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Abstract

:

In early 2020, Indonesia implemented the biodiesel 30 (B30) program as an initiative to reduce Indonesia’s dependency on fossil fuels and to protect Indonesia’s palm oil market. However, palm oil has received international criticism due to its association with harmful environmental externalities. This paper analysed whether an investment in palm oil-based biofuel (POBB) provides Indonesia with the ability to achieve its environmental and financial goals. In this research, we performed a meta-analysis on biofuel energy return on investment (EROI) by examining 44 biofuel projects using ten types of biofuel feedstocks from 13 countries between 1995 and 2016. Results showed an average EROI of 3.92 and 3.22 for POBB and other biomass-based biofuels (OBBB), respectively. This shows that if only energy inputs and outputs are considered, biofuels provide a positive energy return. However, biofuels, including those from palm oil, produce externalities especially during land preparation and land restoration. We also compared these EROI biofuel results with other renewable energy sources and further analysed the implications for renewable energies to meet society’s energy demands in the future. Results showed that biofuel gives the lowest EROI compared to other renewable energy sources. Its EROI of 3.92, while positive, has been categorised as “not feasible for development”. If Indonesia plans to continue with its biofuel program, some major improvements will be necessary.
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1. Introduction


As impacts of climate change increase it is critical to choose appropriate technologies that move us closer to our 2 °C target. Bioenergy with carbon capture and storage (BECCS) provides one promising carbon capture method [1]. Utilising that captured carbon to produce chemicals, materials, and transportation fuels may provide a greater financial incentive than storing the carbon [2]. Another method, negative emissions technology (NET), requires biomass to be converted, through a thermochemical process of pyrolysis, into either biochar, pyrolysis gas, or bio-oil [3]. Biochar especially is receiving significant scrutiny as a potential solution to carbon capture [4].



However, these carbon capture methods are still within the development stages [5]. Using proven technologies is essential to slow down and mitigate climate change. Currently, two of the primary industries emitting CO2 are the coal and oil industries. A shift away from combusting fossil fuels would provide us with an opportunity and additional time to develop negative emissions technologies.



To this effect, global efforts to increase renewable energy development and use have progressed over the past decade, and this is also true in Indonesia. Renewable and sustainable energy development addresses concerns regarding energy security, fossil fuel dependency, and a commitment to achieve a climate change mitigation strategy [6]. By the first quarter of 2020, the share of global renewable energy supply reached 28% [7,8]. Wind power, solar PV, hydropower, and bioenergy are the most developed renewable powers globally [7,8].



As an emerging country and one of the world’s biggest energy consumers, the Indonesian energy sector contributes 35% (508.1 MtCO2e) of the country’s total greenhouse gas (GHG) emissions [9,10]. In its Nationally Determined Contribution (NDC), Indonesia pledged to bring its emissions down by 29% (or 41% with international assistance) by 2030, where promoting an energy supply mix from new and renewable energy (NRE) has been stated as one of the strategies to achieve the target [11].



Among some renewable energy sources available for development, Indonesia is projected to rely on bioenergy (51% of the total energy consumption) by 2030 [11]. This bioenergy is derived from oil palm trees, which produce oily fruit that can be harvested approximately every six months. Each hectare of oil palm yields around 4000 kg of palm oil per harvesting. In 2018, Indonesia produced 40.57 million tonnes of palm oil, utilizing 6.78 million ha of land [12]. The majority of this palm oil is exported around the world. Global demand has tripled over the past 18 years, with India importing 9.18 million tonnes per year [13].



Meanwhile, the consumption of other renewable energy sources, such as hydropower, geothermal, solar PV, and wind power, is to remain low by 2030 (14%, 9%, 8%, and 1%, respectively) [10]. Furthermore, in early 2020, the Government of Indonesia (GoI) launched a B30 biofuel program, a mandatory biofuel blending policy requiring 30 percent fuel produced from palm oil. The GoI stated that the B30 program will support Indonesia in achieving its target to reduce its greenhouse gas emissions and dependency on fossil energy use [14].



Palm oil-based biofuel (POBB) has become a favourable source of energy in Indonesia. Indonesia is the world’s leading palm oil producer and is developing a large-scale industry around it, particularly for electricity and transportation [15,16]. Oil palm trees produce a higher energy yield in comparison to other biomass-based biofuels (OBBB) (e.g., soybean, rapeseed, and sunflower) [17,18,19]. However, debates and international criticisms exist around palm oil expansion and development. The expansion and cultivation method of oil palm trees has triggered deforestation, peat fires (including regional tensions from the haze with Singapore, Malaysia, and Thailand), biodiversity loss, hydrological changes, problems with indigenous communities, and other social conflicts [19,20,21,22,23]. Purely considering carbon emissions, palm oil as a bioenergy may emit as much, if not more, greenhouse gasses than fossil fuels [24].



Techniques exist to evaluate the viability of energy sources, including life cycle analysis (LCA), cost-benefit analysis (CBA), net energy analysis, and other approaches using economic or emissions analysis. Investment in biofuels requires an understanding of how much energy the biofuel yields relative to the energy required to produce it [25]. This assessment technique is called energy return on investment (EROI) and aims to examine the ratio of gross energy required directly and indirectly to produce and deliver energy to society [26,27,28].



This paper analysed the EROI of biofuels and considered possible externalities and environmental impacts of biofuels—particularly palm oil. Analysing the EROI of biofuels helps clarify whether an investment in POBB provides a positive net energy return to Indonesia to meet its energy demands in the future from renewable sources. This paper further compares the biofuel EROI with other NRE options in Indonesia and discusses Indonesia’s NRE policy implications. The goal of this study was to determine whether the Indonesian biofuel plan can meet the target to reduce Indonesia’s dependency on fossil fuel and carbon emissions. This study complements existing literature on biofuel energy analysis, particularly in eastern and southern Asia, where the largest producers and consumers of POBB are found [16].




2. Literature Review


2.1. Renewable Energy Development


The annual growth of global renewable energy production reached 6.5% between 2010–2019 and exceeded fossil fuel growth, including coal and natural gas, in the same period [7]. Various nations, particularly those with developed economies, have begun a transition toward green energies and have commenced building large-scale renewable energy projects. Policies, investment, supports, and incentives from various governments and nongovernmental organisations have become essential instruments to accelerate renewable energy development [29]. Among the options of alternatives energies, solar PV, wind energy, hydropower, and bioenergy are the most widely used sources and have implemented advanced technologies [7,30,31].



Hydropower has become the largest source of renewable energy globally. This energy occupies a 16% share of electricity supply and 100 Terawatt hours (TWh) of energy produced in 2019 [7]. China, the United States, Brazil, Canada, and India are the top users accounting for half of global hydropower use [7]. Hydropower plays an essential role in clean energy transitions as this energy provides cost-effective and affordable electrical energy production [7,32]. Such benefits also help countries addressing energy security and climate change mitigation issues through diversification of energy from locally and transboundary resources [32]. However, with any transboundary resource like river systems, hydropower can contribute to regional integration or to significant transboundary conflict. Hydropower has led to fostering economic development and political cooperation but has also led to floods, water scarcity, reduced water quality, and mass relocation in downstream countries [33,34].



In 2019, the global wind energy supply rose by about 150 TWh (5.2% of all electricity supply), making it the highest renewable power generated in the year [7]. The United Kingdom, European Union, China, and the United States led in wind power production thanks to large-scale commercial offshore and onshore wind farms [6,7]. China showed the highest wind energy improvement in recent years. Its energy capacity grew from 10 Gigawatts (GW) in 2014 to more than 25 GW in 2019 [6,7].



Solar PV came second as the most generated renewable power in 2019 with energy production reaching 130 TWh globally [7]. Most countries favoured this particular energy as it is not accompanied by the release of harmful gases and particles and produces minimal GHG emissions, making it an ideal source to support climate change mitigation [29,35]. Europe is the most solarised continent with nearly 100 GW of installed capacity in 2015, of which the UK, Germany, and France dominated the solar PV market in the continent [29]. Other countries, such as China, Japan, and the United States, are also among the global leader in terms of solar energy consumption [7,29].



In addition, other renewable energies, such as geothermal and marine energy, also show a promising development for the future. Geothermal power is expected to grow by 28% in 2024 [36]. Indonesia and the Philippines, which possess more than one-third of global geothermal reserves, are expected to develop more geothermal power in the future [37]. While marine energy has great potential, it has not yet been widely developed and has experienced slow growth in recent decades [36,38]. Until 2019, only a few countries, such as the United Kingdom, Canada, Australia, and China, have invested in marine energy with installed capacity ranging from 10 kW to 1 MW only [38].



Biofuels, unlike the above-mentioned energies that are mainly produced to generate electricity, are generally produced for the transportation sector. This fuel can derive various feedstocks and be subdivided into four generations according to the chemical nature and complexity of biomass: the first generation is derived from vegetable oil, animal fats, sugar, starch—mainly food crops—and produced using conventional methods; the second generation is obtained from nonfood crops and biowastes (e.g., wood, corn stover); the third generation is produced from algae; and the fourth generation is produced from biological waste from plants and animals through a genetically engineered process [39]. Global biofuel production was increased by 8% in 2019 in major producing countries, even though it had been experiencing a slower growth rate in recent years [7,40]. Biofuels’ increasing demand has been recorded in some emerging economies, such as Brazil, China, Indonesia, and Argentina [40]. Several policies, including obligatory blending mandates, preferential taxes, and subsidies, have influenced the increasing demand for biofuels [40]. By contrast, biofuel demand fell in the European Union and the United States. In the European Union, biofuel imports are expected to keep decreasing after the Renewable Energy Directive (RED) II that categorises POBB under a high Indirect Land Use Change (ILUC) risk category [40].




2.2. Renewable Energy Policy in Indonesia


The National Energy Policy (NEP) in Indonesia is governed under Government Regulation No. 79/2014. Within this regulation, the GoI set a target to increase the NRE use by 23% in 2025 and 31% in 2050 [41]. This is as a strategy to achieve its national energy security and reduce fossil fuel dependency [41]. Until 2019, renewables only contributed to 12% of the installed capacity mix in Indonesia, of which hydropower and geothermal power contributed the most with 5.4 GW and 2.1 GW power installed, respectively [42]. After Indonesia submitted its first NDC in 2016, NRE became an instrument to achieve a climate mitigation and GHG emissions reduction strategy [7].



Furthermore, a year after the GoI enacted the NEP, the Ministry of Energy and Mineral Resources (MEMR) further enacted Ministerial Regulation No. 12/2015 on biofuel supply, utilisation, and trading as an alternative fuel [14]. Under this regulation, the GoI has been expanding its POBB blending program that started with 15% in 2015 to 30% in 2020 with a goal to reach a fossil-free biofuel (B100) in 2050 [14]. The MEMR stated that biofuels are essential in reducing Indonesia’s dependency on fuel imports and would support the domestic economy [43]. Studies estimate that biofuel will play a significant role in renewable energy consumption in Indonesia, making up half of Indonesia’s renewable energy consumption, with 24% coming from liquid POBB by 2030 [10,42].





3. Materials and Methods


3.1. Meta-Analysis


This study performed a meta-analysis on biofuel EROI by examining 44 biofuel projects. This study categorised the biofuel feedstocks according to their biofuel generations (1st and 2nd generation) and their types of feedstock (soybean, corn, palm oil, sunflower, sugarcane, sugar beet, rice straw, rapeseed, jatropha, wood cellulose, and switchgrass). The focus of this study was on POBB, which has not undergone much analysis in Indonesia [44].




3.2. System Boundaries


3.2.1. EROI Calculations


The chosen system boundaries of a study have significant impacts on the outcomes of net energy analyses [28]. Hall et al. (2009) analysed that different system boundaries (e.g., the number of stages in the life cycle) used in EROI calculation results in variation in EROI numbers/findings [27]. A common approach to calculating standard EROI (EROIst) is to divide the energy output by the sum of direct (on-site) and indirect (off-site) energy input [28,45]. However, this study recognised Hall et al.’s (2014) work on expanding the EROI system boundaries to include the overall gains from fuel production and all cost from obtaining that energy (EROIsoc) [45]. Expanding the energy analysis provides a more comprehensive analysis that considers externalities such as climate change, environmental factors, and social benefits into the calculation [45,46]. Using EROIsoc system boundaries will also enable understanding the minimum energy requirements for societies to survive, reproduce, and sustain its activities [45,46].




3.2.2. Biofuel System Boundaries


This study adopted Manik and Halog’s (2013) system boundaries analysis into biofuel production steps: 1. land preparation, 2. agricultural process, 3. mill procession, 4. conversion to biofuel, 5. use of biofuel, and 6. replanting and pulverisation (see Figure 1). From the implementation of the above’s steps, there are four categories of life cycles within the biofuel industry [44]:




	
Cradle-to-grave: for studies that include all steps (1–5) of biofuel processing



	
Cradle-to-gate: for studies that begin in step 1 but do not end in step 5



	
Gate-to-grave: for studies that do not start in step 1 but end in step 5



	
Gate-to-gate: for other studies that do not fulfil the above criteria








This research analysed that there is a possibility of adding a 5th category (cradle-to-cradle) in the biofuel life cycle. The 5th category involves a process that begins from step 1 but does not end in the “grave” process, it rather forms a cycle that involves land and system restoration/pulverisation and replanting processes. However, it is considered difficult to include the land preparation and land restoration in the EROI calculation due to differences in variables and detecting the origin of the plantation [44].



The figure below shows the system boundaries in the biofuel life cycle from land preparation (step 1) to land restoration/pulverisation (step 6), with the possibility of going back to step 1 (replanting process). From the 44 biofuel datasets observed, most studies used gate-to-gate analysis while only three studies included the land preparation (cradle-to-gate) and also three studies used the gate-to-grave process. None of the data observed used full cycle analysis; cradle-to-grave or cradle-to-cradle.






4. Results


We performed a meta-analysis of 44 biofuel studies. These studies covered 11 feedstocks in 13 countries across Africa, Asia, Europe, North America, and South America (see Table 1). These 44 studies were performed between 1995 and 2016. Out of these, 29 studies analysed EROI from operational projects while 15 considered conceptual projects.



The results showed that POBB has an average EROIst of 3.92 (n = 17, std. dev = 0.98) while the OBBB have a slightly lower EROI result of 3.22 (n = 44; std. dev = 2.06) (see Table 2). Meanwhile, if biofuel generation was taken into account (see Figure 2.), the results showed an average EROIst of 3.31 and 2.32 for the first- and second-generation biofuels, respectively.



If the EROI was classified according to feedstocks (e.g., crop items, crop residue, and woody materials), results showed the food crop items (soybean, corn, palm oil, rapeseed, sunflower, sugar beet, and sugarcane) had an average EROIst of 3.94, nonfood crops (jatropha and switchgrass) had an average EROIst of 2.34, food residue (rice straw) had an EROIst of 3.46, and woody material (wood cellulose) showed an EROIst of 0.64.



Looking at POBB, nearly all the projects observed (16 studies) used gate-to-gate system boundaries, while one included land preparation in the life cycle analysis calculation (cradle-to-gate). Transesterification, or the biofuel production process, requires the highest energy input of all POBB life cycle processes [47,48]. The land preparation also requires energy-intensive activities (e.g., land clearance), resulting in higher energy inputs and higher emissions in land preparation (step 1), which is included in the POBB life cycle analysis [44].



Table 2 provides a summary of findings for biofuel EROIst that includes year and project/study location, types of feedstocks used, EROIst results, system boundaries, and types of projects. There are differences in EROI results from other biofuel meta-analysis studies that cite similar sources as coproducts included in this study.




5. Discussion


5.1. Net Energy of Biofuel


5.1.1. Biofuel EROIst


The EROIst results of POBB and OBBB EROIst, 3.92 and 3.22, respectively, showed that investing in biofuel energy brings positive energy return. Table 2 shows that POBB, as the source of Indonesia’s biofuel program, provides a higher EROIst than other feedstocks. There are two factors that influence the EROI of POBB. First, oil palm produces a higher yield than other feedstocks. Oil palm is derived from the fresh fruit bunch (FFB) all year round and can be harvested every 10–14 days. This results in an annual average of 3.8 tons per hectare FFB [19]. Second, oil palm coproducts, such as palm kernel oil, could be used for other purposes, such as foods, soaps, and other products.




5.1.2. Unaccounted Externalities in Biofuel EROIsoc


Additional energy inputs have not been taken into account in the biofuel (particularly POBB) EROI calculation presented in Table 2. This study considered some potential externalities from the “cradle” to “grave” process that are not accounted for in the EROIst data in Table 2. These externalities may increase the cost to produce biofuel energy and reduce the EROIst—which showed the EROIsoc result.



Within the “cradle” process, the cost and energy associated with land preparation—which may also include peat and forest fires—is not taken into account. This process involves energy-intensive activities, such as land clearing (i.e., using excavators or burning the land) and soil preparation for agricultural process [44]. Not only does land clearance for agricultural process require a significant amount of energy, but it also contributes to increased GHG emissions. In fact, the land use, land-use change, and forestry (LULUCF) sector is the greatest contributor of GHG emissions in Indonesia (695 MtCO2e, around 48% of the country’s total emissions in 2015) [9,10].



In the “grave” process, a significant amount of energy is required in the replanting and recovering of the degraded land processes after oil palm reaches its productive limit. Oil palm requires the digging up of the root mass and pulverisation to thoroughly grind the entire palm into fine pieces [74]. Furthermore, if the plantations are located in peatland areas then there will be additional energy spent to restore the degraded peatland (rewetting process) [20,75].




5.1.3. Other Environmental and Social Impacts Associated with Oil Palm Industry


A debate exists in the literature about whether POBB can be categorized as renewable energy that reduces GHG emissions [19,20,23,75,76]. Oil palms planted in peatland can trigger an oxidation process in the peat soil and emit up to 1500 tons/ha while the Indonesian peat and forest fires in 2019 emitted 708 million tons of CO2 (almost double the emissions of Brazilian Amazon forest fires in the same year) [19,20,21,22,23,76]. Furthermore, the haze from peat and forest fires often generates transboundary haze pollutions and raises tensions among the Indonesian neighbouring countries, such as Singapore, Malaysia, and Thailand [77]. Although the Indonesian government has set a moratorium on new oil palm plantations in the peatland and forested areas, this policy is only targeting major oil palm companies. Smallholders, who contribute to 45% of the national palm oil production, do not necessarily comply [20]. Other potential environmental and social impacts associated with oil palm industries are land conflicts, ecosystem services and biodiversity loss, and hydrological impacts [19,75].



On the other hand, some studies have developed scenarios for oil palm that show a minimum, if not positive, emission outcome [1,75,78]. First, if oil palm plantations are planted on degraded land, this could reduce net GHG emission [75]. Second, developing new varieties of oil palm could intensify production, producing more yield without needing to clear new plantation areas [78]. Third, implementing bioenergy with carbon capture and storage (BECCS) technologies during the energy transition period provides one promising carbon capture method [1].





5.2. Comparison to Other Renewable Energy Sources


This study compared the results of biofuel EROI with other NREs that are feasible in Indonesia. The results showed that POBB (EROI = 3.92) and OBBB (EROI = 3.22) have the least net energy return and a relatively low production lifetime (25 years) in comparison to other NRE sources. Table 3 shows that wind energy (EROI: 34.3; lifetime: 20 years), natural gas (41.7; 35 years), hydropower (22.4; 100 years), solar PV (21.5; 30 years), and geothermal energy (20.9; 40 years) all have higher EROI and longer life spans than POBB or OBBB.




5.3. Minimum EROI for Renewable Energy to Support Society


Much of the literature on net energy analysis focuses on surpassing the “break-even point” (EROI of 1:1). This means that if the net energy returned is greater than the energy invested, then the project “should be done” [27]. However, EROI is not only about delivering “positive” energy but is also linked (directly and indirectly) to an average citizen’s ability to achieve wellbeing [83]. Therefore, a minimum EROI should exist for energy sources (along with considering its environmental and social impacts) that allows for societies to survive, reproduce, and sustain their activities.



Some studies suggest that a minimum EROIst of the system should be around 10–15:1 to sustain societies [27,46,84]. Lambert et al. (2014) suggested the EROI has to be over 20:1 [83]. This minimum number was proposed not only to meet society’s basic needs (e.g., food, shelter, and clothing), but also to support such things as modern healthcare, education, and the arts [83]. Capellán-Pérez et al. (2019) further provided some EROI classifications for renewable energy to meet societal needs in the future (at least by 2060), which were as follows [46]:



With the average EROI results of 3.92 for POBB and 3.22 for OBBB, it shows that all biofuel products do not meet the minimum standard to sustain society’s growing energy demands. Thus, by following the Capellán-Pérez et al.’s (2019) categories above, overall biofuel energies (including palm oil) are not feasible for mass investment. Furthermore, it is essential to note that the EROI of POBB may be lower than 3.92 as there are some unaccounted externalities within the EROI calculations.



On the other hand, wind power, natural gas, hydropower, solar PV, and geothermal energy all show positive EROI results. These NREs surpass the minimum EROI requirement to sustain society (either using above 10–15:1 and/or above 20:1 EROI criteria), making them part of the “no risk” category. The implication is that if a country invests in any one of these NREs they will be able to support the energy demands for society. An NRE should not only support society’s basic needs (e.g., food, shelter, and clothing) but also support large-scale industries, modern facilities (e.g., healthcare and education), and other secondary and tertiary energy demands. Furthermore, a higher EROI and an energy type’s ability to meet societal demands implies that the energy may reduce dependency on fossil fuels.




5.4. Policy Implications


5.4.1. Barriers to Invest in Other Renewable Energies in Indonesia


From the EROIst assessment presented above, it is evident that biofuel is not feasible for investment as it does not support enough energy for society. Furthermore, if the EROI calculation considers some externalities (using EROIsoc analysis), the actual EROI of POBB may be lower than 3.92. As a result, investing in oil palm-based biofuel will not give significant energy benefits long-term.



The EU’s plan to phase out imports of biofuel feedstocks that risk land-use change (including palm oil) by 2030 is also accelerating Indonesia’s strategy to find alternative markets for its palm oil products. The Indonesian Palm Oil Association (IPOA) reported that the palm oil industry contributes to 2.46% of Indonesian GDP and employs 7.8 million farmers and workers in the industry [85]. As of 2018, ownership of the 12.76 million ha of palm plantations in Indonesia is with major oil palm companies (6.36 million ha) while smallholder farmers own 5.81 million ha (45.53%) and the state-owned agricultural company owns 4.62% of the plantations [86]. Excessive palm oil supply would reduce its global price, which would inevitably affect millions of palm oil smallholders and farmers in Indonesia. Therefore, utilising domestic production of palm oil within the domestic market would counteract the constraints from the international market [19].



Furthermore, this study found that taking palm oil’s net energy analysis into account in Indonesia’s RNE policy is essential to avoid the investment trap [87] in said policy. In the short term, investing in palm oil biofuel seems to be profitable and may save the country’s economy from losing its palm oil market. However, since the energy does not offer a significant return to society, prioritising biofuel in the NRE policy may not be feasible for investment in the long term. Therefore, it requires further analysis and study comparing the benefits received from palm oil-based biofuel energy in the short- and long-term period.




5.4.2. Renewable Energy Policy for the Future


POBB is projected to dominate the portion of NREs (24%) in Indonesia by 2030 [83]. By contrast, other NRE sources that provide more energy output are only predicted to be a small portion of overall renewable energy use by 2030. The contribution of other RNEs in 2030 would be as follows: hydropower (14%), solar PV (8%), wind energy (1%), and geothermal energy (9%) [88]. This paper suggests diversifying RNE investment into the RNE sources that have higher EROI numbers to gain more energy return that can fulfil society’s energy needs. Diversifying energy investments would provide higher energy output and accommodate society’s needs both in the present and the future.



However, noting that that palm oil’s role is inevitable in supporting Indonesia’s economy and millions of smallholders, continuing the B30 project is essential. Some studies have suggested to intensify palm oil production to increase yield and energy output [78,89]. The intensification process may increase the yield by up to 18 tonnes FFB/ha annually (from an average of 3.8 to 6 tonnes FFB/ha/year) [19,78]. Saleh et al. (2019) reported that there is around 500,000 ha of oil palm area in 11 provinces that could potentially run the intensification program in the areas that meet the criteria of productivity, soil and biophysics conditions, and plantations’ proximity to mills [89]. Furthermore, Kamahara and colleagues (2010), who studied palm oil biofuel EROI in Indonesia, reported that production intensification and energy improvement would increase the EROIst 7.3–8.0 [48]. Apart from intensification, continuing the existing moratorium policy—or possibly making the policy permanent—to avoid new oil palm plantations in the peatlands or forested areas would also reduce the externalities that contribute to high energy inputs [9,78].



Policies can also be implemented to reduce negative externalities. Prohibiting the burning of peatlands would reduce greenhouse gas emissions significantly [90,91]. Using carbon capture and storage technologies throughout the POBB production process could also mitigate carbon emissions [92]. Development in precombustion, postcombustion, and oxyfuel combustion could provide a solution for a form of bioenergy with carbon capture and storage (BECCS) mitigating climate change [93,94]. This would require strong policy support from the GoI but could be a long-term strategy for storing the captured CO2.






6. Conclusions


This study analysed Indonesia’s POBB renewable energy plan under the B30 program that provides Indonesia the ability to achieve its environmental and financial goals. The analysis started with reviewing literature published between 1995 and 2016 on the energy return on investment (EROI) from biofuel energy projects. The results showed that POBB, the feedstock chosen by the Indonesian government, has an average EROI of 3.92 while the OBBB have an average EROI of 3.22. The result implies that if only energy input and output are considered, biofuels will give positive net energy. However, biofuels, especially from palm oil, produce externalities from the input processes (e.g., land preparation, land restoration, and the refining system), resulting in net energy output reduction.



This study further compared the biofuels’ EROI with other NRE sources, then extended the analysis by taking into account a minimum EROI required to sustain society. The results put the biofuels’ EROI, either POBB or OBBB, into the category of “not feasible for investment”. By contrast, other NRE sources, such as wind power (EROI 34.3), natural gas (41.7), hydropower (22.4), solar PV (21.5), and geothermal energy (20.9) were categorised as “no risk” and “feasible for investment”. However, this study acknowledged that changes in international palm oil markets have urged policymakers to find an alternative market for palm oil, including consumption in the domestic market. We recommend policymakers diversify investments to other NREs that offer a higher net energy return to avoid the palm oil investment trap and to sustain Indonesia’s energy demands. Furthermore, this study also found that some solutions, such as palm oil intensification and avoiding the externalities, may also increase palm oil biofuel’s net energy return.



Further study needs to be undertaken to fully assess the environmental and social externalities of palm oil. Ecosystem service valuation could provide one means of determining the true value of biofuels derived from palm oil. It would allow for a more systematic comparison of the costs and benefits for Indonesia’s future NRE strategy. Opportunity costs of the land can also be assessed when analysing the feasibility and attractiveness of palm oil production. For example, the long-term carbon sequestration of natural forests.



Currently, there is also a lack of POBB studies performing life cycle analyses or EROI assessments, particularly in major producing countries. As global biofuel production and demands increase, expanding the literature with a harmonized methodology would allow for a more robust meta-analysis.
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Figure 1. Biofuel system boundaries from the data observed. Source: authors. 
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Figure 2. Biofuel projects observed according to biofuel generations and type of feedstocks. Source: authors. 
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Table 1. Geographical distribution and type of feedstocks reviewed in this study.
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Region

	
Country

	
Type of Feedstocks

	
Projects






	
Asia

	
Thailand

	
Oil palm, jatropha

	
4




	
Indonesia

	
Sugarcane, oil palm

	
2




	
Japan

	
Rice straw

	
1




	
Malaysia

	
Oil palm, jatropha, rapeseed

	
5




	
Europe

	
Italy

	
Soybean

	
1




	
Ireland

	
Rapeseed

	
1




	
Austria

	
Sugar beet

	
1




	
Greece

	
Soybean

	
1




	
South America

	
Brazil

	
Soybean, oil palm, sugarcane

	
10




	
Argentina

	
Soybean

	
4




	
Colombia

	
Oil palm

	
3




	
North America

	
United States

	
Corn, switchgrass, soybean, wood cellulose, sunflower

	
10




	
Africa

	
Cameroon

	
Oil palm

	
1
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Table 2. Metadata analysis of biofuel energy.
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Type of Feedstock

	
Authors/Reference

	
Location

	
EROIst

	
EROIst Average

	
System Boundaries

	
Project






	
1st Generation




	
Soybean

	
Sheehan et al. (1998) [49]

	
United States

	
0.81

	
2.35

	
2, 3, 4, 5

	
o




	
Carraretto et al. (2004) [50]

	
Italy

	
2.2

	
2, 3, 4, 5

	
o




	
Pimentel and Patzek (2005) [51]

	
United States

	
0.98

	
2, 3, 4

	
c




	
Hill et al. (2006) [52]

	
United States

	
1.92

	
2, 3, 4

	
o




	
Tsoutsos et al. (2009) [53]

	
Greece

	
1.16

	
2, 3, 4

	
o




	
Cavalett and Ortega (2010) [54]

	
Brazil

	
2.48

	
2, 3, 4

	
o




	
Pradhan et al. (2011) [55]

	
United States

	
5.54

	
2, 3, 4

	
c




	
Rocha et al. (2014) [56]

	
Brazil

	
2.88

	
2, 3, 4

	
c




	
Brondani et al. (2015) [57]

	
Brazil

	
3.08

	
2, 3, 4

	
c




	
Piastrellini et al. (2016) [58]

	
Argentina-a

	
1.77

	
2, 3, 4

	
o




	
Piastrellini et al. (2016) [58]

	
Argentina-b

	
3.1

	
2, 3, 4

	
o




	
Piastrellini et al. (2016) [58]

	
Argentina-c

	
1.86

	
2, 3, 4

	
o




	
Piastrellini et al. (2016) [58]

	
Argentina-d

	
2.83

	
2, 3, 4

	
o




	
Corn

	
Lorrenz and Morris (1995) [59]

	
United States

	
1.38

	
1.15

	
2, 3, 4

	
o




	
Pimentel and Patzek (2005) [51]

	
United States

	
0.78

	
2, 3, 4

	
c




	
Hill et al. (2006) [52]

	
United States

	
1.28

	
2, 3, 4

	
o




	
Palm Oil

	
Yusoff and Hansen (2007) [60]

	
Malaysia

	
4.05

	
3.92

	
1, 2, 3, 4

	
o




	
Thamsiriroj and Murphy (2008) [61]

	
Thailand

	
2.64

	
2, 3, 4

	
c




	
Papong et al. (2010) [47]

	
Thailand

	
3.33

	
2, 3, 4

	
o




	
Yee et al. (2009) [62]

	
Malaysia

	
3.53

	
1, 2, 3, 4

	
o




	
Pleanjai and Gheewala (2009) [63]

	
Thailand

	
3.57

	
2, 3, 4

	
o




	
Angarita et al. (2009) [59]

	
Brazil-a

	
3.77

	
2, 3, 4

	
o




	
Angarita et al. (2009) [64]

	
Brazil-b

	
5.72

	
2, 3, 4

	
o




	
Angarita et al. (2009) [64]

	
Brazil-c

	
4.63

	
2, 3, 4

	
o




	
Angarita et al. (2009) [64]

	
Colombia-a

	
5.17

	
2, 3, 4

	
o




	
Angarita et al. (2009) [64]

	
Colombia-b

	
4.64

	
2, 3, 4

	
o




	
Angarita et al. (2009) [64]

	
Colombia-c

	
5.01

	
2, 3, 4

	
o




	
Lam et al. (2009) [65]

	
Malaysia

	
2.27

	
2, 3, 4

	
c




	
Kamahara et al. (2010) [48]

	
Indonesia

	
3.63

	
2, 3, 4

	
o




	
Achten et al. (2010) [66]

	
Cameroon

	
2.61

	
2, 3, 4

	
c




	
de Souza et al. (2010) [67]

	
Brazil

	
4.99

	
2, 3, 4

	
c




	
Queiroz et al. (2012) [68]

	
Brazil-a

	
3.41

	
2, 3, 4

	
o




	
Queiroz et al. (2012) [68]

	
Brazil-b

	
3.59

	
2, 3, 4

	
o




	
Sunflower

	
Pimentel and Patzek (2005) [51]

	
United States

	
0.76

	
0.76

	
2, 3, 4

	
c




	
Sugarcane

	
Agostinho and Siche (2014) [69]

	
Brazil

	
6.7

	
6.38

	
2, 3, 4

	
o




	
Khatiwalda et al. (2016) [70]

	
Indonesia

	
6.07

	
2, 3, 4

	
o




	
Sugar beet

	
Atlason et al. (2015) [71]

	
Austria

	
11.26

	
11.26

	
2

	
o




	
Rice straw

	
Saga et al. (2010) [72]

	
Japan

	
3.46

	
3.46

	
2, 4

	
o




	
Rapeseed

	
Thamsiriroj and Murphy (2008) [61]

	
Ireland

	
2.19

	
1.82

	
2, 3, 4

	
c




	
Yee et al. (2009) [62]

	
Malaysia

	
1.44

	
1, 2, 3, 4

	
o




	
2nd Generation




	
Jatropha

	
Prueksakorn and Gheewala (2008) [73]

	
Thailand

	
6.03

	
3.98

	
2, 3, 4

	
c




	
Lam et al. (2009) [65]

	
Malaysia

	
1.92

	
2, 3, 4

	
c




	
Wood cellulose

	
Pimentel and Patzek (2005) [51]

	
United States

	
0.64

	
0.64

	
2, 3, 4

	
c




	
Switchgrass

	
Pimentel and Patzek (2005) [51]

	
United States

	
0.69

	
0.69

	
2, 3, 4

	
c
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Table 3. EROI, lifetime, and category of other new and renewable energy (NRE) sources.






Table 3. EROI, lifetime, and category of other new and renewable energy (NRE) sources.





	No
	Type of NRE
	Operational/Conceptual
	EROI

(Range)
	EROI (Average)
	Category *
	Lifetime (Year)
	Author/Reference No.





	1
	Wind power
	o+c
	6.5–57.7
	34.3
	No Risk
	20
	Walmsley & Atkins, 2017 [79]



	2
	Natural Gas
	o+c
	41.7
	41.7
	No Risk
	35
	Walmsley et al., 2018 [80]



	3
	Hydropower
	o+c
	2.4–38.2
	22.4
	No Risk
	100
	Walmsley et al., 2018 [80]



	4
	Solar PV
	o+c
	8.7–34.2
	21.5
	No Risk
	30
	Bhandari et al., 2015 [81]



	5
	Geothermal
	o
	9.5–32.4
	20.9
	No Risk
	40
	Atlason & Unnthorsson, 2013 [82]







* See Table 4 for EROIst category.













[image: Table] 





Table 4. EROI for renewable energy categories (source: authors, amended from Capellán-Pérez et al., 2019 [46]).






Table 4. EROI for renewable energy categories (source: authors, amended from Capellán-Pérez et al., 2019 [46]).





	EROIst
	Category





	>15
	No risk



	10–15
	Low risk



	5–10
	Dangerous



	4–5
	Very dangerous



	2–3
	Not feasible
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