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Abstract

:

A life-cycle assessment of bio-jet fuel from waste cooking oil (WCO) produced by hydrotreatment was performed and compared with petroleum-derived jet fuel. This study aimed to evaluate the sustainability and find out the bottleneck restricting the development of WCO-based jet fuel production. The carbon intensity of the WCO-based bio-jet fuel was 63.7% lower compared to the conventional jet fuel, and the proportion of greenhouse gas (GHG) emissions caused by hydrogen in the WCO was 18.7%. The feedstock stage proportion of GHG emissions of first-, second-, and third-generation biofuels increased. A sensitivity analysis found that the transportation distance of WCO was more sensitive to GHG emissions, and it is important to develop a detailed plan for feedstock collection. A scenario analysis was also performed according to China’s energy structure and hydrogen sources. Although the electric power structure derived from renewable energy will increase GHG emissions in the immediate future, it will eventually reduce emissions due to technical progress by 2050. The preparation of jet fuel from WCO can not only recycle waste but can also contribute to emission reduction for the aviation industry, which is a potential sustainable and feasible aviation fuel route.
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1. Introduction


In recent years, greenhouse gas (GHG) emissions of jet fuel, which account for approximately 2% of GHG emissions, have increased significantly with the rapid development of the aviation industry [1,2,3]. The International Air Transport Association (IATA) announced that CO2 emissions will be reduced by half by 2050 [4]. Bio-jet fuel has the potential to reduce GHG emissions throughout the entire life cycle [5,6,7]. ASTM D7566 has approved seven alternative aviation fuel routes that have been commercialized. In 2017, the Aviation Environmental Protection Committee (CAEP) proposed verification requirements for alternative aviation fuels including not only technical performance (ensuring flight safety) but also sustainability (ensuring emission reduction) [8].



Life-cycle assessment (LCA) has proven to be extremely useful for assessing liquid fuels based on their global warming potential and is widely used as a tool to assess the sustainability of energy systems [9,10]. The emission value of traditional jet fuel is about 73.2 ± 2.1 g CO2e/MJ, and the GHG emissions of coal and natural gas liquefaction fuel may be twice than that of petroleum-based fuel [11]. The GHG emissions of soybean-oil-based fuel, a first-generation biomass, are 13.0–141.0 g CO2e/MJ [10]. The GHG emissions of microalgae-oil-based fuel (a third-generation fuel) are 17.2–851.9 gCO2e/MJ [10]. The large fluctuation range is closely related to the production mode and capacity of algae and the distribution scheme of by-products, and further efforts must be made before large-scale production can be achieved. A second-generation biofuel can be commercialized and applied on a large scale. These biofuels are derived from biomass that cannot be consumed by humans, including plants and municipal solid waste. Mohammad et al. found that a bio-jet fuel from jatropha could achieve a 75% reduction in GHG emissions compared to petroleum-derived jet fuels [12]. Ringsred et al. found that the carbon intensity of pyrolysis-based bio-jet fuels produced by hydrotreatment in Canada was 69–71% lower than the carbon intensity of a conventional fossil-based jet fuel [13]. Beal et al. found that forestry residue and waste oil pathways decreased emissions (23 and 35 g CO2e/MJ, respectively) [14].



It is expected that about 50,000 tons of sustainable aviation fuel will be used in five years in China. China’s output of waste cooking oil (WCO) has reached 10 million tons a year. However, WCO is not used in commercialization applications for aviation fuel in China, and few studies have been conducted to evaluate the sustainability and feasibility of the WCO-based aviation fuel. Therefore, in this paper, LCA analysis of bio-jet fuels produced from WCO by hydrotreatment with different conversion processes were performed from the perspective of carbon emission and energy consumption. Sensitivity analysis of the transport distance of the feedstock and fuel, as well as the treatment capacity, was performed. A scenario analysis was also performed according to China’s energy structure and hydrogen sources.




2. Methods


2.1. LCA system Boundary


LCA system boundaries and material energy flow charts are shown in Figure 1. LCA included the feedstock supply stage (collection and transportation of the meal residue, WCO pre-treatment), jet fuel production stage (refining and the transportation), and the use of a jet fuel stage [15]. The energy consumption and GHG emissions were mainly analyzed by ASPEN PLUS and GREET, modified by Chinese statistics (seen in Supplementary Materials) [15,16]. The functional units of this study were the energy consumption and GHG emission per 1 MJ of bio-jet fuel produced [10] (WTP, well-to-pump, the stage of the fuel production; PTW, pump-to-wheel, the stage of fuel consumption).



Transportation included the transportation of meal residue and bio-jet fuel. A goods wagon was used to recycle the meal residue, and the energy consumption was 2.36 MJ/(t·km) [17]. The average transportation distance was 80 km, from which the energy consumption and emission data of the recycling and transportation process of WCO could be calculated. The transportation of bio-jet fuel was based on the transportation structure of refined oil in China, and its average transportation distance was calculated with reference to the transportation model in GREET.




2.2. WCO Pretreatment and Jet Fuel Production


WCO was used for the bio-jet fuel after pretreatment such as gravitational settling, centrifugation, and so on (water and solid impurities removed) (data from the Bihai Environmental Protection Company in Tianjin, China). The power of the centrifuge was 90 kW, and the treatment capacity was 60 m3/h. One ton of WCO could be obtained after pretreatment of ten tons of meal residue. Power generation structure was from China in 2020.



WCO was mainly composed of glycerides and free fatty acids. Bio-jet fuel was obtained by one-step hydrogenation, and the process of one-step hydrogenation is shown in Figure S1 (Supplementary Materials) [18]. The treatment capacity of catering waste oil was 600 ton/d. The optimized operation conditions were 380 °C, 500 mL/mL, and 3 Mpa [18]. The used cooking oil (UCO-1 (one-step hydrogenation) and UCO-2 (one-step hydrogenation)) process was based on the data from the literature [16], and the energy structure was based on the data from the Chinese mainland. Details of the methods used in this study can be found in the Supplementary Materials.





3. Results and Discussion


3.1. Energy Consumption Analysis


Each feedstock had unique characteristics that would affect the hydrogenation process and partition coefficient and would eventually have an impact on the energy consumption and GHG emissions. The energy consumptions of the different feedstocks are shown in Figure 2. From Figure 2, the energy consumption of fossil fuels was low in the feedstock stage owing to the relatively mature mining technology. The energy consumption of coal was one half or one third of that of natural gas or crude oil because of its more mature and simple acquisition and processing technology [10]. Soybean oil, a first-generation biofuel, has low energy consumption owing to its mature soybean planting technology and wide planting area. The energy consumption of camelina and jatropha oil, both second-generation biofuel raw materials, were much higher than that of soybean oil (1.6 and 2.4 times, respectively), which was related to its low yield (camelina) and the use of a large amount of fertilizer (jatropha) [12]. The energy consumption of microalgae oil was 35% higher than that of soybean oil because of the higher energy consumption during the planting and pressing stages. The energy consumption of WCO in the feedstock stage included the soybean oil raw material stage, collection and transportation, and pretreatment. The treatment (physical treatment, such as gravity sedimentation and centrifugal separation) is also relatively simple [19], and the energy consumption of WCO (collection, transportation, and pretreatment) was very low (accounting for 11.7, 4.9, and 8.6% of the energy consumption of soybean oil, jatropha oil, and microalgae oil, respectively) [20].



The energy consumption at the fuel production stage of petroleum-based oil was the lowest because the refining technology was mature, and more mature by-products shared similar energy consumption, while the energy consumption of coal was the highest because of the complex synthesis process [21]. The energy consumption of palm oil at the production stage was low among the biofuels, which may be related to its C16 fatty acids. However, camelina oil has a higher number of double bonds and a relatively high hydrogen consumption. The microalgae oil yield was also high because of the low oil yield and the need for more raw materials [22]. WCO had more free fatty acids, and the number of double bonds were reduced compared to soybean oil after the environmental impact of food residue and water, which reduced the hydrogen consumption of saturated double bonds. Moreover, this part of the fatty acids did not require a transformation of fatty acid glycerides into fatty acids, which reduces the hydrogen consumption [19]. The WCO passed through a thermal oxygen environment to produce cyclic products or polymeric macromolecules. The energy consumption at the production stage of the WCO-based oil was almost the same as that of the soybean oil. The energy consumption of UCO-1 was 47.2% lower than that of UCO-2 because of the hydrofining, hydrocracking, and isomerization that were performed in one reactor [23].



After the reduction of by-products, the total energy consumption of crude oil was the lowest among the fossil raw materials. The energy consumption of WCO was lower (75.0 and 89.1% of the energy consumption of jatropha oil and microalgae oil, respectively) among the biomass fuels but still higher than that of the fossil fuels.



The energy consumption of various raw materials varied significantly at different stages. In general, the energy consumption of each material’s (especially coal) fuel stage is higher than that of the raw material stage. The energy consumptions of the feedstock and soybean oil production were 30.8% and 7.9%, respectively. The percentages of jatropha oil were 52.9 and 10.3%, respectively. The WCO values were 32.4 and 18.6%, respectively. WCO had low energy consumption in the feedstock stage (4.1% in collection and 0.3% in pretreatment, except for the soybean oil period) and showed good prospects for use as bio-jet fuel. The energy consumptions of feedstock and the production of microalgae oil were 31.6 and 29.3%, respectively; thus, the third-generation biofuel technology needs to be improved [12,24].




3.2. Global Warming Potential Analysis


The GHG emissions of the bio-jet fuel life cycle of the different feedstocks are shown in Figure 3. From Figure 3, the GHG emissions of fossil fuels in the raw material stage were greater than zero, whereas the GHG emissions of biomass were negative because of the carbon fixation of CO2 by photosynthesis. The GHG emissions of soybean oil were the lowest because of its mature planting technology and area, lower energy consumption, and emissions. The GHG emissions of camelina, jatropha, and microalgae oil were high because of their low yield, the use of a large amount of fertilizer, and the low oil production rate [25]. The GHG emissions of WCO at the feedstock stage were low because of the simple collection and pretreatment (15.0, 1.0, and 32.0% of the GHG emissions of soybean oil, respectively).



The GHG emissions of petroleum at the production stage were low because of the mature refining process, whereas the GHG emissions of coal were high. The biofuel emissions at the production stage were relatively close, but generally higher than those of petroleum-based fuels. The hydrogen consumption and GHG emissions of WCO were low, owing to its high free fatty acid content and saturation. GHG emissions at the production stage of WCO, UCO-1, and UCO-2 accounted for 60.8, 37.3, and 65.0% of the GHG emissions of soybean, respectively.



After the reduction, the total GHG emissions of fossil fuels were higher than those of biofuels. The order was coal, natural gas, then crude oil. The GHG emissions of soybean, camelina, jatropha, and microalgae oil account for 42.6, 44.4, 54.6, and 41.3% of the GHG emissions of petroleum-based fuel, respectively. The GHG emissions of WCO, UCO-1, and UCO-2 accounted for 36.3, 29.0, and 37.1%, respectively, of the GHG emissions of petroleum-based fuel. It can be seen that the one-step method was more beneficial for emission reduction than the two-step method [16].



Soybean oil emissions accounted for 29.0 and 71.0% of emissions in the raw material and production stages, respectively. The proportions of GHG emissions of palm, camelina, jatropha, WCO, and microalgae oil at the raw material stage were 37.3, 37.0, 52.0, 48.0, and 68.3%, respectively. The main GHG emissions of the first-generation biofuel occurred in the feedstock stage, while the production stage was the main contributor of the third stage (Figure 3). In conclusion, compared with other biomasses, WCO had lower energy consumption and GHG emissions, a wide range of sources, and is a promising bio-jet fuel raw material.




3.3. The Effect of Different Allocation Method on the GHG Emissions


The effects of the different allocation methods on the energy consumption and GHG emissions of WCO, UCO-1, and UCO-2 are shown in Figure 4. From Figure 4a, the energy consumption of the feedstock stage, fuel production, and total were all in the order of mass allocation, energy allocation, and market allocation after reduction. For example, the mass allocation method of WCO was slightly higher than that of the energy allocation method because of the similar heat values of gasoline, jet fuel, and diesel [26]. However, the market allocation method of bio-jet fuel was the lowest at every stage because of the prices of gasoline, and diesel was much higher than jet fuel because naphtha was also slightly higher [27]. The energy reduction rates in the feedstock supply stage of the mass allocation, energy allocation, and market allocation methods were 62.8, 63.3, and 73.7%, respectively, while the energy reduction rates in the fuel production stages were 62.5, 63.0, and 73.3%, respectively.



The GHG emission distribution reduction is related to the yield, heat value, and price. Regarding WCO, the mass allocation method was slightly higher than the energy allocation method because of the similar heat values. However, the discount rate of the market allocation method at each stage was the highest, and the GHG emissions after the discount were the lowest, which was the same as the energy consumption. The GHG emission reduction rates in the feedstock supply stage of the mass allocation, energy allocation, and market allocation methods were 62.8, 63.3, and 73.7%, respectively, and the fuel production stages were 62.4, 62.9, and 73.2%, respectively. The fuel production stage was the same as the feedstock supply stage for energy consumption and GHG emissions.




3.4. Sensitivity Analysis


A sensitivity analysis of the raw material transportation distance, jet fuel transportation distance, and WCO pretreatment capacity at a base value of ±30% was also performed to analyze the effects of various factors on the LCA energy consumption and GHG emissions of the bio-jet fuel (Table 1, Figure 5).



From Figure 5, the raw material transportation distance had a major impact on the energy consumption and GHG emissions. When the raw material transportation distance increased from 56 to 80 km, the total energy consumption of WCO, UCO-1, and UCO-2 increased by 12.5, 13.6, and 11.2%, respectively, while GHG emissions increased by 14.9, 15.6, and 13.7%, respectively. Therefore, detailed planning of the transportation route of the feedstock could significantly reduce LCA energy consumption and GHG emissions [28].



The WCO pretreatment capacity and jet fuel transportation distance had less impact on energy consumption and GHG emissions. When the WCO pretreatment capacity increased from 42 m3/h to 60 m3/h, the total energy consumption of WCO, UCO-1, and UCO-2 increased by 1.1, 1.2, and 1.0%, respectively, while the GHG emissions increased by 1.0, 1.0, and 0.9%, respectively. When the jet fuel transportation distance increased from 140 to 200 km, the total energy consumptions of WCO, UCO-1, and UCO-2 increased by 1.0, 1.1, and 1.0%, respectively. The GHG emissions increased by 0.9, 1.0 and 0.9%, respectively.




3.5. Scenario Analysis


3.5.1. The Sources of Electricity


Scenario analyses of four different power compositions (2020, 2030, 2040, and 2050) were performed according to “Energy outlook of the world and China in 2050” of the China Petroleum Economic and Technological Research Institute (Table 2 and Figure 6) [29].



Electricity was used in different stages. The proportions of electricity in the total energy consumption of WCO, UCO-1, and UCO-2 were 5.7, 1.8, and 1.0%, respectively, and the GHG emission proportions were 5.7, 1.6, and 1.0%, respectively. For WCO in 2030, 2040, and 2050, the total energy consumption was reduced by 6.6, 1.7, and 4.4% from 2030 to 2050, and GHG emissions were reduced by 4.6, 31.9, and 45.1%, respectively.



The general trend in the power structure was that the proportion of fossil energy power generation, represented by coal, gradually decreased and the renewable energy power generation gradually increased. Although the energy consumption and GHG emissions increased temporarily from 2030 to 2040, owing to the high energy consumption, the energy consumption and GHG emissions over the entire life cycle showed a decreasing trend because of technical progress. The power composition had a significant impact on the GHG emissions of bio-jet fuel, which also featured greater advantages in replacing traditional fossil fuels for the optimization of China’s power structure.




3.5.2. The Sources of Hydrogen


The energy consumption of hydrogen accounts for a large proportion of its entire life cycle. The proportions of hydrogen in the total energy consumption of WCO, UCO-1, and UCO-2 were 30.3, 12.8, and 30.5%, respectively. The contribution of hydrogen to GHG emissions was 18.7, 7.1, and 18.7%, respectively. As shown in Table 3 and Figure 7, the order of energy consumption by hydrogen was coal > biomass > solar energy > natural gas > nuclear energy; the order of GHG emissions was coal > natural gas > nuclear energy > solar energy > biomass. For WCO, the energy consumption of natural gas, solar, and nuclear energy was lower than the energy consumption of biomass by 4.5, 3.9, and 6.3%, respectively, and the GHG emissions were higher than the energy consumption of biomass by 8.2, 0.6, and 0.8%, respectively.



Energy consumption and GHG emissions from the use of coal as a hydrogen source were high. The GHG emissions of solar energy and biomass were lower, whereas energy consumption was higher than that of other energy sources. With the progress in technology, solar energy and biomass have shown great potential to produce hydrogen.




3.5.3. The Sources of Diesel


Diesel was only used in the collection stage of the raw material, and the energy consumption of diesel in the LCA was low. The ratios of the diesel contribution energy consumption of WCO, UCO-1, and UCO-2 were 7.4, 6.2, and 5.3%, respectively. GHG emissions were 3.1, 2.3, and 2.2%, respectively. The GHG emissions of using animal and vegetable fats as diesel source in the collection stage are slightly lower than that of petroleum source (Figure 8). So, it is beneficial to the environment to use biodiesel in the transportation stage.






4. Conclusions


A life-cycle analysis of the bio-jet fuel produced from WCO by hydrotreatment was performed and compared with that of a conventional fossil-based jet fuel. The energy consumption of the WCO-based bio-jet fuel was 70.7% higher than that of petroleum-derived jet fuel, whereas the GHG emissions of the WCO-based bio-jet fuel was 63.7% lower than those of the petroleum-derived jet fuel. The proportion of GHG emissions caused by hydrogen in WCO was 18.7%. The proportion of GHG emissions during the first-, second-, and third-generation biofuel feedstock stages increased. The GHG emissions of WCO were 85.2, 66.5, and 87.9% for soybean, jatropha, and microalgae oils, respectively. The proportion of GHG emissions during the first-, second-, and third-generation biofuel feedstock stages increased. The transportation distance of the WCO raw materials was more sensitive to GHG emissions. Therefore, it is important to develop a detailed plan for the collection route of raw materials to reduce energy consumption and GHG emissions. Although the electric power structure and hydrogen resources derived from renewable energy will increase GHG emissions in the immediate future, it will reduce emissions due to technical progress by 2050. The preparation of bio-jet fuel from WCO can not only recycle waste but can also contribute to emissions reductions for the aviation industry, which is a potential sustainable aviation fuel route.
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Figure 1. Life-cycle system boundary of WCO for bio-jet fuel. 
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Figure 2. Bio-jet fuel life cycle energy consumption with different feedstock. 
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Figure 3. Bio-jet fuel life cycle greenhouse gas emissions of different feedstock. 
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Figure 4. (a) Life-cycle energy consumption by different allocation methods. (b) Life-cycle GHG emissions by different allocation methods. 
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Figure 5. (a) The sensitivity analysis of energy consumption of bio-jet fuel. (b) The sensitivity analysis of life-cycle GHG emissions of bio-jet fuel. 
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Figure 6. (a) Life-cycle energy consumption in different years. (b) GHG emissions in different years. 






Figure 6. (a) Life-cycle energy consumption in different years. (b) GHG emissions in different years.



[image: Energies 15 06612 g006]







[image: Energies 15 06612 g007a 550][image: Energies 15 06612 g007b 550] 





Figure 7. (a) Life-cycle energy consumption of different hydrogen sources. (b) GHG emissions from different hydrogen sources during their life-cycle. 
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Figure 8. GHG emissions from different diesel sources during their life-cycle. 
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Table 1. Sensitivity analysis of different parameter.
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	Parameter
	Baseline
	Low
	High





	Raw material transportation distance (km)
	80
	56
	104



	Jet fuel transport distance (km)
	200
	140
	260



	WCO pretreatment capacity (m3/h)
	60
	42
	78
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Table 2. The proportion of China’s energy mix for power generation in different years/%.
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	2020
	2030
	2040
	2050





	Crude oil
	0.2
	0.1
	0.1
	0.1



	Coal
	70.1
	44.7
	35.0
	27.0



	Natural gas
	2.5
	7.6
	24.0
	24.3



	Nuclear energy
	2.9
	7.5
	14.0
	14.5



	Biomass
	0.9
	2.0
	5.0
	10.0



	Waterpower
	19.3
	16.1
	20.0
	18.3



	Others
	4.1
	22.0
	1.9
	5.9
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Table 3. Hydrogen life-cycle energy consumption and GHG emissions.
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	Hydrogen Source
	Energy Consumption/(MJ/MJ)
	GHG Emission/(g/MJ)





	Natural gas
	1.6
	95.7



	Coal
	2.3
	197.6



	Nuclear energy
	1.3
	21.0



	Solar energy
	1.7
	19.0



	Biomass energy
	2.3
	13.1
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