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Abstract

:

A lifecycle model was established to explore the efficiency, economy, and greenhouse gas emissions of a non-phase-transition drying pyrolysis and mass conversion technology, based on the principle of lifecycle assessment. The evaluation scope included straw collection and transportation, drying and crushing, biomass pyrolysis, charcoal processing, and waste heat utilization. The results show that the energy output/input ratio for non-phase-transition drying pyrolysis was 20.43, and the energy efficiency was high. The pure profit from treating wet straw was USD 45.32 per ton, the profit margin of sales was 52.11%, and the economic benefit was high. The equivalent emission of CO2 was 34.10 g·MJ−1, demonstrating high environmental benefits. Therefore, non-phase-transition drying pyrolysis and mass conversion technology is a potential biomass utilization technology with energy, economic, and ecological benefits.
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1. Introduction


Since the development of a large number of fossil fuels in the industrial revolution, one of the most serious environmental problems caused by the expansion of human production activities, and living areas brought about by the explosion in the global population, is the global greenhouse effect and the resulting climate change. This is due to the rising concentrations of greenhouse gases in the atmosphere, particularly carbon dioxide, which is expected to double by the end of the 21st century [1,2]. It has become a global consensus that the mitigation of global warming and climate change requires a significant reduction in the concentrations of greenhouse gases (GHGs) in the atmosphere.



With the rapid growth of agricultural and forestry products in China, the treatment and utilization of straw biomass has become a huge challenge. According to statistics, nearly a quarter of the crop straws in China are discarded or burned in the open, resulting in a waste of resources and environmental pollution [3]. Xu et al. [4] estimated the emissions from straw burning in three typical regions in China in 2016. The results showed that the carbon monoxide (CO) and PM2.5 emissions in northeast China were 3.63 × 106 and 6.96 × 105 tons, while those in Chengdu and Chongqing were 9.77 × 105 and 1.36 × 105 tons, and those in Guangdong were 1.24 × 105 and 1.19 × 104 tons, respectively. The burning of straws in the open accounts for 20.80% of the air pollutants in China. In addition, field burning often leads to the loss of soil nutrients [3]. Returning biomass residues directly to the field is a simple treatment for improving cropping systems. However, a questionnaire survey on the impact of straw incorporation on agricultural ecosystems in northern Chinese cities showed that direct straw incorporation may aggravate pest attack and plant diseases, resulting in additional application costs of nearly 46.99–70.48 USD·ha−1·yr−1 (the exchange rate is USD 1 = CNY 6.385) [5]. Therefore, it remains important to find a better way to utilize straw biomass in China’s development process.



In recent years, straw biomass energy development technology has developed rapidly, with a variety of processes, such as biomass power generation [6], the preparation of biodiesel [7], the preparation of biomass fuel [8], biomass biogas [9], biomass hydrogen production [10], and the liquefaction of biomass [11], which has played a positive role in replacing fossil energy, preventing environmental pollution, and realizing economic benefits [12]. The pyrolysis and hydrorefining of gasoline and diesel from biomass is one of the technologies for producing hydrocarbon fuels from biomass, which is considered to be a biomass renewable process with the most development potential [13]. The components of biocrude oil are complex and difficult to directly utilize, so it can only be used after mass conversion or refining, and the hydrorefining of bio-oil is the most common method [14,15,16]. At present, there is non-phase-transition drying pyrolysis and mass conversion technology in China, which can transform waste straw and other biomass into biogas and diesel with high added value and high efficiency. It has great potential for industrialization. Therefore, it is necessary to carry out scientific quantitative evaluation of the economic benefits and energy consumption of this technology, and clarify the impact of product utilization and by-products on the environment [17].



Full lifecycle assessment (LCA) is a comprehensive evaluation method for energy consumption, economy, and environmental impact in the full lifecycles of products. For the evaluation of the biomass utilization, there exists a consensus among scholars around using the LCA method. The International Standard Organization (ISO) has incorporated LCA into the ISO 14000 environmental management system. Among them, the ISO 14040 [18] and 14044 standards [19] unify LCA work at the international level by establishing principles and frameworks, requirements, and guidelines. ISO 14040 [18] divides LCA research into four phases: the definition of the objectives and scope, lifecycle inventory analysis, life impact assessment, and the interpretation of the results. The lifecycle impact assessment (LCIA) analyzes the input and output streams from the product or system under study and categorizes the impacts of these streams into various environmental impact categories. Internationally, there are various LCIA methods, such as CML, EDIP, and RECIPE, and many different tools have been developed to automate this calculation.



The LCA method can be used to analyze the total input, output, and potential environmental impacts of biomass utilization during the whole lifecycle. For example, transportation, production, and other related processes during the lifecycle may pose additional environmental burdens. LCA is an internationally recognized method for assessing the sustainability of biomass fuels [20]. The LCA method has been developed [21,22,23,24] to investigate the effects of different biomass energy utilization systems on the environment. Den Boer et al. [21] calculated the environmental effects of the pruning, residue harvesting, cutting, and transportation of straws to the power plant by using the LCA approach. LCA and techno-economic analysis (TEA) were applied to assess the economic feasibility and environmental benefits of adopting multiple biomass feedstocks for bioenergy products through three different technological pathways (the production of pellets, biomass-based electricity, and pyrolysis bio-oil) [22]. Vienescu et al. [23] also used the LCA method to analyze the processes for producing synthetic fuels from biomass using thermochemical treatments and other upgrade pathways. An environmental, social, and economic analysis of the crop residue utilization in China was performed by Zhang et al. [24], and the environmental lifecycle assessment (E-LCA), lifecycle cost (LCC), and social lifecycle assessment (S-LCA) were all used.



Interpretation of results: in this phase, the LCIA results are analyzed to draw conclusions and to find relevant knowledge sought through the LCA study. A series of tests are required to identify problems and evaluate data. These inspections are required by the ISO to verify that the assessment is transparent and consistent with the objectives and scope and that the data used are accurate and complete. The evaluator also needs to perform additional checks based on the actual situation to ensure the accuracy of the LCA.



Since the birth of LCA in 1950s, it has been gradually applied to the fields of environment, economy, and technology [25]. Compared with that in Western countries, the study of lifecycle theory in China started late and, therefore, is less well-established [26]. In the field of renewable energy, Chinese scholars have carried out lifecycle assessments in different dimensions for technologies such as biogas production [27], fuel ethanol production [28], and aviation kerosene production [29], but a general unified and efficient evaluation framework has not been formed, and it is difficult to conduct a technical comparison between different evaluation results [17,30]. Based on the principle of lifecycle assessment analysis, this paper will evaluate the production cost, energy conversion, and greenhouse gas emission of a non-phase0transition drying pyrolysis and mass conversion technology and put forward a biomass pyrolysis hydrofining gasoline and diesel technology with good energy potential advantages, to provide a reference basis for correctly evaluating the sustainable development of straw biomass conversion technology in China. The purpose of this study was to analyze the economic and energy benefits of a non-phase-transition drying pyrolysis and mass conversion technology for treating waste straw, using the LCA method.




2. Non-Phase-Transition Drying Pyrolysis and Mass Conversion Technology


Non-phase-transition drying pyrolysis and mass conversion technology is one of the technologies for producing hydrocarbon fuels from biomass. It is a process in which biomass is decomposed into coke, bio-oil, and non-condensing vapor at high temperature in the absence of oxygen or hypoxia [31]. Non-phase-transition drying pyrolysis and mass conversion technology can transform low-grade biomass such as straw (the heat value is about 12–15 MJ·kg−1) into a large amount of high-grade bio-oil (the heat value is about 15–18 MJ·kg−1), which is a biomass comprehensive utilization process with great development prospects [32,33]. The process is shown in Figure 1.




3. Lifecycle Assessment Processes


The whole lifecycle assessment of a non-phase-transition drying pyrolysis and mass conversion technology should firstly be established, and the assessment indices within this framework should be defined; the energy, economic, and environmental data to be counted at each stage should be identified, and an assessment list should be made. The energy, economic, and environmental benefits of the whole lifecycle of a non-phase-transition drying pyrolysis and mass conversion should be evaluated by index calculation, and the main influencing factors for energy, economy, and environment of this process should be pointed out. Finally, the comprehensive benefits of the application of a non-phase-transition drying pyrolysis and mass conversion technology for straw biomass should be assessed. The LCA model covers all the stages of the whole lifecycle, including environmental impact indicators such as energy consumption and carbon emissions. The LCA evaluation method avoids the omission of environmental issues between stages and impact types. This work is based on the technological innovation of the non-phase-transition drying pyrolysis and mass conversion technology and waste heat utilization to carry out lifecycle assessment, which is significantly different from the existing LCA methods. Moreover, the LCA method proposed in this work focuses on the technology application process and calculates carbon emissions, which is different from the calculation focus of the existing LCA method.



3.1. Modeling Establishment


In the process of LCA, the system boundary includes all the necessary processes, and all the products need to be described as a system. Therefore, in terms of determining the system boundary, the lifecycle assessment of a non-phase-transition drying pyrolysis and mass conversion technology includes straw collection and transportation, drying and crushing, biomass pyrolysis and pyrolysis-residue reuse, and waste heat utilization. System boundaries define the scope of the LCA and determine the process of study and the energy and matter flows to be considered in the analysis. Based on the information of the system boundary, the processes, input, and output of the system are determined. The lifecycle system boundary diagram for non-phase-transition drying pyrolysis and mass conversion technology is shown in Figure 2.



Due to the complexity of the process system, the following hypotheses are proposed in this paper for the convenience of research and analysis:




	(1)

	
Indirect effects with little impact in the process of production, such as plant construction, equipment manufacturing and recycling, equipment efficiency, labor, and other impacts on the environment were excluded. Since the purpose of this process is to deal with the excess waste straw in agricultural production, crop planting and other processes were not considered.




	(2)

	
The straw collection radius of this system was considered to be 10 km.




	(3)

	
The raw material of this system was wet straw with a moisture content of 35% (mass fraction). After drying, its moisture content decreased to about 10% (mass fraction), making it “dry straw”.




	(4)

	
The heat required for biomass drying and pyrolysis in this system was provided by the re-combustion of non-condensing vapor generated during the pyrolysis process, and the exhaust gas after the combustion of non-condensing vapor was directly discharged into the environment.




	(5)

	
The final product of this process was the flue gas purification material, produced after the pyrolysis of biomass and the reuse of the pyrolysis residue, without considering the subsequent pyrolysis liquid hydrogenation and other technological processes.




	(6)

	
This process was calculated with a 30,000-ton straw/year device with a 10% moisture content (the scale of a single set of devices), and the total scale was 60,000 tons.










3.2. The Assessment Indices


	(1)

	
Net energy and energy output/input ratio: the net energy is the difference between the energy released in the application of the product produced by non-phase-transition drying pyrolysis and mass conversion and the total energy consumed in the lifecycle process for the non-phase-transition drying pyrolysis and mass conversion. The energy output/input ratio is the ratio of the energy released in the application of the product produced by pyrolysis and mass conversion and the total energy consumed in the non-phase-transition drying pyrolysis and mass conversion.








   N E = B E − ∑ H  E i    



(1)






   η =   B E   ∑ H  E i      



(2)





NE is the net energy, MJ·t−1; BE is the heat value of the biomass pyrolysis liquid, MJ·t−1; HEi is the energy consumption of the ith substance during the lifecycle of the biomass pyrolysis and mass conversion, MJ·t−1; η is the energy output/input ratio.



	(2)

	
Full lifecycle cost: the lifecycle cost (LCC) of the biomass pyrolysis and mass conversion system includes labor charges, maintenance costs, production costs, etc.








   L C C = ∑  C j  −  S f      



(3)





The total cost of biomass pyrolysis and mass conversion is LCC; Cj is in the lifecycle process for biomass pyrolysis and mass conversion, the cost of the jth item; Sf refers to the sales revenue of various products after pyrolysis and mass conversion.



	(3)

	
The equivalent emission of the greenhouse gas CO2: the equivalent emission of the greenhouse gas CO2 refers to the emission equivalent of the greenhouse gas after normalized treatment. For greenhouse gases, only CO2, CH4, and N2O are calculated, and the global warming potentials are 1, 23, and 296, respectively [34].








     H F  i  = ∑ (   H E  i  · λ )   



(4)





HFi is the CO2 equivalent emission at step i and, numerically, is the product of the greenhouse gas and the corresponding global warming potential, g·MJ−1; λ is the proportion of the consumption of various types of energy relative to the total energy consumption.




3.3. Inventory Analysis


Lifecycle inventory analysis: The lifecycle inventory (LCI) focuses on the source and quality of inventory data; arranges data for the product, process, or activity to be analyzed; and identifies and quantifies all the energy and material inputs and outputs associated with processes contained within system boundaries. This involves data collection and computation procedures. The inventory data are specific to the system boundaries of the study and are unified in functional units.



Table 1 is the cost table related to non-phase-transition drying pyrolysis and mass conversion technology. Table 2 lists the materials and energy related to non-phase-transition drying pyrolysis and mass conversion technology. Table 3 shows the composition and content of exhaust gas in non-condensing vapor combustion.





4. Results and Analysis


4.1. Energy Input and Output


The energy consumption involved in non-phase-transition drying pyrolysis and mass conversion can be divided into three types, namely, gasoline consumption, electric consumption, and heat consumption, with a total energy consumption of 2304.67 MJ. The distribution of the three types of energy consumption is shown in Figure 3. As can be seen from the figure, straw drying and biomass pyrolysis are the main energy-consuming steps in non-phase-transition drying pyrolysis and mass conversion, accounting for 31.52% and 62.26% of the total energy consumption, respectively. The reason their energy consumption is relatively high is that straw drying and biomass pyrolysis have high demands for heat. Straw collection and transportation energy consumption account for about 2%, all of which is gasoline consumption in the process of automobile transportation. The energy consumption of straw crushing and pyrolysis residue processing accounts for 1.88% and 2.34%, respectively, which all depends on electric energy.



To solve the problem of high energy consumption in straw drying and biomass pyrolysis, the non-phase-transition drying pyrolysis and mass conversion technology burns non-condensing vapor during biomass pyrolysis and uses the heat generated by the combustion to complete the two steps. The remaining energy consumption gap is supplemented by electric heating. In this way, the by-products in the pyrolysis process for biomass are utilized to prevent resource waste, and the power consumption is lowered, reducing the power and process operational costs.



Figure 4 shows the distribution of three kinds of energy consumption involved in the non-phase-transition drying pyrolysis and mass conversion. It can be seen that the energy consumption of thermal energy accounts for about 85.93% of the total energy consumption. Through waste heat energy supply, the entire non-phase-transition drying pyrolysis and mass conversion only needs 324.07 MJ of additional energy, which greatly reduces the energy consumption.



Figure 5 shows the distribution of additional energy consumption for each process step after the exclusion of heat consumption. As can be seen from the figure, the proportions of the energy input for straw collection and transportation, straw drying, straw crushing, biomass pyrolysis, and pyrolysis residue processing are 14.19%, 0%, 13.38%, 55.77%, and 16.66%, respectively. The biomass pyrolysis process is still the top energy consumer because there is still an energy consumption gap after recycling waste heat. Compared with the process of physically drying straw, the biomass pyrolysis process involves a chemical reaction and requires stricter heating conditions. Therefore, electrothermal heating and a waste heat cycle are used for heating.



According to actual measurements, the high heat value (HHV) of the pyrolysis liquid produced by this process ranges from 15 to 18 MJ/kg, and the typical value is 16 MJ/kg. According to calculations, the net energy of a non-phase-transition drying pyrolysis and mass conversion is 6619.93 MJ·t−1, and the energy output/input ratio is 20.43, which means that the output is far greater than the input. The above results indicate that the energy benefit of a non-phase-transition drying pyrolysis and mass conversion process is very high.




4.2. The Economic Costs


Figure 6 shows the cost distribution of a non-phase-transition drying pyrolysis and mass conversion. As can be seen from the figure, the costs are mainly incurred in straw collection, alkali, electric cost, straw transportation, and labor charges, accounting for 45.02%, 20.42%, 11.73%, 9%, and 7.81% of the total cost, respectively. Alkali is mainly used to treat the pyrolysis residue produced during biomass pyrolysis.



As can be seen from Table 2, the total cost of treating 1 ton of wet straw by non-phase-transition drying pyrolysis and mass conversion is about USD 86.98, while the revenue can reach USD 132.30, including USD 75.94 of revenue from the pyrolysis liquid and USD 61.06 from the material carrier for flue gas purification. Therefore, it is necessary to make a high investment in alkali. According to calculations, the net profit is about USD 45.32, and the profit margin is up to 52.11%. It can be seen that the non-phase-transition drying pyrolysis and mass conversion has high economic benefits.




4.3. Emission of Greenhouse Gas


The list of substances and energy involved in the non-phase-transition drying pyrolysis and mass conversion is shown in Table 3. The functional unit is a key element of the LCA and is indispensable for quantifying the environmental impact of the product or system being compared. In order to compare with other research results, the functional unit of this paper was 1 MJ in the analysis process. It can be seen that there are three links related to greenhouse gas emissions: gasoline consumption, electric consumption, and non-condensing vapor combustion. The gas emission information of the gasoline consumption link came from the ECLD 3.0 database [35]. The CO2 equivalent emissions of power consumption are mainly generated by power production, and the data came from the CLCD database [35]. The gas components produced in the non-condensing vapor combustion process are shown in Table 3. The CO2 equivalent emission distribution of the three links is shown in Figure 7. The CO2 equivalent emission of greenhouse gas in non-phase-transition drying pyrolysis and mass conversion is 34.10 g·MJ−1. The CO2 equivalent emission for the non-condensing vapor combustion is the highest, at 26.00 g·MJ−1, and the second highest is that for the electricity consumption, with an emission equivalent of 8.00 g·MJ−1; the CO2 equivalent emissions from gasoline consumption are only 0.10 g·MJ−1.



According to the above analysis, straw is a low-grade biomass energy, and its calorific value fluctuates to a certain extent, resulting in a certain fluctuation in the high calorific value of the pyrolysis liquid, which eventually leads to a certain error in the CO2 equivalent greenhouse gas emission for the non-phase-transition drying pyrolysis and mass conversion process. The errors for CO2 equivalent emissions were calculated for fluctuations in the calorific value of straw of 5%, 10%, 15%, and 20%. As shown in Figure 8, the fluctuation of the CO2 equivalent emissions caused by the fluctuation of the straw calorific value is 28.42–42.62 g·MJ−1, which is generally lower than that for the carbon emissions caused by fuel ethanol, which is 34–56 g·MJ−1, and biodiesel carbon emissions, which is 39–76 g·MJ−1. Therefore, the non-phase-transition drying pyrolysis and mass conversion technology has high environmental benefits in this lifecycle [36].



Figure 9 shows the CO2 equivalent emissions of greenhouse gas in each process. Straw drying and biomass pyrolysis partly or entirely use heat energy generated by non-condensing vapor combustion, so these two steps share the CO2 equivalent emissions generated by non-condensing vapor combustion according to the proportion of heat energy used. It can be seen that the step with the highest greenhouse gas emission is biomass pyrolysis, whose CO2 equivalent emission is 21.66 g·MJ−1; the second highest is straw drying, whose CO2 equivalent emission is 9.54 g·MJ−1.





5. Conclusions


By establishing a lifecycle model for straw biomass, the energy input, economic cost, and greenhouse gas emission during the operation of a non-phase-transition drying pyrolysis and mass conversion technology were quantitatively analyzed, and the following conclusions were drawn:




	(1)

	
The net energy of every 1 ton of wet straw treated by non-phase-transition drying pyrolysis and mass conversion technology is 6619.93 MJ·t−1, and the energy output/input ratio is 20.43, indicating a high-energy benefit. Recycling waste heat accounts for 85.93% of the energy consumption of all kinds, reflecting the green, recyclable, and sustainable development philosophies.




	(2)

	
The total cost of a non-phase-transition drying pyrolysis and mass conversion technology is about USD 86.98/ton of wet straw treated, and the total revenue is USD 132.30, while the net profit is about USD 45.32 and the sales profit margin is up to 52.11%. The economic benefit is very high.




	(3)

	
The CO2 equivalent emissions of greenhouse gas for non-phase-transition drying pyrolysis and mass conversion are 34.10 g·MJ−1, slightly lower than those for other processes. Therefore, this process is a feasible waste biomass regeneration process with high-energy, economic, and environmental benefits.









The limitation of this study is the fact that the model verification was only based on the data of one case study, the process in the case was only analyzed with a device of 30,000 tons of straw/year with a moisture content of 10% (single device scale), and the scale of the process was small. At the same time, this study lacked sensitivity analysis under the combined effect of multiple factors. Follow-up studies will consider including more case parameters in the model and carrying out LCA of the comprehensive utilization of straw.
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Figure 1. Technological process of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 2. Lifecycle assessment system boundary of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 3. Energy consumption distribution of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 4. Distribution of consumption of three kinds of energy for the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 5. Distribution of additional energy consumption for the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 6. Economic cost distribution of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 7. Distribution of CO2 equivalent emission in each link of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Figure 8. Error analysis for CO2 equivalent emissions from the non-phase-transition drying pyrolysis and mass conversion technology based on fluctuations in straw calorific value. 
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Figure 9. Distribution of CO2 equivalent emission in each step of the non-phase-transition drying pyrolysis and mass conversion technology. 
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Table 1. Cost table for the non-phase-transition drying pyrolysis and mass conversion technology.
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	Item
	Cost (USD/a Ton of Wet Straw)





	Entry 1
	data



	Straw collection
	39.15



	Straw transportation
	7.83



	Electric cost
	10.21



	Circulating water
	0.06



	Purified air
	0.05



	Equipment maintenance cost
	1.37



	Labor charges
	6.79



	Equipment depreciation
	2.85



	Alkali
	17.76



	Water
	0.91



	The cost in total
	86.98



	Pyrolysis liquid
	71.24



	Flue gas purification materials
	61.06



	Total revenue
	132.30



	Total profit
	45.32
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Table 2. Partial material and energy inventory of the non-phase-transition drying pyrolysis and mass conversion technology.
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Item

	
Input

	
Output






	
Straw collection and transportation

	
Straw, 1 t

	
Straw, 1 t




	
Gasoline, 1 kg




	
Straw drying

	
Straw, 1 t

	
Dry straw, 0.72 t




	
Thermal energy consumption, 726.51 MJ

	
Vapor, 0.28 t




	
Straw crushing

	
Dry straw, 0.72 t

	
Straw granules, 0.72 t




	
Electric consumption, 43.37 MJ




	
Biomass pyrolysis

	
Straw granules, 0.72 t

	
Pyrolysis liquid, 0.43 t




	
Thermal energy consumption, 1254.10 MJ

	
Non-condensing vapor, 0.14 t




	
Electricity consumption, 180.72 MJ

	
Pyrolysis residue, 0.14 t




	
Non-condensing vapor combustion

	
Non-condensing vapor, 144.58 kg

	
Exhaust gas, 1068.68 kg




	
Air, 924.10 kg

	
Thermal energy, 1980.72 MJ




	
Pyrolysis residue processing

	
Pyrolysis residue, 0.14 t

	
Flue gas purification material carrier, 0.09 t




	
Alkali, 0.07 t

	




	
Water, 0.72 t

	




	
Electric consumption, 53.98 MJ

	
Waste lye, 0.79 t




	
Total

	
Straw, 1 t

	




	
Gasoline, 1 kg

	
Pyrolysis liquid, 0.43 t




	
Electric consumption, 278.07 MJ

	
Exhaust gas, 1068.68 kg




	
Air, 924.10 kg

	
Flue gas purification material carrier, 0.09 t




	
Alkali, 0.07 t

	
Waste lye, 0.79 t




	
Water, 0.72 t
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Table 3. Composition and content of exhaust gas in non-condensing steam combustion.
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	Component
	Content (Nm3·h−1)





	CO2
	178.89



	H2O
	238.66



	Air
	650.99
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