proportions throughout the year, leading to varying qualities of the bio-oil produced. This may cause problems with the engines and would need to be addressed before entering the production stage.




3.2. Bio-Oil as a Diesel Substitute


The A. mangium LHV of 18.0 GJ/odt was 7% lower than was used by Bridgwater et al. [13], therefore we increased the feed content and feed rate to compensate in the costings. To provide a constant 1 MWe to the islands, 8010 odt of A. mangium was needed per annum to make the necessary 5607 t (88,030 GJ) of bio-oil. In addition, 7138 GJ of petroleum diesel was necessary as a pilot fuel for the gensets. The combined capital and operational costs of pre-treatment were found from Equation (4) and the additional wage expense for Australia led to the total pre-treatment cost of AUD 1.1 M annually.



The capital costs of the power station that runs solely on petroleum diesel are compared to one with all the equipment needed to produce and operate on bio-oil in Table 2. The systems use the same diesel generators and grid connection, but the bioenergy system required about four times higher capital investment for the pyrolysis process to produce the needed bio-oil.



The operational costs of the diesel-only system, together with the costs from after pre-treatment to the electricity generation of the bioenergy plant, are displayed in Table 3. Including pre-treatment (calculated using Equation (4)), the total annual costs of the bio-oil system led to a total of AUD 5.7 M with 16 full-time employees. The operational costs of the petroleum diesel system were considerably higher due to the cost of the fuel, though overall costs were lower. Running the generators solely on petroleum diesel amounted to AUD 5.1 M per annum.



Additional savings from carbon credits could be available for the bioenergy system, making the cost more attractive. The difference in petroleum diesel fuel between the two systems amounts to 2.4 ML (7.3 kt CO2-e). This brings additional savings of AUD 1.3 M, distributed evenly over the first seven years, in ACCUs to the pyrolysis plant. Aside from the costs, environmental, energy security, and employment issues need to be considered and are addressed in the Discussion.




3.3. Direct Combustion


Based on the LHV of 18.0 GJ/odt of the biomass and the overall efficiency of the combustion to electricity process, 7652 odt of A. mangium were needed. The capital costs comparing the theoretical model of Caputo et al. [49] using fluidized-bed combustion technology with that of regression analysis of Morató et al. [25] on fluidized bed and grate-fired type combustion systems are shown in Table 4. The average costs of real-world systems with both types of combustors were lower than the theoretical, with grate-fired being less than half the cost of the fluidized bed.



The operational costs for all three systems were calculated following the method from Caputo et al. [49] and itemized in Table 5. The total annual costs of the three different models ranged from AUD 3.5–4.8 M. Compared to the petroleum diesel plant, carbon emissions would be 7.9 kt CO2-e less and produce ACCUs that equate to a total of AUD 1.4 M spread equally over the first seven years of operation. While the cost-savings of the direct combustion systems over petroleum are important, there are additional environmental and socio-economic issues that should be considered, as addressed in the Discussion.




3.4. Land Area Requirement


Both bio-oil in diesel generators and direct combustion with steam turbine systems needed about 8 kt of dry biomass to meet the energy requirement of the communities. To grow this much A. mangium, two plots that would be harvested biennially with a combined land size of 540–1840 ha would meet these needs. This represents 6% or less of the total Tiwi plantation size.




3.5. Calorific Content Sensitivity Analysis


The LCOE of each technology was calculated using Equation (3). The LCOE for diesel was 0.582 AUD/kWh, and a sensitivity analysis was carried out for the bioenergy plants based on the LHV value as seen in Table 6. A decrease in LHV by 2 GJ/odt had a bigger impact on the costs of both systems than an increase in LHV by the same amount.





4. Discussion


The results from our calculations showed that the cost of using biomass-derived pyrolysis oil to generate electricity on the 1 MWe scale was about 12% more than employing conventional petroleum diesel, with an annual difference of AUD 0.6 M. Since both systems rely on diesel generators to create electricity, the major difference in capital costs between the systems was from the fast pyrolysis segment, which added approximately AUD 12 M to the total.



The diesel fuel itself accounted for nearly 90% of the operational costs for the petroleum diesel system, while the cost of biomass feedstock accounted for less than half the operational costs for the bio-oil system. Shifts in the prices of these two commodities would lead to large differences in operational costs, but especially for the diesel system. A long-term contract between the power generation operator and the plantation could be mutually beneficial, giving the generator a lower and stable price while providing the plantation with an assured market for its product.



As biofuels are considered to be carbon neutral since the carbon dioxide they release when burned are captured by new growth through photosynthesis [54], there would be a reduction in carbon emissions of around 7 kt CO2-e. The impact of ACCUs on the system amounted to about 1% of the total costs over its lifetime, slightly narrowing the cost difference. If the European Union and Australia decide to pursue linking their carbon credit systems, which was considered before in 2014 [55], they would be much more valuable. Considering the EU carbon price has been above AUD 25 since 2018 and climbing subsequently [56], if the ACCUs were worth AUD 125 (~80 €), savings of more than AUD 6 M over the life of the systems studied could be available, roughly a 5% reduction in costs. However, even this extreme price of carbon credits (by Australian standards) was not enough to overcome the cost difference and further cost-saving measures were needed.



Another avenue for making bio-oil more attractive is by accessing low-interest loans through government schemes to reduce carbon emissions and improve infrastructure, such as the Clean Energy Finance Council (CEFC) or Northern Australia Infrastructure Facility (NAIF), can reduce risks, making way to replace conventional power systems with renewables [57]. Obtaining grants through government agencies, such as the Australian Renewable Energy Agency (ARENA) could further tilt the economics case toward the renewable system.



Under the right conditions, the bio-oil and petroleum diesel systems could have similar costs, but there are other advantages to the biomass-sourced fuel that should be considered. There are relatively few employment opportunities in remote communities [58], so by choosing the pyrolysis technology, jobs would be created for running the plant as well as the additional labor needed for forestry services to supply the biomass. Using a local energy source would also reduce the need to import petroleum diesel internationally with its own shipping emissions, and lead to increased energy security. Costs of using bio-oil could also be further reduced by modifying the already present diesel generators. Overall efficiency could be increased in central and southern Australia, where heating is required in winter, through a combined heat and power facility.



The viability of the pyrolysis process improves greatly by economies of scale [13,45]. At the scale we modelled, there was not a clear economic choice between using pyrolysis or petroleum diesel when high values of ACCUs and funding sources were taken into account. At smaller scales, bio-oil would likely not be a viable option, especially when the extra complexity the pyrolysis process brings is considered. Since the Tiwi community is one of the largest remote communities in Australia, there would be few opportunities to deploy a pyrolysis-based system beyond there. The exception would be if multiple communities were in close enough proximity to each other that a plant could produce pyrolysis oil and deliver it over short distances to nearby communities, thereby taking advantage of economies of scale. The Tiwi Islands have an established port facility and so it would be worth a further investigation to determine if upgrading the pyrolysis oil to drop-in fuels such as renewable diesel or aviation fuel would be a feasible export industry.



While the pyrolysis system was shown it could be competitive under the right circumstances with the petroleum diesel systems currently in place, direct combustion was found to be the most economical option. Between the two renewable energy systems, the operational costs were considerably higher for the bio-oil plant, and the extra capital costs associated with the fast pyrolysis process were never recuperated. Considering that the direct combustion system would bring the same socio-economic and environmental benefits as the pyrolysis-based system, and because the technology is more mature and cheaper, we believe it to be the most judicious choice for an electricity system of the three options presented.



Down to a capacity of at least 0.5 MWe, direct combustion still has the advantage over petroleum diesel with annual costs of AUD 2.3 M and AUD 2.5 M, respectively. However, it is expected that as the quantity of biomass needed for direct combustion decreases, the cost per unit mass procured locally would increase, leading to a shift in the economic calculations. Further work is needed to determine at what minimum scale combustion coupled with forestry is still the more economic choice. At even lower scales, petroleum diesel becomes the least costly choice, e.g., at 0.1 MWe the cost for combustion is AUD 1.1 M and AUD 0.5 M for petroleum diesel.



There was a difference in capital costs between the theoretical fluidized bed combustion system and the regression of actual plants. This could be due to what was considered to be included in capital costs by individual plant operators. The reported value of actual combustion plants had varying total capital costs, and the authors acknowledged that there was some uncertainty surrounding which elements were included on the total capital costs of the reported systems [25]. If certain costs that were deemed to be capital in the input data but were not by plant operators when reporting the values, it could lead to this discrepancy. The grate-fired combustor did not show a large enough advantage over the fluidized bed to conclusively determine it as the preferred technology. The choice between them will likely come to down to the specific circumstances of each plant and decided at the design stage.



Care should be taken when looking at the costs involved with the combustion systems, since neither of the previous works used to arrive at our calculations considered systems below 5 MWe. Further studies are needed to determine if direct combustion at smaller scales would still be the economical choice over diesel generators. The actual electricity demand would not be constant as we have calculated, and some amount of variation would be expected. If the real demand were known, the backup diesel generators in the system could run at a minimum load with enough spinning reserve to manage the power fluctuations, and the operational costs could be adjusted accordingly. Alternatively, excess steam could be generated that bypasses the generator when not needed for negative control power [59]. An economic analysis is also needed to determine the feasibility of cropping the feedstock in remote locations solely for bioenergy production. If the cropping is found to be economical, there is a strong case for a widespread introduction of these systems to remote communities.



The calorific content of the feedstock would not be expected to always have the same value as growth conditions can vary. A sensitivity analysis was carried out with LHVs that vary between 16–20 GJ/odt. The results showed that feedstock with LHV lower than 18 GJ/odt raised the cost by a larger amount than was reduced by using a higher LHV material. However, changes in the LHV were not enough to change the economical choice of technology; bio-oil was still the most expensive and direct combustion was the most economical at all LHV values.



There are many varieties of plant species that can be used as feedstock for bioenergy, but the genus of Acacia has many attributes that make it a good candidate, particularly for Australia. There are around 1000 species across the nation, and at least one species had been identified in every region of the country [60,61]. Other acacia species have shown potential to be used as a bioenergy feedstock since they have good energy properties and are fast-growing even in poor soil conditions [29,30,31,44,62,63,64,65]. Our preliminary analyses of 18 samples differing in species, climate zones, and landscapes across the Northern Territory found similar calorific content with higher heating values (HHV) in the range of 17–22 GJ/odt. The nitrogen-fixing plant genus is also hardy enough to grow in poor soil conditions, allowing application of the described model below for a multitude of locations.



All calculations were based on the LHV of A. mangium regrowth that was less than two years old. The reason this is important is that this species was introduced to the Tiwi Islands and grown there for forestry purposes. It has since spread throughout the island uncontrolled, disrupting the natural environment as it has in other locations where the vegetation was introduced [66,67]. By limiting the age of the trees and harvesting them before they seed, they would not be able to propagate and the ability to harvest what has already been established would remain. This process could be implemented in other locations around the world where the plants have become invasive as a cost-effective means of controlling their spread and eradicating them [68].



Mature trees, on the other hand, have a lower bark-to-trunk mass ratio [63], and had a higher LHV based on our measurements, and therefore would be a more economical option. In Australia, more value could be found through the alternative approach to instead grow Acacia species that are native to the area, such as Acacia auriculiformis for the Tiwi Islands, let them reach maturity, and have a higher LHV and lower AC. In other regions, appropriate plants would need to be identified.



Another important finding from this work is that the basic properties of trees that were exposed to wildfires did not vary considerably from undamaged trees. In fact, the lower MC of the damaged trees makes them more suitable for a feedstock since less energy would be needed to dry them and the energy content remained the same as unburnt trees. From a forestry perspective, this adds value to the plantation that otherwise would have been lost. From a broader perspective, due to climate change from greenhouse gas emissions, the severity and frequency of wildfires is increasing, leading to higher mortality of trees, at least in temperate regions [69,70]. If burnt vegetation whose thermochemical energy remained were harvested for energy purposes, and if the energy generated offsets conventional fuels, it would lower carbon emissions and help to reduce the incidence of the fires [23].




5. Conclusions


In this work, we investigated replacing the petroleum diesel-based electricity systems used in remote communities across Australia with biomass-based systems. In the specific case study of the Tiwi Islands using biomass from an acacia plantation, we found that producing bio-oil via fast pyrolysis to be used in the diesel generators was more expensive than the current petroleum diesel generation. Even extremely high values for carbon credits were not enough on their own to shift the economics to make the bio-oil system cheaper than diesel, so government financial aid would be needed. In addition to costs, employment opportunities, reduced greenhouse gas emissions, and increased energy security should be considered for converting technologies. Further opportunities should be investigated for upgrading the bio-oil to drop-in fuels that could be exported to mainland Australia or Southeast Asia. Of the three technologies investigated, direct combustion should be considered the best choice, generating the social and economic benefits of the pyrolysis plant, at a cost lower than the current petroleum diesel source. In Australia, local species of acacia would make a good starting point for investigations into potential plant varieties for a bioenergy feedstock to be used in remote power generation. In a broader sense, this framework outlines the steps needed to determine the best overall bioenergy facilities needed for remote power generation that provides constant electricity supply leading to lower emissions, local job opportunities, and improved energy security.
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Appendix A


The cost of the annual pre-treatment costs for the pyrolysis process was interpolated from the data given by Bridgwater et al. [Bridgwater 2002]. The cost of pre-treatment was found to have a linear relationship between the feed delivered and cost as seen in Figure A1. The line of best fit provided Equation (4) above with an R2 value of 0.999. The fit was done using the linregress function from the Python module scipy.stats.
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Figure A1. Plot of annual pre-treatment costs versus feedstock delivered for biomass pyrolysis preparation. The values were taken from Bridgwater et al. [13]. 
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Figure 1. Map of the Tiwi Islands with an inset map of Northern Australia. 
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Figure 2. Framework used to determine the feasibility of using bioenergy to supply electricity to the Tiwi Islands, the requirements of such a system, and the benefits. 
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Figure 3. Pre-treatment process before pyrolysis of the biomass. 
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Figure 4. The process for converting pre-treated biomass into bio-oil, then injected into diesel generators and electricity exported to the microgrid network. 






Figure 4. The process for converting pre-treated biomass into bio-oil, then injected into diesel generators and electricity exported to the microgrid network.



[image: Energies 16 00666 g004]







[image: Energies 16 00666 g005 550] 





Figure 5. The process for directly burning dried woodchips in a combustor to generate steam in a boiler. The steam is sent through a turbine and electricity is generated that is sent to the grid. 
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Table 1. Characteristics of Acacia mangium samples from the plantations on Melville Island. All values given are in reference to oven-dried weight. (All uncertainties in MC were 0.1% and in AC were less than or equal to 0.1%. The HHV measurements all had standard deviations less than or equal to 0.3 GJ/odt, except for the fines which was 1.0 GJ/odt. The standard deviations in all elemental measurements are less than or equal for C of 0.5%, for H of 0.1%, except for leaves which was 1.3%, for N of 0.1%, for S of 0.03%, and for O of 1.0%).
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Sample

	
MC (%)

	
AC (%)

	
HHV (GJ/odt)

	
LHV (GJ/odt)

	
C (%)

	
H (%)

	
N (%)

	
S (%)

	
O (%)






	
Chips

	
38.95

	
0.35

	
20.11

	
18.44

	
49.88

	
5.89

	
0.00

	
0.00

	
38.99




	
Fines

	
32.34

	
0.42

	
19.91

	
17.90

	
50.20

	
7.10

	
0.27

	
0.04

	
39.22




	
Sticks

	
10.20

	
1.76

	
20.95

	
19.25

	
51.75

	
6.02

	
0.87

	
0.02

	
34.84




	
Leaves

	
3.58

	
20.69

	
18.88

	
52.68

	
6.39

	
2.35

	
0.00

	
30.61




	
Shredded wood

	
1.98

	
20.03

	
18.36

	
49.78

	
5.88

	
0.23

	
0.00

	
37.07




	
Bark

	
-

	
5.58 *

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Regrowth trunk

	
47.62

	
0.60

	
19.70

	
18.00

	
48.92

	
5.99

	
0.03

	
0.01

	
39.40




	
Trunk (2018 wildfire)

	
20.14

	
0.87

	
20.77

	
19.11

	
51.04

	
5.89

	
0.00

	
0.00

	
36.42




	
Trunk (2020 wildfire)

	
24.74

	
0.92

	
20.25

	
18.66

	
51.69

	
5.62

	
0.00

	
0.00

	
38.46








* value for AC of bark taken from Amirta et al. [30].
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Table 2. Capital costs associated with running a diesel generator electricity plant with petroleum diesel and biomass converted to bio-oil fuel sources (exclusive of pre-treatment costs). All values are given in AUD millions. The annual capital costs were calculated using Equation (2).
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	Process
	Petroleum Diesel (AUD Millions)
	Bio-Oil (AUD Millions)





	Fast pyrolysis
	-
	11.9



	Bio-oil storage
	-
	0.2



	Diesel generators
	3.4
	3.4



	Grid connection
	0.7
	0.7



	Total capital costs
	4.1
	16.2 (excluding pre-treatment)



	Annual Capital costs
	0.4
	1.4 (excluding pre-treatment)
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Table 3. Operational costs associated with running a diesel generator electricity plant with petroleum diesel and biomass converted to bio-oil as its fuel source (exclusive of pre-treatment costs). The final row is the total overall costs of the plant including, pre-treatment, capital, and operational costs. All values given in AUD millions.
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	Category
	Petroleum Diesel (AUD Millions)
	Bio-Oil (AUD Millions)





	Labor
	0.19
	0.56



	Maintenance
	0.27
	0.58



	Insurance and overheads
	0.07
	0.33



	Biomass (@175 AUD/odt)
	-
	1.40



	Petroleum diesel (@44.0 AUD/GJ)
	4.19
	0.32



	Total operational costs
	4.7
	3.2 (excluding pre-treatment)



	Total annual costs
	5.1
	5.7 (including pre-treatment)
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Table 4. Capital costs associated with running an electricity plant with directly combusted biomass. All costs are in AUD millions. The annual capital costs were calculated using Equation (2). (The calculations based on the work of Morató et al. only include the overall capital costs of direct combustion plant, hence why there are no line items).
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	Caputo (Fluidized Bed)
	Morató (Fluidized Bed)
	Morató (Grate-Fired)





	Power generation
	5.54
	-
	-



	Biomass storage and handling
	0.43
	-
	-



	Fumes treatment
	1.00
	-
	-



	Piping
	0.65
	-
	-



	Electrical
	1.52
	-
	-



	Civil works
	3.30
	-
	-



	Direct installation
	2.10
	-
	-



	Auxiliary services
	1.05
	-
	-



	Instrumentation and controls
	0.70
	-
	-



	Site preparation
	0.70
	-
	-



	Engineering
	0.84
	-
	-



	Start-up
	0.70
	-
	-



	Diesel generator (1 MWe)
	2.47
	2.47
	2.47



	Total capital costs
	21.0
	14.9
	9.4



	Annual capital costs
	1.8
	1.3
	0.8
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Table 5. Operational costs associated with running an electricity plant with directly combusted biomass. All costs are in AUD millions.
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	Caputo (Fluidized Bed)
	Morató (Fluidized Bed)
	Morató (Grate-Fired)





	Labor
	0.75
	0.75
	0.75



	Maintenance
	0.31
	0.18
	0.14



	Insurance and overheads
	0.21
	0.12
	0.09



	Ash transport
	0.01
	0.01
	0.01



	Ash disposal
	0.01
	0.01
	0.01



	Biomass (@175 AUD/odt)
	1.3
	1.3
	1.3



	Petroleum diesel (@44.0 AUD/GJ)
	0.36
	0.36
	0.36



	Total operational costs
	3.0
	2.7
	2.7



	Total annual costs
	4.8
	3.8
	3.5
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Table 6. Sensitivity analysis of the LCOE due to the calorific content of the raw biomass feedstock. For comparison, the LCOE of the modelled diesel system was AUD 0.582/kWh.
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	Feedstock LHV
	Bio-Oil (AUD/kWh) (% Change)
	Direct Combustion (AUD/kWh) (% Change)





	16 GJ/odt
	0.686 (+5.4%)
	0.477 (+4.3%)



	18 GJ/odt
	0.651 (-)
	0.457 (-)



	20 GJ/odt
	0.643 (−1.2%)
	0.442 (−3.3%)
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