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中  文  摘  要

	目前使用的能源大部分是化石燃料，尤其在中国大量消耗以煤为主的化石能源给生态环境造成了严重的破坏。随着化石能源资源的日益枯竭，寻找新的替代能源已成为21世纪最为紧迫的任务。氢是地球上储量最为丰富的元素，氢能因其能流密度高，无污染，转化、利用效率高而且储运性能好等一系列突出优点而被公认为新一代理想的替代能源。利用生物质制氢不仅可以促进可再生能源的大规模开发利用，改善能源结构，减少环境污染，满足人们对清洁能源的需求，而且是近中期最为可行的可再生能源制氢方式。
超临界水气化是最具潜力的生物质能制氢技术之一，它利用水在临界点附近特殊物理化学性质，例如，超临界水较之常态下的水具有低的介电常数、数量少强度弱的氢键，极性也大大降低，很多有机物和气体可以溶解在超临界水中，因此气化反应可以在单相体系中进行，而不像常规的多相气化那样需要克服相间传输阻力，从而大大提高了反应速率。超临界水气化技术可以直接处理高含湿量的生物质，无需高能耗的干燥过程，具有气化率高、气体产物中氢气含量高等特点。生物质超临界水气化制氢技术在最近三十年得到快速发展，但仍然存在很多问题和难点没有解决。本文针对生物质超临界水气化过程中的几个难点和关键问题开展了深入系统的实验和理论研究工作。
在管式反应器系统中当设计和运行条件不合理时，管内流动、传递与反应条件不耦合，反应会不完全，反应器容易出现壁面结渣堵塞。针对反应器结渣堵塞问题，本文开展了专门系统的研究。首先，在小型超临界水连续式管流反应器中对生物质的主要组分木质素以及多种原生生物质的气化特性进行了全面系统的研究，获得不同生物质在超临界水中气化制氢规律，实现了高浓度生物质的完全气化。利用正交实验方法获得了玉米芯在实验条件范围内的最佳反应条件。实验结果表明：温度是气化反应最关键因素，提高温度有利于生物质气化；而在亚临界或超临界状态下压力对气化的影响较小，但提高压力有利于产氢；高浓度生物质比较难气化，浓度越高所对应的完全气化温度越高。例如，在温度为650℃、压力30MPa时，物料为6%锯木屑+3%CMC在反应进行40分钟后，反应器发生堵塞。而温度为750℃、压力25MPa条件下，质量浓度为9%玉米芯+3%CMC的物料仍然能长时间高效稳定气化。另外，在相同反应条件下（650℃、25MPa、物料浓度为4wt%）对不同种类生物质进行气化后发现：不同生物质在超临界水中气化获得了相似的气体组成，其中氢气摩尔分数为40%左右，甲烷摩尔分数约为10%，而生物质中存在的少量K2CO3对气化的催化作用使CO摩尔分数小于1%。通过上述系统的实验研究提出通过以下措施可在一定程度上防止反应器结渣堵塞：(1) 尽可能地提高反应流体温度；(2) 快的加热速率使生物质迅速加热至超临界温度，减少中间产物生成；(3) 合适的催化剂可抑制焦油和焦炭的形成，并可降低反应温度；(4) 大量实验表明管流反应器无法从根本上解决气化反应器结渣堵塞难题，因此需要开发新型反应器，例如流化床反应器，解决气化过程中的结渣难题。
继而，本文大胆设想采用流化床技术来解决反应器结渣堵塞问题，国际上首次创新设计并成功研制一套超临界水流化床生物质气化制氢实验装置。系统设计最高温度和压力分别为650℃、30MPa。通过对超临界水流化床内多相流动力学行为的理论分析获得超临界水流化床反应器的最小流化速度、终端速度、流化形式等参数的设计准则，初步建立了一套超临界水流化床设计方法与理论。该装置的突出特点包括：(1) 采用超临界水流化床反应器，防止管流反应器壁面结渣堵塞问题。(2) 反应器中处于流化状态的床料可强化反应器内的传热传质，同时大大增加生物质物料的反应停留时间，有利于生物质废弃物的气化。(3) 在反应器中，小流量常温的物料与大流量高温流体以及具有蓄热能力的床料混合，可实现生物质完全气化所需的快速升温条件。(4) 利用系统中的高压水吸收反应产物中的二氧化碳，实现氢气制取与提纯的双重功能，同时有利于二氧化碳的集中处理和资源化利用。接着，本文以生物质模型化合物葡萄糖以及原生生物质玉米芯为原料在新研制的超临界流化床反应系统中进行了气化制氢实验研究，并借以对系统性能进行测试。结果发现，气化产物的主要成分为氢气、甲烷、二氧化碳、一氧化碳、少量乙烷和乙烯，在该系统中实现了30wt%的葡萄糖和18wt%玉米芯浆料的长时间稳定气化，实验过程中未发现结渣堵塞现象，这些实验结果验证了利用超临界水流化床反应器代替管流反应器解决堵塞结渣难题的可行性和有效性。同时，对葡萄糖以及玉米芯浆料在超临界水流化床反应器中运行气化规律进行了系统研究，获得相应的气化制氢规律。实验结果表明，过程参数如温度、压力、停留时间、物料浓度等对气化的影响与生物质在管流反应器中气化一致；而氧化剂的加入虽然减小了气体产物中氢气的摩尔分数，但提高了气化率以及总的气体产量。在600℃、25MPa条件下，10wt%的葡萄糖气化过程中随着氧化剂量的加入，氢气产量存在最大值。比较K2CO3，ZnCl2催化剂对葡萄糖气化的影响发现K2CO3对水气变换反应有很强的催化作用，葡萄糖气化过程中K2CO3催化剂的加入大大减少气体产物中的一氧化碳，提高氢气产量。而ZnCl2虽然对气化率的影响不大，但它的加入可提高气体产物中氢气的摩尔分数。
最后，本文对新研制的超临界水流化床气化制氢系统进行全面的热力学分析，包括反应器中化学平衡、高压分离器中气液相平衡以及整个气化系统的能量和火用分析。化学平衡模型是基于吉布斯自由能最小原理，相平衡使用超额吉布斯自由能-状态方程法。通过反应器中化学平衡分析预测了生物质气化过程平衡气体产量、气体组成以及过程操作参数对气化的影响，实验结果与预测结果比较后发现实验过程中气化远离平衡状态，但实验中生物质超临界水气化制氢效果随温度、浓度等参数的变化规律与化学平衡预测一致。通过高压分离器中的气液平衡分析获得了操作参数对分离效果的影响，计算结果表明通过高压水吸收法可实现H2的提纯以及CO2的富集，气液平衡分析为分离器的设计提供了理论指导。同时，本文从理论上对该类型装置及工艺流程的能量效率和火用效率进行了分析，发现导致能量和火用损失的主要因素是系统各环节的传热过程，因此，提高系统各环节换热效率可有效提高系统能量和火用效率。气液平衡、化学平衡以及能量分析等对于超临界水气化制氢过程的设计与运行参数优化来说是非常有用的热力学工具，本文所建立的分析模型和方法可以在未来该技术的放大实验和大规模工业化应用推广中发挥更重要的作用。
本文相关研究成果在国内外期刊和会议上发表与博士学位论文密切相关的研究论文30篇（攻博期间及获博士学位后一年内），其中SCI检索6篇次，EI检索14篇次，公示国家发明专利1项。相关论文被他引178次，其中被Applied Catalysis B-Environ, Int Hydrogen Energy等24种国际期刊SCI他引74次，单篇研究论文发表3年间即被SCI他引30次。研究成果为美、英、日、德、法、西班牙、加、澳、土、韩、印度、瑞士、荷兰等和中国台湾、大陆等数十个主要国家和地区的数十名著名学者正面引用和高度评价。美国MIT的国际著名化工专家Tester教授、美国夏威夷大学的国际知名超临界化工专家Antal教授等人联合撰文（Energy & Environmental Science, 2008, 1, 32–65）对超临界水气化制氢研究进展进行评述，文中引用本人发表的论文（Int J Hydrogen Energy,2006,31: 822-831;Catalysis Today,2007,129:275-286），将本课题组与美国夏威夷大学、德国Forschungszentrum Karlsruh、日本Hiroshima University以及荷兰University of Twente作为生物质超临界水气化制氢研究的代表性单位进行介绍。本文在超临界水流化床气化制氢方面的研究论文被审稿人高度评价 “…For this new gasification technology to progress from the lab to the marketplace, clever engineering work….”, “The authors have done lots of work to demonstrate the utility of the new reactor concept, and this work will pave the way for others …”。本文中超临界水气化制氢热力学分析结果的图表被国际知名超临界化工专家、德国Forschungszentrum Karlsruhe研究所的A. Kruse教授、美国Michigan大学教授，AIChE Journal 杂志副主编Savage以及美国MIT的国际著名化工专家Tester教授在其发表多篇论文中（The Journal of Supercritical Fluids, 2009, 47(3): 391-399.;Biofuels, Bioprod. Bioref. 2008, 2:415–437；The Journal of Supercritical Fluids, 2009, 47: 407-414;Energy & Environmental Science, 2008, 1, 32–65）直接引用作为其论证的基础。最近，加拿大Dalhousie大学机械工程系的Basu教授在其关于生物质超临界水气化的评述论文中（International Journal of Chemical Reactor Engineering, 2009, 7: R3）引用本文研究成果，将本课题组作为国际上进行生物质超临界水气化的代表性单位进行介绍。Basu教授在该论文中共计近50次正面引用本文中关于生物质超临界水气化关于生物质超临界水气化制氢规律与热力学分析研究的结果、理论公式及图表。
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Research on the supercritical water fluidization bed system and hydrogen production characteristics by biomass gasification in supercritical water
Lu Youjun
ABSTRACT
	Most energy sources used in the world is Fossil fuels including coal, nature gas and petroleum. In China, large consumption of coal-based fossil fuels to caused serious damage to the environment. With traditional fossil energy being on the verge of extinction and increasing environmental pollution, the searching for new alternative energy is imminent. Hydrogen is the reserves of the planet's most abundant element, hydrogen energy because of energy flow density, non-polluting, transformation, storage and transportation using high efficiency and good performance and a series of outstanding advantages have been recognized as a new generation of the ideal alternative energy sources. Hydrogen is the most abundant element in the earth and hydrogen has been recognized as an ideal alternative energy sources in the future because hydrogen is high energy density, non-polluting and storable. Hydrogen production from biomass can contribute not only to large-scale development and utilization of renewable energy, improve energy structure and reduce pollution as well as to meet people's demand for clean energy, but also is the most viable hydrogen production methods from renewable energy near the medium-term. 

Biomass gasification in supercritical water (SCW) is a promising technology for H2 production from biomass, which is based on the special physical and chemical properties of water near the critical point. SCW possesses properties very different from those of liquid water. The dielectric constant of SCW is much lower, and the number of hydrogen bonds is much lower and their strength is much weaker. As a result, SCW behaves like many organic solvents so that organic compounds have complete miscibility with SCW. Moreover, gases are also miscible in SCW, thus a SCW reaction environment provides an opportunity to conduct chemistry in a single fluid phase that would otherwise occur in a multiphase system under conventional conditions. Wet biomass can be directly dealt with by gasification in SCW so as to avoid the drying costs. Also, Biomass gasification in SCW has many other advantages, such as high gasification efficiency, high molar fraction of H2, and so on. During the last thirty years, biomass gasification in SCW was made much progress, but a lot of technical difficulties and key problems had to be solved by R&D. In this dissertation, the research work is aimed at solving the difficulties and key problems of biomass gasification in SCW.
In tubular reactor, ash and carbon were easy to be deposited on the reactor wall so that the reactor plugging occurred frequently, which will lead to system shut-downs. Such shut-down presents a severe problem for the energy conversion process. In this dissertation, the reactor plugging was studied systematically in particular. Firstly, the gasification characteristic of lignin and many kinds of real biomass in SCW was studied in the miniature continuous tubular flow system in order to reduce reactor plugging. The laws of different biomass gasification in supercritical water were obtained and the complete gasification of high concentration biomass feedstock was achieved. Also, the optimum parameters of corn cob gasification under experimental conditions were obtained using orthogonal experimental method. The experimental results show that temperature is a key factor and high temperature is in favor of biomass gasification in SCW. Pressure in the range of supercritical state has no significant effect on gasification, but high pressure seems to favor H2 production. Feedstock with high concentration is more difficult to be gasified in SCW and it should be gasified completely at the higher temperature. When feedstock containing 6.19wt% wood sawdust and 3.0wt% CMC was gasified at 650℃ and 30MPa, plugging took place after about 40 minutes, whereas feedstock containing 9wt% corn cob and 3.0wt% CMC was stably gasified at 750℃and 25MPa during long-term operations. Also, results from different biomass gasification show that gas compositions are similar. The molar fraction of H2 is about 40%, the molar fraction of CH4 is about 10%, and that of CO is less than 1% due to the presence of K2CO3 in biomass. Also, the following advices on reducing reactor plugging are proposed by this systematic experimental study:1)as much as possible to improve the  reaction fluid temperature; 2)fast heating rate so that the biomass rapidly heated to supercritical temperature, which will reduce the intermediate generation; 3)an appropriate catalyst can inhibit the formation of tar and coke and it can also reduce the reaction temperature; 4)a large number of experiments show that the tubular reactor can not prevent the reactor plugging from a fundamental solution, so a new reactor, such as the fluidized bed reactor, must be  developed, which solve the plugging problems of the gasification process.
Secondly, the first SCW fluidization bed system for biomass gasification in the world was developed successfully in order to prevent reactor plugging and it was designed for the temperature up to 650℃ and the pressure up to 30MPa. The prediction methods of the parameters including the minimum fluidization velocity, terminal velocity and fluidization regime were obtained by the analysis of dynamic behavior in supercritical water fluidization, and the supercritical water fluidized bed design method and theory was established initially. The main features of the device are as follows: 1) the possibility of avoiding ash and carbon cumulating on the wall surface by a novel fluidization bed reactor; 2) the fluidized state of the reactor is expected to enhance heat and mass transfer, and extend the reaction residence time of biomass feedstock, which is conducive to the gasification of biomass waste; 3)In the reactor, the room temperature feedstock with the small flow rate mixed with high-temperature fluids with the large flow rate as well as the bed material with regenerative capacity of, which can obtain the rapid heating rate required for biomass gasification;4)in the high pressure separator of the system, CO2 can be sepapated from H2 because of solubility difference between the two gases. Then, gasification of model compound and real biomass were systematic studied for a performance testing of the new supercritical fluidization bed system in this dissertation. The product gas is composed of H2, CH4, CO2, CO and small amount of C2H4 and C2H6 was obtained. 30wt% glucose and 18wt% corn cob feedstocks were gasified stably during long-time operations and reactor plugging was not observed. The research results show that the influence of main parameters on biomass gasification in the fluidization bed is similar to that in the tubular reactor. When 10wt% glucose was gasified at 600℃ and 25MPa, the maximal H2 yield was appeared with the increasing amount of oxidant. K2CO3 and ZnCl2 can catalyze glucose gasification. K2CO3 may be in favor of water-gas shift reaction so that the molar fraction of CO decreases rapidly and H2 yield increases. Although gasification efficiency is not improved in evidence with ZnCl2 catalyst addition, the molar fraction of H2 increases.
Lastly, a comprehensive thermodynamic analysis, including chemical equilibrium in the reactor, gas-liquid equilibrium in the high pressure separator, exergy and energy analysis of the whole system, was performed for the new fluidization bed system built in our laboratory in this dissertation. Chemical equilibrium model is based on minimizing Gibbs free energy, and the equation of state-excess Gibbs energy (EOS-GE) method was used in phase equilibrium analysis. The influences of operation parameters on equilibrium gas yields and gas compositions were predicted by chemical equilibrium calculation. Comparison between experimental and calculation results shows that biomass gasification reaction is far from chemical equilibrium. However, the tendency of the effects of the parameters including temperature and concentration on biomass gasification was consistent between the experimental results and chemical equilibrium calculation. Influences of operation parameters in high pressure separator were obtained by phase equilibrium analysis, which would be helpful to the design of the separator. The calculation results show H2 purification as well as CO2 enrichment can be realized by high-pressure water absorption. The results from energy and exergy andlysis of the whole system indicate that energy and exergy losses are mainly from heat transfer, so energy and exergy efficiencies maybe increase by improving heat transfer efficiencies of each unit in the system. Our research provided a thermodynamic tool for improvement of design and operation optimization of biomass gasification system, which may be also applicable to other biomass gasification system in the future. The analytical model and method proposed in this paper can also play a more important role in enlarged experiments and large-scale industrial application of the technology in the future.
About 30 academic research papers in this field were published during the preparations of this dissertation, among which 15 papers were published in international and Chinese journals, in which 6 papers were indexed by SCI and 14 by EI. The published papers in this dissertation were cited 178 times by other researchers in 24 international academic journals including Applied Catalysis B-Environ and Int Hydrogen Energy, and Chinese academic journals as well as dissertations, including 90 times by SCI papers, among which cited 74 times by other researchers from tens of countries including USA, UK, Japan and Germany. One paper was cited 30 times by SCI after being published. In 2008, one article was published in Energy & Environmental Science (2008, 1, 32–65) authored by the famous chemical engineering expert professor Tester from MIT and Prof. Antal from the University of Hawaii, in which the published papers in this dissertation (Int J Hydrogen Energy,2006,31:822-831; Catalysis Today,2007,129:275-286) were cited and the State Key Laboratory of Multiphase Flow in Power Engineering as an typical original study on hydrogen production by supercritical water gasification was introduced together with Hawaii University in the USA, Forschungszentrum Karlsruh in Germany, Hiroshima University in Japan and University of Twente. The studies on supercritical water fluidization bed were highlighted by the reviewer of International Journal of Hydrogen Energy as “…For this new gasification technology to progress from the lab to the marketplace, clever engineering work….”, “The authors have done lots of work to demonstrate the utility of the new reactor concept, and this work will pave the way for others …”. World-famous supercritical chemical engineering expert, professor A. Kruse in Forschungszentrum Karlsruhe, the Association editor of AIChE Journal, professor Savage in Michigan University, and world-famous chemical engineering expert, Tester from MIT cited the figure with regard to thermodynamic analysis result on hydrogen production by supercritical water gasification directly as their argumentation foundation in several papers published (The Journal of Supercritical Fluids,2009,47(3):391-399;Biofuels, Bioprod. Bioref. 2008, 2:415–437; The Journal of Supercritical Fluids, 2009, 47: 407-414; Energy & Environmental Science, 2008, 1, 32–65). Recently, Prof. Basu from Dalhousie University cited the results of this dissertation in his review paper published in International Journal of Chemical Reactor Engineering (2009, 7: R3) and introduced our group as an typical original study on hydrogen production by supercritical water gasification in the world. The results including experiment, formulations, figures and tables were cited about 50 times by Prof. Basu in this paper.
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