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Abstract

:

Bioethanol, as a renewable energy source, has been widely used in the energy sector, particularly in replacing traditional petroleum energy, and holds great potential. This study involves a whole life cycle assessment of bioethanol production and the co-production of high-value by-products—xylose, lignin, and steam—using three types of waste biomass: corn cobs, corn straw, and wheat straw as feedstocks by chopping, pretreatment, hydrolysis, fermentation, and distillation methods. Secondly, the benefits of three raw materials are compared for preparing bioethanol, and their impact on the environment and energy production is analyzed. The comparison indicates that corn cobs offer the best overall benefits, with a net energy balance (NEB) of 6902 MJ/Mg of ethanol and a net energy ratio (NER) of 1.30. The global warming potential (GWP) is 1.75 × 10−2, acidification potential (AP) is 1.02 × 10−2, eutrophication potential (EP) is 2.63 × 10−4, photochemical ozone creation potential (POCP) is 3.19 × 10−8, and human toxicity potential (HTP) is 1.52 × 10−4. This paper can provide a theoretical reference and data supporting the green refining of bioethanol and the high-value utilization of by-products, and broaden its application prospects.
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1. Introduction


The extensive use of fossil fuels causes environmental pollution and global climate change, leading to a significant demand for the development and utilization of renewable resources [1]. The use of renewable resources such as solar energy, hydropower, wind energy, geothermal energy, tidal energy, and bioenergy has gained momentum in replacing non-renewable energy [2]. Biomass, as a renewable energy feedstock, can be transformed into energy through physical, chemical, and biochemical processes [3]. Agricultural waste (AW), such as straw, is increasing in quantity with the growth in crop planting and yield, reaching almost a billion tons per year worldwide [4]. China, a major agricultural nation, has abundant biomass resources, including an annual production of more than 700 million tons of straw. The improper handling of straw can lead to negative environmental impacts and is also a serious waste of resources. For example, burning straw can emit significant greenhouse gases, nitrogen oxides (NOx), and other pollutants. Bioethanol, as a renewable energy source, has been widely used in the energy sector, particularly in replacing traditional petroleum energy, and holds great potential [5]. Therefore, converting straw into bioethanol has significant environmental and economic value.



Due to seasonal variations in crop types, the raw materials for bioethanol production differ, and the production processes also vary, so analyzing and comparing these processes is necessary. Therefore, this work conducts a lifecycle assessment (LCA) of bioethanol production using different types of straw as feedstocks. LCA is a tool used to evaluate the effect on the environment, energy, and materials caused by production process [6,7]. Employing the LCA method to evaluate the bioethanol production process is significant.



The production of bioethanol faces challenges such as high energy consumption, low yield, and low saccharification rates [8]. In addition to bioethanol, lignocellulosic biomass also generates the by-products lignin and hemicellulose, which can provide better economic benefits. With the development of biomass-based materials, the utilization of lignin and hemicellulose has increased, enhancing their economic value. Hemicellulose can be processed into xylose, while lignin can be used to produce additives, adhesives, renewable composite materials, etc. [9]. Compared to traditional processes that burn lignin for energy, calculating the economic and environmental benefits of producing high-value by-products is significant.



In this study, three types of lignocellulosic biomass (corn cobs, corn straw, and wheat straw) were selected as feedstocks for bioethanol production, and the LCA of these three processes was analyzed and compared. Firstly, the feedstocks are processed and separated to obtain bioethanol, lignin, and xylose, ensuring the full utilization of each component of the biomass and maximizing the value of the products [10]. Subsequently, the bioethanol production process is divided into three stages: the cultivation and collection of raw materials, transportation of raw materials, and ethanol production (chopping, pretreatment, hydrolysis, fermentation, and distillation). The life cycle of each stage is evaluated based on energy benefits (net energy balance and net energy ratio) and environmental benefits (global warming potential, acidification, eutrophication, and carbon reduction). Finally, the economic, energy, and environmental impacts of using lignin as a product versus its use in electricity generation in boilers are calculated and compared. This work offers guidance for seasonal production and theoretical support for the utilization of by-products.




2. Life Cycle System of Bioethanol


Emissions and energy use during transportation in the life cycle are analyzed using GREET®2022 software [11]. Some background data are derived from literature that is duly cited below, and life cycle inventory data are sourced from a company in Hebei.



2.1. Purpose and Boundary Condition


This study is based on the life cycle assessment method, using corn cob, corn straw, and wheat straw as raw materials to produce bioethanol as the pointcut, carrying out the whole life cycle emission and energy analysis of the system of the large-scale production of bioethanol from 20,000 Mg per year, aiming to identify areas of improvement throughout the whole life cycle of bioethanol. The scope of this study encompasses the entire life cycle of bioethanol, including the cultivation of biomass feedstocks, transportation of these materials, and production of high-value by-products and bioethanol [12]. The functional unit of this study is the production of 1 Mg bioethanol [13]. The system boundary (Figure 1) includes the following units: the cultivation and collection of raw materials, transportation of raw materials, and ethanol production.




2.2. The Assumptions in Calculation


The system includes indirect life cycle environmental assessment flows related to the raw materials, chemicals, nutrients, and fuels used at each lifecycle stage. The changes in land use, and the construction of equipment, buildings, and other fundamental infrastructure elements are not considered in this assessment [14].




2.3. Inventory Data and Source


2.3.1. Cultivation and Collection of Feedstocks


In the production of bioethanol from lignocellulosic biomass, the selected raw materials are corn cobs, corn straw, and wheat straw. The allocation of grain and biomass feedstocks (corn cobs, corn straw, wheat straw) is determined by dividing them according to calculated parameters based on the grass grain ratio and price ratio, and the data are shown in Table 1 [15,16].


  R =    Y 2  ×  P 2     Y 1  ×  P 1  +  Y 2  ×  P 2     



(1)




where Y and P are the grass grain ratio and price, respectively.



The cultivation process of wheat and corn involves seeds, fertilizers, and electricity; specific data presented in Table 2, and the data are sourced from the National Bureau of Statistics and the statistical yearbook of Hebei province. The relevant data are from the National Bureau of Statistics and the statistical yearbook of Hebei province. Both the grain and biomass feedstocks are harvested mechanically. The stubble height for the mechanically harvested straw is maintained at 15 cm to ensure that the soil carbon content remains unaffected [18]. The yields of wheat and corn are 7502 kg/ha and 7448 kg/ha, respectively, resulting in yields of wheat straw, corn straw, and corn cobs of 10,052.81 kg/ha, 12,885.21 kg/ha, and 1117.21 kg/ha, respectively [19,20].




2.3.2. Calculation of Transport


The collected biomass feedstocks are dried, packaged, and transported to the bioethanol processing factory as feedstocks [21]. The radius of feedstock collection is defined as [22]


  R =   (  F  π  f a   f b  Y   )   1 / 2    



(2)




where F represents the annual demand for the dry weight of biomass feedstocks; fa is the collection coefficient of the raw material; fb is the cultivation coefficient; Y represents the yield of biomass. Taking corn straw as an example, the dry weight is set at 113,792 Mg/year, the collection coefficient at 0.85, the cultivation coefficient at 0.5, and the biomass yield at 12.89 Mg/(ha·year). This results in a calculated radius of 81.34 km, and a collection radius of 100 km is assumed. The diesel consumption for transporting the corn cobs, corn straw, and wheat straw is 2.21 × 10−2 Mg, 2.42 × 10−2 Mg, and 2.42 × 10−2 Mg, respectively (Table 3).




2.3.3. Transforming Cellulose to Bioethanol


The process of producing bioethanol from biomass consists of five main subprocesses: milling, pretreatment, enzymatic hydrolysis, fermentation, and distillation (Figure 2a) [24]. The production data and technology for bioethanol are derived from a company in Hebei province, China. Table 4 presents the inventory for producing 1 Mg bioethanol.



	(1)

	
Chopping







Biomass feedstocks are conveyed to a crusher via a belt, where they are crushed to a size of 20–50 mm to increase the reaction surface area and reaction efficiency [25]. The crushed material is then transported to the pretreatment process via a screw feeder and belt.



	(2)

	
Pretreatment







Pretreatment is a crucial step in the production of bioethanol. This process utilizes steam explosion (SE) pretreatment, where biomass is subjected to explosive decompression under the conditions of hot steam (180–240 °C) and 1–3.5 MPa [26]. This can cause the rigid structure of biomass fibers to rupture and turn the material into fibrous dispersed solids.



The sudden release of pressure creates shear forces that break chemical bonds between hemicellulose and lignin, as well as hydrogen bonds between hemicellulose and cellulose, further enhancing the conversion efficiency of cellulose in subsequent enzymatic hydrolysis.



H2SO4 solution is added as a liquid catalyst to the saccharification reactor, followed by the introduction of steam. Hemicellulose in the biomass undergoes a saccharification reaction under the catalysis of H2SO4 solution (0.3–3% w/w), producing monosaccharides. After the reaction, the material is depressurized using a spray pot and then passed through a screw conveyor to a dewatering machine for solid–liquid separation, yielding xylose liquid and crude cellulose. The xylose liquid undergoes purification, concentration, and crystallization to achieve its production. The crude cellulose is then diluted with water in the crude cellulose tank and pumped into the enzymatic hydrolysis section.



	(3)

	
Enzymatic Hydrolysis and Fermentation







Enzymatic hydrolysis is a crucial stage in the production of ethanol from biomass materials [27]. Enzymatic hydrolysis is the process of using cellulase produced by microorganisms to hydrolyze cellulose and hemicellulose into fermentable sugars. Enzymes are proteins that can accelerate various biochemical reactions, also known as biocatalysts, and are the prerequisite and core of the entire production process of bioethanol. This process adopts a separate hydrolysis and fermentation (SHF) process, which first converts the pretreated lignocellulose into glucose through enzymatic hydrolysis, and then ferments it in another reactor to convert it into ethanol [28,29]. Its main advantage is that both saccharification and fermentation can be carried out under their respective optimal conditions.



The crude cellulose obtained from the saccharification process is sent to a raw material buffer tank. It is mixed with water to form a pulp with a concentration of 18–23wt% and maintained at a temperature of 48–53 °C. The pH is adjusted to 4.8–5.5 using aqueous ammonia, and a quantified amount of cellulase is added. After continuous feeding and 72 h of enzymatic hydrolysis, the hydrolysate is obtained. The hydrolysate is then sent to a dewatering machine for solid–liquid separation. The liquid phase yields a fermentation sugar solution, and the solid phase yields the by-product lignin. The sugar solution from the enzymatic hydrolysis section, along with yeast and nutrients, is fermented in a fermentation tank at 30–32 °C and pH 4.7–5.1 for 72 h, resulting in an ethanol concentration of 58–68 g/L in the fermented broth.



	(4)

	
Distillation







The mature fermented broth is measured and preheated before entering the degassing tower. In the degassing tower, CO2, low-boiling-point impurities, and wastewater are produced from the fermented broth. CO2 and low-boiling-point impurities are separated by flash evaporation, and wastewater is discharged to the wastewater treatment system from the bottom of the tower. A portion of the crude alcohol is extracted from a side-stream of the degassing tower to the distillation column for further dehydration, while another portion of the crude alcohol vapor phase enters the reboiler of the crude distillation column to provide a heat source. The condensed vapor phase of crude alcohol is collected with the top liquid from the crude distillation column into the crude alcohol tank.



The crude alcohol is preheated in the crude alcohol tank before entering distillation towers A and B for further distillation. At the top of the towers, 95wt% alcohol is obtained, which is then dehydrated in a molecular sieve section to produce pure bioethanol. The distillation process flow diagram is illustrated in Figure 2b.





2.4. Assessment Methods


The assessment of bioethanol focuses on energy usage and environmental impacts, including global warming, acidification, and eutrophication potential.



2.4.1. Energy Impact


The net energy input and output are calculated to assess the net energy indicator, evaluating the energy sustainability of the considered lifecycle of bioethanol production. This study determines the input and output energy based on the requirements for electricity, diesel, steam, and manufacturing, with the output energy being the energy generated by the main product, bioethanol [30]. Table 5 presents the energy input of different materials.



The net energy balance (NEB) is the difference between the total energy inputs and outputs, and net energy ratio (NER) is the ratio of the total energy outputs to net energy inputs. The formulas for the net energy balance (NEB) and net energy ratio (NER) are as follows [18]:


  NEB =  Total  Output  Energy - Total  Input  Energy   



(3)






   NER =     Total   Output   Energy     Total   Input   Energy     



(4)




where the total energy output is the Higher Heating Value of ethanol, which is 29.7 MJ/kg [32].



Equation (5) is used to calculate the total input energy; throughout the whole process, the energy input includes electricity, diesel, and steam. Equation (5) is used to illustrate that the energy input for each stage is the product of matter and its energy intensity.


  E =   ∑ i     ∑ j    E  i j   ⋅ E  I  i j        



(5)




where Eij represents the consumption of the j process in the i life cycle stage, and EIij is the energy intensity of various forms of energy [33]. The total energy input is the sum of the energy consumption from the cultivation of biomass feedstock to the production of bioethanol.




2.4.2. Environment Impact


This study selected environmental impacts such as the global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), photochemical ozone creation potential (POCP), and human toxicity potential (HTP), and assessed these impacts using characterization, normalization, and weighting methods [34]. Characterization uses the equivalent factor method, with the following equation:


   C j  =  x z  ⋅  X j   



(6)




where C represents the characterization result; x is the emission quantity of pollutants per functional unit; X is the equivalent factor (see Table 6); j represents the type of environmental impact; z refers to different substances that belong to the same type of environmental impact.



Through the methods of normalization and weighting, the characterization results of each system become the dimensionless environmental impact potential, enabling horizontal and vertical comparison and the analysis of the environmental impacts generated.



The normalization calculation formula is


   N j  =    C j     S j     



(7)







The weighting calculation formula is


  R =  N j  ×  weight   coefficient   



(8)




where N represents the normalization result; C is the characterization result; S is the reference value; R is the environmental impact index; j represents the type of environmental impact.



The reduction in greenhouse gas (GHG) emissions is calculated based on the equivalent CO2 emissions and compared with the CO2 emissions of 1 MJ of gasoline. The calculation formula is as follows [18]:


  r e d u c t i o n ( % ) =      GHG   emissions    g a s o l i n e   −    GHG   emissions    e t h a n o l        GHG   emissions    g a s o l i n e      



(9)










3. Assessment of Process


3.1. Energy Efficiency


As shown in Figure 3, the energy input for each unit process of bioethanol production is displayed. The energy calculation for each route is derived by summing up the total energy used in raw material cultivation and collection, raw material transportation, and bioethanol production. The energy input for producing bioethanol using corn cobs as a raw material is the smallest (22,797.90 MJ/Mg bioethanol), followed by wheat straw (24,463.94 MJ/Mg bioethanol), and corn straw (25,527.04 MJ/Mg bioethanol), which requires the most energy. This is because the process of producing bioethanol from corn stover requires the most steam, resulting in the input of the most energy.



Among them, the highest energy input occurs in the bioethanol production stage, because electricity and steam are required in the production process to maintain equipment operation and biomass conversion to produce bioethanol.



The energy generated by steam and electricity input in various stages of bioethanol production are compared. The pretreatment stage requires the most energy (accounting for 33.42–38.34% of the production stage), possibly due to the steam explosion of biomass to decompose cellulose, hemicellulose, and lignin. The next highest is the distillation stage (accounting for 32.68–35.40% of the production stage), as the distillation workshop needs a substantial amount of steam for distillation to purify bioethanol.



Table 7 shows that bioethanol produced from corn cobs has the highest net energy and net energy ratio. However, the net energy ratio is lower than that reported in the literature (NER:1.7–4.5), possibly because lignin and hemicellulose residues are converted into xylose and lignin products instead of being burnt to generate surplus electricity [18,37].




3.2. Environment Efficiency


The environmental impacts of bioethanol include the global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), photochemical ozone creation potential (POCP), and human toxicity potential (HTP), with the assessment covering the cultivation and collection of biomass feedstocks, transportation, and production of bioethanol. Environmental impacts during the cultivation process are emissions generated from fertilizers, electricity, and diesel; during transportation, impacts arise from emissions due to diesel consumption; and during the production process, impacts are associated with the input of chemicals, electricity, and emissions involved in the production of bioethanol and high-value by-products.



The GWP has the greatest impact among the three types of environmental impacts. Figure 4a shows the impact of three raw materials on the GWP in the production of bioethanol. Among them, corn cobs as the raw material has the smallest impact on the GWP (1.75 × 10−2), followed by corn straw (1.96 × 10−2), and wheat straw (1.99 × 10−2), which has the greatest impact. The reason for this is that using corn cobs to produce bioethanol requires the least amount of chemicals and diesel input, resulting in lower CO2 and CH4 production. The GWP impact generated during the production stage of bioethanol is the greatest throughout the whole bioethanol process. Due to the indirect emissions of electricity, chemicals, and cellulase during the production process, as well as the direct emissions of CO2 during the production process, the CO2 emissions in bioethanol production increase. These are the main influencing factors that lead to an increased GWP. In the production of bioethanol, the pretreatment stage has the greatest impact (accounting for 34.10–38.84% of the production stage) due to the addition of chemicals and the use of electricity during the pretreatment process.



Figure 4b shows the impact of three raw materials on the production of bioethanol, with corn cobs as the raw material having the least impact on the AP (2.63 × 10−4), followed by corn straw (2.91 × 10−4), and wheat straw (2.98 × 10−4), which has the greatest impact. During this whole process, the production stage of bioethanol has the greatest impact on the AP. In the production of bioethanol, the pretreatment stage has the greatest impact (accounting for 40.92–41.39% of the production stage) due to the addition of chemicals during the pretreatment process.



Figure 4c shows the impact of three types of raw materials on the production of bioethanol, with corn cobs having the smallest impact on the production of bioethanol (1.02 × 10−2), followed by corn straw (1.15 × 10−2), and wheat straw (1.17 × 10−2), which has the greatest impact. During the whole process of bioethanol production, the EP has the greatest impact. In the production of bioethanol, the enzymatic hydrolysis stage has the greatest impact (accounting for 52.13–53.26% of the production stage), which is caused by the addition of cellulase during the enzymatic hydrolysis process [38]. Unlike with the GWP and AP, the proportion of corn cobs in the enzymatic hydrolysis stage of bioethanol production is the highest (53.26%), accounting for 49.00% of the whole process, fitting within the 40–50% range described by Espada et al. [39].



POCP has the smallest impact among the three types of environmental impacts. Figure 4d shows the impact of three types of raw material on the photochemical ozone creation potential (POCP) in the production of bioethanol. The production of bioethanol from corn cobs has the smallest impact on the POCP (3.19 × 10−8), followed by corn straw (3.43 × 10−8), and wheat straw (3.82 × 10−8), which has the greatest impact. During this whole process, the production stage of bioethanol has the greatest impact on POCP. In the production of bioethanol, the environmental impact of corn cob bioethanol production is greatest in the enzymatic hydrolysis stage (the enzymatic hydrolysis stage accounts for 36.13% of the production stage; the pretreatment stage accounts for 35.07% of the production stage); with corn straw, is in the pretreatment stage (pretreatment stage accounts for 35.60% of the production stage, enzymatic hydrolysis stage accounts for 35.29% of the production stage); and with wheat straw, pretreatment and enzymatic hydrolysis are basically the same (accounting for 35.34% of the production stage). This may be due to differences in the content of input chemicals and cellulase, with little difference in the environmental impact between pretreatment and enzymatic hydrolysis.



Figure 4e shows the impact of three types of raw materials on the production of bioethanol, with corn cobs having the smallest impact on the production of bioethanol (1.52 × 10−4), followed by corn straw (1.71 × 10−4), and wheat straw (1.74 × 10−4), which has the greatest impact. During the whole process, the stage of bioethanol production has the greatest impact on human toxicity potential (HTP). In the production of bioethanol, this stage has the greatest impact (accounting for 39.61–40.10% of the production stage) due to the addition of chemicals during the pretreatment process.



Calculations show that producing 1 Mg of bioethanol from corn cobs, corn straw, and wheat straw emits 1267.58 kg, 1418.36 kg, and 1444.30 kg of CO2, respectively. Comparing these emissions to those of gasoline products (94 gCO2/MJ), the greenhouse gas reductions are 54%, 49%, and 48%, respectively, similar to the 57% reduction calculated by Soam and 52–55% by Zhao et al. [14], and meeting the EU’s sustainability standard of an at least 35% reduction [7]. The calculations do not account for the carbon sequestration effect of the by-products (lignin and xylose). If the carbon content fixed by lignin and xylose is deducted, the reduction in greenhouse gases for bioethanol could reach 82%, exceeding the 60% reduction requirement proposed by the U.S. Environmental Protection Agency (EPA). The distribution of greenhouse gas emissions throughout the entire process of bioethanol production is illustrated in Figure 5.




3.3. Sensitivity Analysis and Uncertainty Analysis


The results of the life cycle assessment can be interpreted and improved through sensitivity analysis and uncertainty analysis [40].



The uncertainty in this study’s results is mainly from the uncertainty of the original data [41]. First, data uncertainty exists due to different sources of data acquisition. Data on fertilizers, diesel, electricity, and emissions are secondary data obtained from literature and yearbook reports, and these research data have inherent uncertainties that also exist in this study. Second, this study assumes that 1 MJ of bioethanol can replace 1 MJ of traditional fossil fuel, which may overestimate the carbon reduction amount due to the complexity of market mechanisms and human behavior, making it difficult to achieve a one-to-one replacement rate of bioethanol for gasoline [42]. Third, there are allocation challenges in the calculations; different allocation methods lead to variations in input–output results, thus affecting the accuracy of the results.



In a biorefinery, besides the main product bioethanol, xylose liquid, lignin, and steam are also produced, improving the economic efficiency of the biorefinery. Therefore, allocation is conducted during the production process, and different allocation methods can lead to varying results. The choice of allocation basis is a sensitive issue in life cycle assessment studies [43]. The main allocation methods include substitution, based on different characteristics of products (mass, energy, economic value), and a combined method [44]. Adopting economic allocation can yield more reasonable results. First, the market prices of lignin, xylose liquid, and ethanol were compared, with ethanol accounting for 87% in all cases. Then, a comprehensive economic allocation (market price × quantity) was adopted, with ethanol’s share being 70.5%, 69.52%, and 69.52%, respectively. Table 8 and Table 9 present the calculations of the environmental and energy impacts for ethanol production without allocation and with two different economic allocation methods. From the table, it can be seen that the comprehensive economic allocation method yields better environmental and energy benefits.




3.4. Comparison to the Combined Heat and Power Generation of Lignin


Due to the complex and stable chemical structure of lignin, its conversion into high-value chemicals is a challenging task. Therefore, most lignin is burned in boilers to recover heat and electricity, providing energy for the manufacturing process. Lignin residues can generate electricity and steam through a combined heat and power (CHP) system for the biorefinery’s own needs, with surplus energy (e.g., electricity) sold for economic gain. This also reduces the use of fossil fuels and lessens the environmental impact during the biorefining process [45].



As research on lignin intensifies and lignin conversion technologies improve, lignin can be processed into products for economic benefits. This process converts lignin into high-value products instead of burning it for energy in CHP systems, assuming only the electricity generated by the thermal power system is compared. The heating value of lignin is 22.9 MJ/kg, and the electricity heating value is 3.6 MJ/kWh with a 40% efficiency, requiring 0.11 kWh/kWh of electricity for heat and power equipment, generating 1159.17 kWh, 1407.56 kWh, and 1407.56 kWh of electricity [35,43,46]. The CO2 emissions from lignin combustion are calculated based on its chemical formula (C6H10O5)n with a 44% carbon content, and a C to CO2 ratio of 12/44, considering a lignin (65wt%) production of 1.4 Mg, 1.7 Mg, and 1.7 Mg in the three feedstocks, respectively. The CO2 emissions are calculated based on comprehensive economic allocation shares of 85.48%, 86.22%, and 86.47%.



According to Table 10, the energy efficiency of the lignin CHP system is comparable to using lignin as a product, slightly lower than the NER of 1.6 reported by LIU [47]. In terms of the economic and carbon reduction benefits, using lignin as a product is clearly superior to the CHP system, achieving a higher value utilization of biomass.





4. Conclusions


Through the calculation of the entire lifecycle of bioethanol, using corn cobs as feedstock for bioethanol production yields the best overall benefits, with a net energy balance (NEB) of 6902 MJ/Mg bioethanol and a net energy ratio (NER) of 1.30. The global warming potential (GWP) is 1.75 × 10−2, acidification potential (AP) is 1.02 × 10−2, eutrophication potential (EP) is 2.63 × 10−4, photochemical ozone creation potential (POCP) is 3.19 × 10−8, and human toxicity potential (HTP) is 1.52 × 10−4. The allocation during the calculation process influences the results. Using a comprehensive allocation method to distribute the cellulose and by-products yields the best overall benefits. Taking corn cobs as an example, the NEB is 13,213 MJ/Mg bioethanol, and the NER is 1.80. The GWP is 1.23 × 10−2, AP is 7.19 × 10−3, EP is 1.85 × 10−4, POCP is 2.38 × 10−8, and HTP is 1.10 × 10−4.



Lignin from biomass, as a high-value product, not only has good economic benefits but also better energy and environmental benefits compared to the combined heat and power system, thereby achieving the efficient and sustainable utilization of biomass.



Overall, corn cobs offer the best environmental and energy benefits, but their annual production and utilization are much lower than straw. The environmental and energy benefits of bioethanol produced from corn straw and wheat straw are not significantly different from those of corn cobs. Therefore, straw and corn cobs can be mixed in proportion to achieve high-value utilization and comprehensive benefits. Based on the harvesting time (such as straw harvesting from June to July), a life cycle assessment model was constructed through statistical data. This study has achieved the high-value utilization of straw as agricultural and forestry waste and the green development of the bioethanol industry chain, with broad prospects.
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Figure 1. System boundary diagram. 
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Figure 2. Process flowchart. (a) Ethanol production process flowchart, (b) distillation process flowchart. 
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Figure 3. Energy consumption in the ethanol production process. 
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Figure 4. Environmental impact of each stage. (a) GWP, (b) AP, (c) EP, (d) POCP, (e) HTP. 
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Figure 5. Greenhouse gas emissions in each stages. 
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Table 1. Calculation of distribution ratio.
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	Price

($)
	Grass Grain Ratio
	Ratio





	Corn
	356.32
	
	72.65%



	Corn straw
	70.90
	1.73 *
	25.01%



	Corn cob
	76.46
	0.15 [17]
	2.34%



	Wheat
	347.56
	
	78.21%



	Wheat straw
	70.90
	1.34 *
	21.79%







* from moa.gov.cn (format: 12 July 2023).













 





Table 2. Input list for planting and collecting phase of production of 1 t bioethanol.
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	Raw Materials
	Corn Cob
	Corn Straw
	Wheat Straw





	Nitrogenous fertilizer

(kg)
	8.23
	8.36
	22.61



	Phosphate fertilizer

(kg)
	0.61
	0.62
	0.75



	Potassium fertilizer

(kg)
	0.04
	0.05
	0.05



	Diesel fuel

(kg)
	11.20
	11.38
	13.29



	Electricity

(kWh)
	33.73
	34.26
	47.39



	Insecticide

(kg)
	0.15
	0.15
	0.27



	Herbicide

(kg)
	0.41
	0.41
	0.24










 





Table 3. The amount of diesel required for transporting the raw materials for producing 1 Mg bioethanol [23].
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	Transportation Volume

(Mg)
	Distance

(km)
	Consumption

(L)
	Density

(kg/L)
	Fuel Volume

(Mg)





	Corn cob
	5.24
	100
	0.05
	0.85
	2.21 × 10−2



	Corn straw
	5.69
	100
	0.05
	0.85
	2.42 × 10−2



	Wheat straw
	5.71
	100
	0.05
	0.85
	2.42 × 10−2










 





Table 4. Input and output of bioethanol production.
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	Corn Cob
	Corn Straw
	Wheat Straw





	Input
	
	
	



	Biomass raw materials

(dry basis)

(Mg)
	5.24
	5.69
	5.71



	Sulfuric acid

(Mg)
	0.047
	0.055
	0.053



	Primary steam

(Mg)
	8.33
	8.97
	8.76



	Process water

(Mg)
	29.44
	30.83
	30.92



	Sodium hydroxide

(Mg)
	0.039
	0.045
	0.043



	Cellulase

(Mg)
	0.079
	0.085
	0.085



	Yeast

(Mg)
	0.000340
	0.000350
	0.000345



	Electricity

(kWh)
	1100
	1250
	1250



	Output
	
	
	



	Ethanol

(Mg)
	1.00
	1.00
	1.00



	Lignin (dry basis)

(Mg)
	1.43
	1.71
	1.73



	Xylose solution

(Mg)
	18.81
	19.14
	18.81



	Recycling water vapor

(Mg)
	1.82
	1.74
	1.98



	Wastewater

(Mg)
	19.52
	21.31
	21.38



	CO2

(Mg)
	0.96
	0.96
	0.96










 





Table 5. Energy efficiency for the bioethanol production [18,31].
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	Energy

(MJ/Mg)





	Diesel fuel
	3.86 × 104



	Primary steam
	2.69 × 103



	Electricity

(kWh)
	3.60










 





Table 6. Common substances and characterization factors for impact categories used [35,36].
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	Substance
	GWP

(kg CO2 eq) a
	AP

(kg SO2 eq) b
	EP

(kg PO43− eq) c
	POCP

(kg C2H4 eq) d
	HTP

(kg 1,4-DB eq) e





	CO2
	1
	
	
	
	



	CH4
	25
	
	
	0.007
	



	N2O
	298
	
	0.27
	
	



	CO
	2
	
	
	
	0.012



	NOX
	
	0.7
	0.1
	
	0.78



	SOX
	
	2
	
	
	1.2



	SO2
	
	1
	
	
	



	PO43-
	
	
	1
	
	







eq: equivalent; a: GWP uses CO2 as a reference, with a CO2 coefficient of 1. b: AP uses SO2 as a reference, with a SO2 coefficient of 1. c: EP uses PO43− as a reference, with a PO43− coefficient of 1. d: POCP uses C2H4 as a reference, with a coefficient of 1. e: HTP uses 1,4-DB as a reference.













 





Table 7. Ethanol net energy and net energy ratio.
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	Corn Cob
	Corn Straw
	Wheat Straw





	NEB

(MJ/Mg)
	6902.10
	4172.96
	5236.06



	NER
	1.30
	1.16
	1.21










 





Table 8. Energy benefit comparison.
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Distribution Method:

	
Corn Cob

	
Corn Straw

	
Wheat Straw




	

	
NEB

(MJ/Mg)

	
NER

	
NEB

(MJ/Mg)

	
NER

	
NEB

(MJ/Mg)

	
NER






	
Unallocated

	
6902

	
1.30

	
4172

	
1.16

	
5236

	
1.21




	
Economic distribution

	
11,090

	
1.60

	
8794

	
1.42

	
9824

	
1.49




	
Comprehensive allocation

	
13,213

	
1.80

	
11,497

	
1.63

	
12,199

	
1.70











 





Table 9. Comparison of environmental impact.
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Distribution Method:

	
GWP

	
GHG Reduction

	
AP

	
EP

	
POCP

	
HTP






	
Corn cob

	
Unallocated

	
1.75 × 10−2

	
54%

	
1.02 × 10−2

	
2.63 × 10−4

	
3.19 × 10−8

	
1.52 × 10−4




	
Economic distribution

	
1.53 × 10−2

	
60%

	
8.90 × 10−3

	
2.30 × 10−4

	
2.83 × 10−8

	
1.33 × 10−4




	
Comprehensive allocation

	
1.23 × 10−2

	
66%

	
7.19 × 10−3

	
1.85 × 10−4

	
2.38 × 10−8

	
1.10 × 10−4




	
Corn straw

	
Unallocated

	
1.96 × 10−2

	
49%

	
1.15 × 10−2

	
2.91 × 10−4

	
3.43 × 10−8

	
1.71 × 10−4




	
Economic distribution

	
1.71 × 10−2

	
55%

	
1.00 × 10−2

	
2.54 × 10−4

	
3.16 × 10−8

	
1.50 × 10−4




	
Comprehensive allocation

	
1.36 × 10−2

	
63%

	
8.00 × 10−3

	
2.02 × 10−4

	
2.62 × 10−8

	
1.22 × 10−4




	
Wheat straw

	
Unallocated

	
1.99 × 10−2

	
48%

	
1.17 × 10−2

	
2.98 × 10−4

	
3.82 × 10−8

	
1.74 × 10−4




	
Economic distribution

	
1.74 × 10−2

	
54%

	
1.02 × 10−2

	
2.60 × 10−4

	
3.42 × 10−8

	
1.53 × 10−4




	
Comprehensive allocation

	
1.38 × 10−2

	
62%

	
8.13 × 10−3

	
2.07 × 10−4

	
2.89 × 10−8

	
1.26 × 10−4











 





Table 10. Comparison between lignin products and electricity.
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Lignin Products

	
Electricity




	

	
Corn Cob

	
Corn Straw

	
Wheat Straw

	
Corn Cob

	
Corn Straw

	
Wheat Straw






	
NEB

(MJ/Mg)

	
10,688

	
8797

	
8728

	
10,679

	
8736

	
8820




	
NER

	
1.56

	
1.42

	
1.42

	
1.56

	
1.41

	
1.41




	
GHG reduction

	
66%

	
63%

	
62%

	
29%

	
19%

	
17%




	
Economy

	
1359

	
1624

	
1648

	
811

	
985

	
985
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