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-  前    言 -

本成果集是第二届全国碳中和博士生论坛在现场活动以外打造的持续性学术交流平台，

旨在展现海内外青年学子的风采，促进更深入的经验交流和思想碰撞，为青年学子了解碳中

和领域的跨学科动态提供便利的工具。成果集共收录了论坛的128个录取作品，包括46个口

头报告（占录取口头报告总数的48%）和82个海报展示（占录取海报总数的75%）。这些

作品相映成辉，彰显了碳中和领域的广泛性、多元性和交叉性的学科特色。

为了更加忠实地反映作品中涌现的新主题、新趋势，本成果集对作品的主题类别做了调

整，由论坛原有的6个分会场主题扩充到了11个主题：

（1）保持了“新型能源体系与储能”、“低零碳交通”、“低零碳建筑”、“低零碳

工业”、“碳汇与碳捕集、封存和利用”等5个原有的分会场主题；

（2）拆分了原有的“碳中和政策、经济与管理”分会场主题，形成了“碳中和系统规

划与碳测算”、“碳中和与数字经济”、“碳金融与碳资产管理”等3个新主题；

（3）增设了“低零碳农业”、“低零碳城市”、“低碳生活方式”等3个新主题。

例如，“低零碳城市”主题凸显了跨学科特色。天津大学的杨宇灏、同济大学的蒲静等

人、辽宁工程技术大学的胡晓曼分别研究了城市交通碳达峰、城市轨道交通碳排放、城市低

碳物流优化等问题，新加坡国立大学的王高远等人关注城市的水碳协同治理，北京林业大学

的Geng Lili等关注城市规划与碳汇问题。这些作品促使我们更加关注和认识身处的城市。

“低碳生活方式”主题则展现了终端用户侧的人群行为改变情况，这在碳中和的供给侧

宏大叙事中常常被忽视。田淑英等人、刘江华等人分别研究了环境规制中的公众参与、家庭

消费低碳转型等问题，陈东辉等人还关注了农村居民的住宅低碳化改造需求。人口生活方式

的变化可能为我国的碳中和事业提供需求侧的重要推手。

原有的主题也呈现出了多元化的特点。例如，“新型能源体系与储能”主题覆盖了上游

化石能源行业、新能源、输配电系统、电价改革、制氢和储运等各类话题。“低零碳交通”

主题涉及了电动车电池回收、机场和航线碳减排等新兴话题。“碳汇与碳捕集、利用和封存”

主题则吸引了化工、材料、林业、地质、经管等更多学科的参与。“碳金融与碳资产管理”

主题围绕碳关税、绿证等碳金融工具，展现了政府和企业各自的处境和取舍。

祝大家好运！

说明：本成果集为内部交流资料，非正式出版刊物。成果集纳入PPT、摘要和海报等作
品

（以下简称为“作品”）均征得了作品作者的同意，版权归作品的作者所有。如作品涉
及

任何侵权，由作品的作者承担一切相关责任。未经作品的作者授权，禁止复制使用作品。

在此，诚挚地感谢所有作品作者为本届论坛和成果集做出的重要贡献！碳中和是一个快

速增长的新兴交叉学科领域，为年轻人闯出一片天地创造了历史性的机遇。今天我们的开放

分享，将成就彼此的未来。希望本成果集见证一代创新领军人物的成长。祝大家好运！



 

 

 

This collection is a sustained academic exchange platform created by the second National Carbon 
Neutrality Forum for Doctoral Students in addition to its on-site activities. It is aimed at showcasing young 
scholars at home and abroad, promoting deeper exchanges and inspiration, and providing convenient tools for 
young scholars to grasp multidisciplinary dynamics of carbon neutrality. The final collection includes a total of 
128 admitted works from the Forum, including 46 oral presentations (48% of the total admitted oral 
presentations) and 82 poster presentations (75% of the total admitted posters). These works highlight the 
broad, diverse, and interdisciplinary nature of carbon neutrality. 

In order to capture the emerging themes and trends in the works, this collection has adjusted the thematic 
categories, expanding from the original 6 subforum themes to 11 themes: 

(1) maintaining the 5 original subforum themes, including "New Energy System and Energy Storage”, 
"Low- and Zero- Carbon Transportation”, "Low- and Zero- Carbon Buildings”, "Low- and Zero- Carbon Industry", 
and "Carbon Sink and Carbon Capture, Storage, and Utilization”; 

(2) Splitting the original subforum theme "Carbon Neutrality Policy, Economics and Management” to 3 
new themes: "Carbon Neutrality System Planning and Carbon Measurement”, "Carbon Neutrality and Digital 
Economy”, and "Carbon Finance and Carbon Asset Management”; 

(3) Adding 3 new themes, including "Low- and Zero- Carbon Agriculture”, "Low- and Zero- Carbon City”, 
and "Low-Carbon Lifestyle”. 

For example, the theme of "Low- and Zero- Carbon City” highlights interdisciplinarity. YANG Yuhao from 
Tianjin University, PU Jing et al. from Tongji University, and HU Xiaoman from Liaoning University of Engineering 
and Technology respectively studied issues such as carbon peaking in urban transportation, carbon emissions 
from urban rail transit, and optimization of low-carbon urban logistics. WANG Gaoyuan et al. from National 
University of Singapore focused on coordinated water and carbon governance in cities, while GENG Lili et al. 
from Beijing Forestry University are concerned about urban planning and carbon sequestration. These works 
encourage us to observe and learn more about the cities we live in. 

The theme of "Low-Carbon Lifestyle” illustrates changing behaviors of end-users, which is often neglected 
in the grand narrative of supply-side carbon neutrality. TIAN Shuying et al. and LIU Jianghua et al. respectively 
studied public participation in environmental regulation and low-carbon transformation of household 
consumption. CHEN Donghui paid attention to low-carbon transformation needs of rural residents' housing. 
The changes in population lifestyle may provide an important impetus for China's carbon neutrality cause. 

The original themes also demonstrate vibrant diversity. For example, the theme of "New Energy System 
and Energy Storage” covers such topics as upstream fossil fuel industries, renewables, electric transmission 
and distribution systems, electricity price reform, and hydrogen production, storage and transportation. The 
theme of "Low- and Zero- Carbon Transportation” addresses emerging topics as battery recycling of electric 
vehicles, airport and airway carbon emissions reduction. The theme of "Carbon Sinks and Carbon Capture, 
Utilization and Storage” has attracted participation of more disciplines such as chemical engineering, materials, 
forestry, geology, and management. The theme of "Carbon Finance and Carbon Asset Management” presents 
decision-making and behaviors of governments and enterprises facing carbon finance tools such as border 
tariffs and green certificates. 

We sincerely thank all authors for their important contributions to the Forum and the Collection! Carbon 
neutrality is a rapidly growing interdisciplinary field and it creates historic opportunities for young scholars to 
break new ground. Our open sharing today will contribute to each of our future. Hope this Collection will 
witness the growth of a generation of innovative leaders. Good luck, everyone! 
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I. 新型能源体系与储能 New Energy System and Energy Storage 

1. DING Luoyi. Tandem design of functional separators for Li metal batteries with long-term stability and high-

rate capability [p2] 

2. TENG Fei,ZHANG Qi,CHEN Siyuan,et al. Techno-economic assessment and fuel-cycle assessment of 

hydrogen fuel based on high-precision technology foresight [p3] 

3. WANG Xiugui,LU Zhongming,LI Tianxin,et al. Carbon-neutral power system transition pathways for coal-

dominant and renewable resource-abundant regions: Inner Mongolia as a case study [p4] 

4. ZHANG Yining. How do uncertain renewable energy induced risks evolve in a two-stage deregulated wholesale 

power market [p5] 

5. WU Guoqing. 碳中和背景下我国煤炭行业现状分析及优化研究 [p6] 

6. DU Jian,ZHENG Jianqin,LIANG Yongtu,et al. A knowledge-enhanced graph-based temporal-spatial network 

for natural gas consumption prediction [p7] 

7. GUO Pengyu,LIU Xiaoyan,ZHANG Peng,et al. Popcorn-like ZnCdS-based nanospheres with hierarchical 

tandem heterojunctions synergy for efficient photocatalytic performance [p8] 

8. JIANG Yuncai,LEI Shuangying. A S-scheme boron phosphide/MoS2 heterostructure with excellent light 

conversion ability for solar cells and water splitting photocatalysts [p9] 

9. KANG Wenjing,FENG Yi,LI Zhe,et al. Engineering dense stacking faults in silver nanoparticles for boosting 

the oxygen reduction reaction [p10] 

10. LI Xinghao,YU Chin-Hsien,ZHAO Jinsong,et al. Electricity productivity loss due to coal-electricity price 

decoupling: Evidence from Chinese thermal power industry [p11] 

11. LIU Sixiang,ZHANG Gaixia,SUN Shuhui,et al. Nitrogen-coordinated cobalt atoms as highly active and durable 

ORR/OER catalysts for rechargeable Zn-air batteries [p12] 

12. SUN Shujie,XUE Yingshan,YANG Dongxiao,et al. Bismuth pyrochlores with varying FeCo ratio for efficient 

multi-functional catalysis structure evolution versus photo- and electro-catalytic activities [p13] 

13. WU Qian,LU Yingying. Phase regulation enabling dense polymer based composite electrolytes for solid-state 

lithium metal batteries [p14] 

14. XIN Yu,ZHANG Wanlin,CHEN Fujie,et al. A biomass–solar hybrid gasification system by solar 

thermochemical and PV–PEM electrolysis for sustainable fuel production [p15] 

15. YANG Hao,HU Han,WU Mingbo. Analyzing 3D-printed periodic structure by machine learning and its 

applications in high-mass loading energy storage electrodes [p16] 

16. ZHAO Jiayang,WU Yuhao. Trace Ru atoms implanted into a Ni/Fe-based oxalate solid solution-like with high-

indexed facets for energy-saving overall seawater electrolysis assisted by hydrazine [p17] 

17. 焦婕,张奇,王歌,等. 基于全产业链技术进步预见的中国绿氢供应网络布局优化研究 [p18] 

18. 孔福林,刘禹锌,童莉葛,等. 通过配置优化和电力管理实现可再生能源-储能发电系统稳定并网 [p19] 

19. 刘禹锌,孔福林,童莉葛,等. 具有废热回收与介质再利用功能的新型液氮储能空分 [p20] 

20. 王洋,李振山. 基于第一性原理的铁基载氧体还原动力学研究 [p21] 

21. 张伟琦,王艳敏,宋凯,等. 直流配电网储能逆变器负载侧电压-功率自适应均衡控制系统设计 [p22] 

22. 赵晨旭,张磊. 含储能配电网对光伏最大消纳能力分析技术研究与应用 [p23] 

-  目   录  Content -

I



II. 低零碳交通 Low- and Zero- Carbon Transportation 

23. GAO Zhihui,ZHANG Qi,LIU Boyu,et al. The driving factors and mitigation strategy of CO2 emissions from 

China’s passenger vehicle sector towards carbon neutrality [p25] 

24. HAN Ruiling,RAN Xinyue. Configuration of airspace corridors in China’s civil airspace and analysis of carbon 

emissions [p26] 

25. LI Yaqin. Path planning of intelligent logistics vehicles for fresh materials in the context of carbon neutrality 

[p28] 

26. MA Tian,ZHANG Qi,LIU Boyu,et al. A critical review on recycling potential and risk analysis of critical metals 

for traction batteries [p29] 

27. WANG Xiaoyu,ZHU Jianzhong,HAN Minfang. The development status of the fuel cell for the shipping industry 

and the prospect of the solid oxide fuel cell for the maritime application [p30] 

28. ZHANG Hongru,LIU Huan. Actions and policies of airport carbon reduction in economically developed 

countries [p32] 

29. ZHAO Ruibo. New energy vehicle charging facility industry and technology forecast in China [p33] 

30. CHEN Quanwei,LAI Xin,CHEN Junjie,et al. Comparison assessment of carbon footprint and environmental 

impacts of power lithium-ion batteries for electric vehicles [p34] 

31. ZHANG Tongtong. Synergistic control cost-benefit analysis of pollution reduction and carbon mitigation in 

China’s transportation sector under the dual carbon targets [p35] 

32. 杨宇灏. 中国省际交通碳排放特征及其类型化低碳规划策略探索 [p36] 

 

III. 低零碳建筑 Low- and Zero- Carbon Building 

33. TU Shao-tsu,ZHUANG Weimin. Research on life-cycle carbon emission characteristics and reduction strategies 

of polar architecture: a case study of Antarctic stations [p38] 

34. YANG Yang,GAO Feng. Research on low-carbon building design from the perspective of building operation 

[p40] 

35. ZHAO Bolun,YU Yang,XU Yitong,et al. Bamboo as a sustainable construction material for residential buildings 

in the cold and severe cold regions of China [p42] 

36. ZHOU Xin,WU Xiaohan,TENG Yue,et al. An intelligent platform for carbon emission monitoring in modular 

integrated construction projects [p46] 

37. GU Xierong,CHEN Zhonghao,SUN Yao. Carbon emission analysis of two novel slab systems in China through 

life cycle assessment and BIM technology [p47] 

38. LIU Xiaoyan,GUO Pengyu,ZHANG Borong,et al. A novel ternary inorganic–organic hybrid flame retardant 

containing biomass and MOFs for high-performance rigid polyurethane foam [p48] 

 

IV. 低零碳工业 Low- and Zero- Carbon Industry 

39. JIANG Yuheng,TANG Zhiyong. Selective photooxidation of methane to formaldehyde via TiO2 crystal phase 

engineering in flow reactor at room temperature [p50] 

40. XU Mao,WEN Zongguo. Technical path design of polygeneration system based on iron and steel industry: A 

multi-objective optimization approach [p52] 
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41. ZHANG Xiaodi,ZHANG Guojie. Effects of defective structure originating from N incorporation-evaporation 

of Co-based biomass carbon catalysts on methane dry reforming [p53] 

42. HAO Lei,ZHAO Xinrui,ZHANG Chengcheng,et al. Hydrothermally synthesized smectite as a thickener with 

favorable rheological and tribological properties over a wide temperature range [p57] 

43. WANG Xinzi. Heterogeneity and influence factors of carbon productivity: evidence from Chinese 

manufacturing enterprises [p58] 

44. XU Xiaonan. Digitization and traceability of comfort performance and environmental footprints of textiles [p59] 

45. ZHANG Yiwen,SHANG Ruochen,GAO Chuchen. The impact of chipmakers building factories on the 

development of new energy power——the case of German industry [p60] 

46. ZHANG Zhicheng,GUO Yanyu,FENG Guorui,et al. A novel economic benefit calculation modeling applying 

to coal mining [p61] 

47. ZHANG Yu,HAN Bo,LI Xincheng,et al. Insight into the regulation effect of steam dilution on oxygen-enriched 

ammonia combustion characteristics [p62] 

48. 白孟龙,赵义军,张林瑶. Seggiani 渣层流动模型中熔渣粘度的处理方式 [p63] 

49. 龚梦琪,阮褡鹏. 外商直接投资、GVC 演进模式与中国制造业生态不平等交换 [p64] 

50. 胡剑波,麦骏南. 碳减排责任与贸易竞争力何以兼得？——来自工业隐含碳配额的中观证据 [p65] 

51. 钟再锡,张琦,籍杨梅. 高炉富氢喷吹方式的理论分析 [p66] 

 

V. 低零碳城市 Low- and Zero- Carbon City 

52. GENG Lili,ZHANG Yuanyuan,HUI Huixian,et al. Response of urban ecosystem carbon storage to land 

use/cover change and its vulnerability based on major function-oriented zone planning [p68] 

53. HU Xiaoman. Urban low-carbon logistics distribution route optimization based on improved genetic algorithm 

[p69] 

54. LI Gaomei,WANG Siyao. The relevance between residential block forms and building carbon emissions under 

the guidance of a carbon neutrality goal: a case study of Wuhan, China [p70] 

55. PU Jing,CAI Chen,GUO Ru,et al. Carbon emissions of urban rail transit in Chinese cities: a comprehensive 

analysis [p71] 

56. WANG Gaoyuan,LI Muhan,LI Yangli. The correlation between water-carbon and urban spatial form in built-up 

areas: evidence from Shenzhen [p72] 

57. YANG Yuhao. Can the transportation sector in Beijing reach its carbon peak? A multi-scenario analysis based 

on the extended STIRPAT model [p73] 

58. ZHANG Hongru,LIU Han,WANG Qianli. Study on low-carbon and industrial development of Lake Taihu 

tourist resort in Suzhou [p77] 

 

VI. 低零碳农业 Low- and Zero- Carbon Agriculture 

59. CAO Qilin,SONG Junnian,LIU Chaoshuo,et al. Evolving water, energy and carbon footprints in China's food 

supply chain [p79] 

60. DING Ning,WANG Guirong,XIA Yong. Study on spatial and temporal characteristics of agricultural carbon 

emissions,carbon peaking prediction and decoupling efforts in western region [p80] 

61. YIN Yanshu,YIN Changbin,DOGOT Thomas. Integrating production, ecology and livelihood confers a 

sustainable farmland system under wheat-maize cropping [p81] 
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62. ZHOU Jie,CHEN Haipeng,CHEN Yue. Research on the temporal and spatial characteristics and evolution trend 

of green development efficiency of China 's grain industry [p82] 

63. 雷锦锋. 我国农业实现碳中和的法制保障研究 [p83] 

64. 罗崇佳,陈敏鹏. 利用碳交易推动农业减排的理论与路径分析：国际经验及其对中国的启示 [p84] 

 

VII. 低碳生活方式 Low- and Zero- Carbon Lifestyle 

65. 陈东辉,徐涛,乔丹. 数字素养、低碳知识与农村居民住宅低碳化改造需求 [p86] 

66. 刘江华,谢梦圆,王雯琳. 家庭收入对居民家庭食物浪费碳足迹的影响研究——来自中国营养与健康调查

的证据 [p87] 

67. 田淑英,李雨涵,孙磊. 公众参与型环境规制与家庭消费低碳转型—基于中国家庭追踪调查的经验证据
[p88] 

 

VIII. 碳中和系统规划与碳测算 Carbon Neutrality System Planning and Carbon Measurement 

68. FAN Ye,LIN Li,ZHANG Ziqi,et al. Evolution of distribution networks for China’s “mega” renewable energy 
centers [p90] 

69. HAO Wen,WU Meili. Analysis of algal blooms and study of microalgae harvesting and carbon emissions in 

eastern China's water blooms [p92] 

70. HE Mingjie. Based on PLUS modeling analyzing impacts and predicting rural carbon emissions from land use 

type changes [p95] 

71. HOU Xiaopeng,ZU Binghui,CAO Yue. Visual analysis of "double carbon" theme research in key high energy 

consumption industries based on knowledge graph [p97] 

72. SHEN Jianxiang,YAO Liming. Incorporating health co-benefits into province-driven climate: a case of banning 

new internal combustion engine vehicle sales in China [p98] 

73. TAN Shilin. Optimization and management of urban water supply systems for carbon neutrality: a perspective 

on the water-energy-carbon nexus [p99] 

74. ZHAO Chenxu,LIU Yuling,YAN Zixuan. Effects of land use change on carbon emission and its driving factors 

in Shaanxi province from 2000 to 2020 [p100] 

75. DENG Gang. Research on the spatiotemporal evolution characteristics and driving factors of energy use 

efficiency from the perspective of the green economy [p101] 

76. HUANG Shan,LU Xu,YI Haoming. Research on Smart shrinkage strategies of country-level cities in Liaoning 

province under low-carbon orientation [p102] 

77. LIN Dan. Analyzing and forecasting the demand and carbon emission of China’s energy system based on the 

LEAP model [p103] 

78. LIU Min,CHEN Yinrong. Progress and hotspots of research on land-use carbon emissions: a global perspective 

[p104] 

79. LIU Zhaochun. "Mask" does not survive, why low carbon: waste mask treatment status and application program 

investigation - Qingdao waste mask treatment as an example [p105] 

80. NING Xuanwei,HU Longying,ZHOU Mengting. Decarbonisation research characteristics. hotspots and 

prosects - a systematic review based on scientometric analysis [p106] 

81. WEN Linsheng,CAI Guo,LIN Yuying,et al. Response of ecosystem service value to landscape pattern changes 

under low carbon scenario: a case study of Fujian coastal areas [p107] 
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82. ZHANG Rentao,CONG Jianhui. Towards Carbon Neutrality how can China’s resource-based regions mitigate 

carbon emissions and control pollution [p108] 

83. 曹小楠. 环境规制下的产业转型正导致污染转移——资源型城市与非资源型城市对比研究 [p109] 

84. 韩洪芳,曾雪婷. 低碳城市试点政策对企业就业规模及结构的影响——兼论数字赋能的驱动作用[p110] 

85. 柳梦琳,吴江涛,郎智凯,等. 碳中和目标下的长期能源-环境-经济规划：中国区域能源转型路径与二氧化

碳减排战略研究 [p111] 

86. 任云燕,王志强. 碳中和愿景下中国能源政策文本量化研究—基于“结构—工具—效力”三维框架 [p112] 

87. 张冬洋,王晋立. 中国式环境分权与企业漂绿行为 [p113] 

 

IX. 碳中和与数字经济 Carbon Neutrality and Digital Economy 

88. HOU Na,ZHAO Wanzheng,SU Ni,et al. The digital economy, industrial structure upgrading, and carbon 

emission intensity - empirical evidence from China's provinces [p115] 

89. LI Hangda. The Impact of digital currency on green consumption: a DSGE model approach [p116] 

90. LIU Nengyu,LIU Yue,GAO Chang. Impact of digital technology innovation on carbon emission reduction and 

energy rebound: evidence from the Chinese firm level [p117] 

91. MIAO Jichao,ZHAI Ningning. The Impact of digital technology innovation on urban carbon emissions [p118] 

92. 闫海洲,曾维琴. 数字技术具有绿色生产率效应吗？——基于上市公司的实证检验 [p119] 

 

X. 碳金融与碳资产管理 Carbon Finance and Carbon Asset Management 

93. DING Chenxin,SUN Hui. Capital drives “stickiness”, intertemporal transfer of embodied carbon, and dynamic 
consumption carbon footprint [p121] 

94. LUO Xiaojuan,LV Li. Research on multidimensional relationship network and carbon emission reduction effect 

of manufacturing enterprises--based on the mediating and moderating role of autonomous innovation [p122] 

95. ZHANG Lanxin. Empirical study on the impact assessment of the EU carbon border adjustment mechanism on 

product export costs [p123] 

96. 胡剑波,陈行.绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应 [p124] 

97. 王姗.林业碳汇信贷融资现实困境、制约因素与模式创新 [p125] 

98. WANG Hanting,BU Guoqin. Combined carbon tax and carbon trading polices are effective or not ——

laboratory evidence from a study based on the current status of carbon pricing policies in China [p126] 
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Selective Photooxidation of Methane to Formaldehyde via TiO2 Crystal 
Phase Engineering in flow reactor at room temperature
JIANG Yu-heng1,2, TANG Zhi-yong1

(1. Chinese Academy of Science (CAS) Key Laboratory of Nanosystem and Hierarchy Fabrication, CAS Center for Excellence in 
Nanoscience, National Center for Nanoscience and Technology, Beijing 100190, P. R. China; 2. Center for Nanoscale Science and 
Technology, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, P. R. China) 

Abstract
Background, Aims and Scope. As the main component of natural gas, CH4 is an abundant but potent greenhouse 
gas whose impact on global warming is 25 times greater than that of CO2. To innovate the conventional strategy 
of burning CH4 into CO2 in oil fields, the direct conversion of CH4 into value-added liquid commodity holds great 
promise to efficiently utilize fossil feedstocks and reduce greenhouse gas emission. Formaldehyde is is widely 
used as feedstocks in over 50 industrial processes. Actually, 40% of industrial methanol nowadays is employed 
to synthesize formaldehyde. Photocatalytic conversion of methane to formaldehyde under mild conditions, which 
represents a long-sought-after goal for industrial sustainable production, remains extremely challenging to afford 
high production and selectivity using cheap catalysts.
Methods. Herein, we present the crystal phase engineering of commercially available anatase TiO2 via simple 
thermal annealing to obtain the TiO2 phase junction nanomaterials. Based on the fact that the pipeline transporta-New Energy System and Energy Storage
tion pressure of natural gas is up to 200 bar, high-pressure reaction mode is conducive to making full use of the 
original energy. Moreover, a high-pressure atmosphere increases the solubility of methane in water, which could 
boost the efficiency of methane conversion. Thus, all the photocatalytic methane oxidation experiments have been 
carried out in a pressured reactor at room temperature. We also notice that beyond the catalyst construction, the 
adopted reactor is equally important. At present, all works about the photocatalytic methane conversion have been 
carried out in a batch reactor, which is merely suitable for small-scale catalyst screening rather than continuous 
production. Herein, a new type of “pause-flowing” reactor is manufactured for scale-up production of formalde-
hyde.
Results and Discussion. Biphase catalyst of anatase (90%) and rutile (10%) TiO2 with the optimal phase interface 
concentration exhibits the exceptional performance in the oxidation of methane to formaldehyde under the reaction 
condition of water solvent, oxygen atmosphere and full-spectrum light irradiation. An unprecedented production 
of 24.27 mmol gcat

-1 with an excellent selectivity of 97.4% towards formaldehyde is acquired at room temperature 
after a 3 h reaction. Both experimental results and theoretical calculation disclose that the crystal phase engineer-
ing of TiO2 lengthens the lifetime of photogenerated carriers and favors the formation of intermediate methanol 
species, thus maximizing the efficiency and selectivity in aerobic oxidation of methane to formaldehyde. More im-
portantly, the feasibility of scale-up production of formaldehyde is demonstrated by inventing the “pause-flowing” 
reactor. 
Conclusion. In this work, we realize the efficient, selective, continuous and stable production of formaldehyde 
via photocatalytic methane oxidation under mild condition. This work offers a paradigm to approach the industrial 
photocatalytic transformation of low carbon feedstocks including but not limited to methane via rational design of 
both catalysts and reactors.

Key words: Methane; TiO2; Photo; Mild condition
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[2] Jiang, Y. H.; Zhao, W. S.; Li, S. Y.; Wang, S. K.; Fan, Y. Y.; Wang, F.; Qiu, X. Y.; Zhu, Y. F.; Zhang, Y.; Long, 
C.; Tang, Z. Y., Elevating Photooxidation of Methane to Formaldehyde via TiO2 Crystal Phase Engineering. J Am 

1



28

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students

国际分会场 范烨 清华大学

Climate Club for Climate Regions: A Way to Motivate Chinese Sub-Nation-
al Enthusiasm?

Luoyi Ding (Shanghai Jiao Tong University)
Ye Fan1, Xin Zhang2, Ming Fang3, Yongda Yu4

(1 School of Public Policy and Management, Tsinghua University, China, 100086, E-mail: fanyecup@foxmail.com 2 
School of Public Health, University of Michigan, Ann Arbor, United States,48109, E-mail: xinzi@umich.edu 3 School 
of Economics and Management, China University of Petroleum (Beijing) Beijing, China, 102249, E-mail: sliverfrank@
foxmail.com  4 School of Public Policy and Management, Tsinghua University, China, 100086, E-mail: yuyongda@
mail.tsinghua.edu.cn）

Abstract
China has achieved tremendous advancements in the research and application of climate change, but the utiliza-
tion of market mechanisms, such as climate club, to move climate governance to the sub-national level is still in 
its infancy. This paper examines the climate club as a policy tool in China to control climate change and its hetero-
geneous impact on different climate regions. The model indicates that when club members take responsibility for 
carbon reduction and impose sanctions on non-participants, high-level mitigation equilibriums can be established. 
We also extend the model by considering regional health vulnerability and historical carbon emissions. Addi-
tionally, to portray possible scenarios, we display the climate club participation rates of various climate regions. 
Findings show that accounting for health vulnerability shows a significant model total welfare enhancement both 
in environmental and economic utility; suggesting that climate governance on the climate regions should include 
health vulnerability as a guiding factor for decision-making, potentially leading to decisions that cause less envi-
ronmental damages. 

Keywords: climate club; free riding; climate change; Climate region; hybrid-cooperative game model
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Tandem Design of Functional Separators for Li Metal Batteries with 
Long-Term Stability and High-Rate Capability

The lithium (Li) dendrites growth seriously hinders the progress of increasing the long-term-cycling 
of lithium metal batteries (LMBs). Numerous reports have been proposed to restrict the formation 
of Li dendrites by employing separator modification to improve the Li-ion transference number (tLi

+). 
However, ignoring the positive contribution of anions to solid electrolyte interface (SEI) will result 
in meager inorganic components, which casts a shadow over the development of the practical imple-
mentation of LMBs. Herein, we constructed a “tandem” separator, which could build an excellent 
SEI structure rich in Li-Sb alloy (Li3Sb) and LiF in situ. Li3Sb can significantly reduce the migration 
energy barrier of Li-ion (Li+) in SEI and facilitate Li+ transport. Therefore, the full cells with LiNi0.

8Co0.1Mn0.1O2 or LiFePO4 cathodes show excellent cycle stability and superior rate performance.
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Response of Urban Ecosystem Carbon Storage to Land Use/
Cover Change and Its Vulnerability Based on Major Func-
tion-Oriented Zone Planning
Lili Geng, Yuanyuan Zhang *, Huixian Hui, Yuhan Wang and Yongji Xue *

School of Economics & Management, Beijing Forestry University, Beijing 100107, China;
lilygeng@bjfu.edu.cn (L.G.); hhxbjfu@bjfu.edu.cn (H.H.); wyh1014@bjfu.edu.cn (Y.W.)
*Correspondence: zhangyy_1998@bjfu.edu.cn (Y.Z.); xyjbjfu@bjfu.edu.cn (Y.X.); Tel.: +86-010-6233-8447 (Y.X.)

Abstract: Vigorous emphasis has been placed on optimizing land spatial planning to protect carbon storage and enhance ecosystem 
resilience. What is the effectiveness of the Major Function-Oriented Zone (MFOZ) planning implemented to achieve this goal in 
China? Especially in urbanized areas where there are more pronounced conflicts between humans and land. Taking the Beijing-Tian-
jin-Hebei (BTH) urban agglomeration as the target area, this study explored the response of carbon storage to land use/cover change 
(LUCC) and its vulnerability to ecological service functions under MFOZ planning. The 30 m × 30 m spatially resolved Landsat 
TM/ETM remote sensing images from 2000 to 2020 were used. The data preprocessing was performed mainly through radiometric 
calibration, clipping, and reclassification through the ArcGIS 10.7 software. Applying the InVEST model, which uses the LUCC 
map and carbon storage density of the four carbon pools, including above-ground carbon density, below-ground carbon density, dead 
organic carbon density, and soil organic carbon density, to evaluate the carbon storage under the current landscape or in the future, 
the results show that: (1) The BTH ecosystem experienced a carbon storage reduction of about 7.25 × 107 Mg from 2000 to 2020 due 
to the expansion of construction land, which crowded out cropland. Carbon storage in the BTH showed a high concentration in the 
“northeast-southwest” direction and a tiny distribution in the “middle-east” direction. (2) From 2015, the initial effects of the MFOZ 
planning were seen, with the ecological land in the Central Core Zone and Eastern Coastal Development Zone decreasing while the 
proportion of high-carbon storage areas in the Eastern Coastal Development Zone increasing. (3) Over the two decades, the land use 
intensity index improved by 4.65 overall, and vulnerability worsened from 2000 to 2015 and was alleviated from 2015 to 2020. This 
study will provide a scientific reference for optimizing urban spatial land use planning and promoting carbon sequestration in ecosys-
tems.

Keywords: land use/cover change; carbon storage; InVEST model; Major Function-Oriented Zone Planning; vulnerability; Moran’s 
I index

Techno-Economic Assessment and Fuel-Cycle Assessment of Hydrogen Fuel Based on 
High-Precision Technology Foresight  
Fei Teng1,2, Qi Zhang1,3, Siyuan Chen4, Lu Wang1, Jie Jiao1, JiangFeng Liu1

(1.School of Economics and Management, China University of petroleum, Beijing, 102299;2. National Science 
Library Chinese Academy of Sciences, Beijing, 100190; 3. Tianshan Research Institute, Xinjiang, 834000;4. Eco-
nomics and Management, North China Electric Power University, Beijing, 100096)

Abstract: To comprehensively understand the potential role of Hydrogen Fuel Cell Vehicles (HFCVs) in achiev-
ing the carbon neutrality objectives of China’s transportation sector, this study employed the GREET model to 
analyze the entire life cycle of hydrogen fuel from 2020 to 2060. By integrating various aspects such as hydrogen 
production, storage, transportation, and refueling, 21 different fuel pathways were constructed to evaluate their 
environmental and economic impacts, which are crucial for developing effective emission reduction policies. The 
findings indicate that, in the current phase, while renewable energy-based electrolytic hydrogen production signifi-
cantly reduces air pollutants and carbon emissions, conventional hydrogen production methods using natural gas, 
coke oven gas, and coal exhibit superior economic performance. However, with the emergence of technological 
learning effects, a downward trend in pollution emissions and costs associated with hydrogen fuel is anticipated. 
Notably, offshore wind and biomass gasification hydrogen production play a critical role in reducing greenhouse 
gas emissions, and the economic feasibility of photovoltaic electrolytic hydrogen production is increasingly evi-
dent.
Keywords: High-precision; Technology foresight; Hydrogen fuel; LCA; Environmental impact; Economic evalu-
ation
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Carbon-neutral Power System Transition Pathways for Coal-Dominant and 
Renewable Resource-abundant Regions: Inner Mongolia as a Case Study
Xiugui Wang1,2, Zhongming Lu3, Tianxin Li1,2*, Peng Zhang4

(1. School of Energy and Environmental Engineering, University of Science and Technology Beijing, Bei-
jing,100083, China; 2. Beijing Key Laboratory of Resource-oriented Treatment of Industrial Pollutants, Bei-
jing,100083, China; 3. Division of Environment and Sustainability, The Hong Kong University of Science and 
Technology, Clear Water Bay, Kowloon, Hong Kong, 999077, China; 4. State Environmental Protection Key 
Laboratory of Quality Control in Environmental Monitoring, China National Environmental Monitoring Centre, 
Beijing, 100012, China)

Abstract
Background, Aims and Scope. Under the vision of carbon neutrality, reaching carbon peaking and neutrality tar-
gets in the power industry in coal-dominated, renewable energy-rich provinces is facing unprecedented develop-
ment pressure.
Methods. This study used the optimization model to research the deeper decarburisation path with the lowest cost 
to the Inner Mongolian power industry. Then, three scenarios were set based on the gradual increase of carbon 
emission constraints and the increased renewable energy target. The electricity demand, installed capacity and 
generation, cost-effectiveness, and carbon emissions were evaluated under the three scenarios.
Results and Discussion. Results showed that (1) electricity demand will grow steadily in all three scenarios by 
2060, to achieve carbon peak and carbon neutrality targets, with industrial electricity demand falling by an aver-
age of 41.15%, while the ‘transport, storage & postal’ needs to rise by 88.82%. (2) Inner Mongolia needs to fully 
tap the renewable energy potential, establish a renewable energy storage system, diversify its power supply mode, 
and achieve the 2060 carbon neutrality target. (3) Achieving a profound emission reduction at minimum cost is 
feasible. Compared with keeping 13.01% of coal power as a flexible power supply in the nationally determined 
contributions scenario, completely withdrawing coal power in the carbon neutrality scenario in 2060 will reduce 
carbon emissions by 148.10 million metric tons and costs by 1375.92 billion yuan.
Conclusion. This method can analyse the carbon emission pathways and emission reduction measures of the 
resource-based provincial power sector, including setting boundaries, scenario analysis, forecasting future emis-
sions, analysing results, and providing policy recommendations. Providing relevant countermeasures for govern-
ment departments, industry organisations, power companies, and individuals to conduct carbon neutrality-related 
work.
Key words: Carbon neutrality; Power system; Renewable energy; Optimization model; Scenario analysis.

Chem Soc 2022, 144 (35), 15977.
[3] Jiang, Y.; Li, S.; Wang, S.; Zhang, Y.; Long, C.; Xie, J.; Fan, X.; Zhao, W.; Xu, P.; Fan, Y.; Cui, C.; Tang, Z., 
Enabling Specific Photocatalytic Methane Oxidation by Controlling Free Radical Type. J Am Chem Soc 2023, 145 
(4), 2698.
[4] Jiang, Y.; Fan, Y.; Li, S.; Tang, Z., Photocatalytic Methane Conversion: Insight into the Mechanism of C(sp3)–
H Bond Activation. CCS Chemistry 2023, 5 (1), 30.

Fig 1 Selective Photooxidation of Methane to Formaldehyde via TiO2 Crystal Phase Engineering in flow reactor at room tem-
perature.
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碳中和政策、经济与管理 赵晨旭 西安理工大学

Effects of land use change on carbon emission and its driving factors in Shaanxi 
Province from 2000 to 2020
Chenxu Zhao1, Yuling Liu1,1∗, Zixuan Yan1,2

Yining Zhang (Nanjing University of Aeronotics and Astronotics) (1 State Key Laboratory of Eco-Hydraulics in Northwest Arid Region of China, Xi’an University of Technology, Xi’an, Shaanxi 
710048, China
2 State Key Laboratory of National Forestry Administration on Ecological Hydrology and Disaster Prevention in Arid Regions, Xi’an 
University of Technology, Xi’an, Shaanxi 710048, China)
*Corresponding author. Yuling Liu, Xi’an University of Technology, No.5, South Jinhua Road, Xi’an, Shaanxi 710048, China.
Email address: lyl29992359@163.com.

Abstract: Exploring the process of carbon emissions under the “carbon peaking and carbon neutrality goals” 
can contribute to sustainable economic development. This research takes Shaanxi Province as an example. We 
elaborated the spatial and temporal characteristics of land use change from 2000 to 2020, and adopted the carbon 
emission model method to calculate land use carbon emissions, also used urban morphological indicators to reveal 
the main factors of carbon emission changes. The results show that from 2000 to 2020, the land use change in 
Shaanxi Province is mainly reflected in the increase of construction land area and the decrease of agricultural land 
area. Among them, the construction land area increased by 2192km2, and the agricultural land area decreased by 
5006km2. Land use carbon emissions increased by 1.28×1011 kg during this period. Construction land is a major 
contributor to carbon emissions. The forestland is the main carbon sink. Carbon emissions showed a spatial pattern 
of “high in the north, low in the south, and concentrated in the middle”. Urban form change is the driving factor 
affecting land use carbon emissions in Shaanxi Province. The results of the research contribute to the understand-
ing of regional carbon emission mechanisms and provide a scientific basis for reducing carbon emissions.
Keywords: Land use carbon emissions; Spatial-temporal pattern; Driving factors; Urban form; Shaanxi Province

1　∗ Corresponding authors. Xi’an University of Technology, Xi’an, Shaanxi 710048, China. Tel.: 
+86 29 82312658; fax: +86 29 82312658.
E-mail addresses: lyl29992359@163.com.
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How do uncertain renewable energy induced risks evolve in a two-
stage deregulated wholesale power market

Integrating renewable power into power market transactions is significant in terms of achieving carbon peak-
ing and carbon neutrality. However, the integration of intermittent renewable energy source (RES) introduc-
es instability into power generation and brings certain risks to deregulated power market transactions. This s-
tudy aims to identify the risks arising from RES power integration and analyze how these risks transmit an-
d evolve in deregulated power markets. A Cournot game model is constructed to analyze the generation d-
ecisions of a thermal power generation company (GENCO) and a wind power GENCO in a two-stage pow-
er market. According to the results, in the mid-to-long-term power market, an increase in the uncertainty 
of wind power generation (WPG) would reduce wind power supply and increase the clearing price. Then, in
 the spot power market, the increased uncertainty related to WPG might reduce the amount of wind power tr-
aded, increase the marginal generation cost of the thermal power GENCO, raise the clearing price, and reduc-
e the market demand for power. Finally, the uncertainty related to WPG would result in a decreasing market 
penetration rate of wind power and the loss of social welfare in two-stage power market transactions.
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Effects of defective structure originating from N incorporation-evaporation 
of Co-based biomass carbon catalysts on methane dry reforming
ZHANG Xiaodi1, ZHANG Guojie1

(1. State Key Laboratory of Clean and Efficient Coal Utilization, College of Chemical Engineering and Technology, Taiyuan Univer-
sity of Technology, Taiyuan, 030024, Shanxi, P. R. China) 

Abstract
Background, Aims and Scope. The development of inexpensive, readily available, and highly sinter and coke 
resistant catalysts for methane dry reforming (DRM) is indeed an important and urgent requirement. Utilization 
of defective structures to limit the aggregation of reactive metals. Meanwhile, the unpaired electrons of defective 
structures not only enhanced the basicity of the support to promote the adsorption and activation of CO2, but also 
improved the electronic environment of the anchored metals sites. The active metal exerts its catalytic effect on 
the support, so the nature of the support determines the catalytic performance of the catalyst to a certain extent. 
Carbon materials serve as excellent metal catalyst supports due to several advantageous properties, including low 
cost, wide availability, and good electrical conductivity. In addition, the used catalyst can be recycled by recover-
ing the active metal through simple calcination, realizing the recycling of metal. Based on this, in this study, novel 
methane dry reforming catalysts with defect structure-limited domains were prepared by introducing defective 
structures in biomass carbon materials through the introduction-evaporation of N atoms, and further loading Co 
with biomass carbon materials rich in defect structures as supports. Thanks to the defective structure, the prepared 
metal-based defect-rich biomass carbon catalysts exhibited excellent catalytic activity and stability.
Methods. Herein, defect-rich biomass carbon materials are obtained in a simple way. Under the combined effect of 
high temperature and defect inducers, the evaporation of N atoms introduced to the carbon skeleton and intrinsic 
N atoms in the biomass leads in the production of defective structures. The amount of defect inducer (KOH) add-
ed during the preparation process was varied to obtain a series of biomass carbon materials with different numbers 
of defective structures. Further, defect-confined Co catalysts (Y-NC(Z)-20Co) for DRM were reasonably designed 
and developed using defective biomass carbon as support. As a comparison, BC(X)-20Co was prepared without 
the introduction of external nitrogen atoms in the preparation process. Here, X, Z represent different amounts of 
KOH.
Results and Discussion. The defective structures were introduced in biomass carbon materials by the incorpora-
tion-evaporation process of external N atoms. The defective structure enhanced the utilization of Co in the metal 
precursor and limited the growth of Co particles while effectively prevented the aggregation of Co particles during 
the DRM reaction. CO2-TPD showed that the increase in the number of defective sites could enhance the basicity 
of the carbon materials, which promoted the adsorption and activation of CO2. Reactive oxygen species generated 
by the CO2 activation process effectively inhibited the coke development. According to the XPS results, the defec-
tive structure affects the chemical environment of Co, which is manifested by the increased electron cloud density 
around Co. This boosted the activation of CH4. Due to these two aspects, Co-based defect-rich biomass carbon 
catalysts exhibited an outstanding catalytic performance in DRM reaction. In the 24 h long-term stability evalu-
ation, the CH4 and CO2 conversions of Y-NC(3)-20Co remained stable at 75% and 86%, respectively. Compared 
with other metal-carbon material catalysts, the catalysts in this study showed good competitiveness.
Conclusion. Biomass material was used as carbon precursor and melamine was used as an external nitrogen 
source. Defect structures were successfully introduced in the biomass carbon material by incorporating the intro-
duction-evaporation of external N atoms. Novel dry reforming catalysts with small particle size and high dispers-
ibility were prepared by using defect-rich biomass carbon material as a support and further loading active metal 
Co. The synthesized defect structures act as active centers for activating gas molecules and as “traps” for an-
choring active metals. At the same time, the defective structures also enhance the exposure of catalytically active 
species (Co2+) on the catalyst surface. Thanks to the synergistic effect of defect structures, the prepared Co-based/
defect-rich biomass carbon material catalysts exhibited excellent catalytic performance. This study provides a new 
strategy for the construction of metal-based carbon material catalysts with multiple active catalytic centers.
Key words: DRM reaction; Biomass carbon materials; Nitrogen; Defective structures, Co-based catalysts
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碳中和背景下我国煤炭行业现状分析及优化研究

Abstract: This paper aims to deeply explore the current situation of China’s coal industry in the context of carbon 
neutrality, and propose optimization research suggestions such as strengthening research on carbon capture and 
storage technology, promoting the development of clean coal technology, developing coal alternative energy, pro-
moting structural adjustment of the coal industry, innovating coal resource management models, etc., in order to 
achieve sustainable development and environmental protection goals of the coal industry. As the world’s largest 
coal producer and consumer, China’s coal industry is crucial in addressing carbon emissions and environmental 
pollution issues. With the increasingly prominent issue of global climate change, China has clearly proposed the 
goal of carbon neutrality, which brings significant challenges and opportunities to the development of the coal in-
dustry.

Guoqing Wu (Liaoning Technical University)
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低零碳交通 高志辉 中国石油大学（北京）

The driving factors and mitigation strategy of CO2 emissions from China’s 
passenger vehicle sector towards carbon neutrality
Zhihui Gao1,2, Qi Zhang 1,2,3 *, Boyu Liu1,2, Jiangfeng Liu1,2, Ruiyan Ni1,2, Kexin Yang1,2

（1 School of Economics and Management, China University of Petroleum (Beijing), Beijing 102249, China;
2 School of Business Administration, China University of Petroleum-Beijing at Karamay, Xinjiang 834000, China;
3. Tianshan Research Institute, Xinjiang, 834000, China;）

Abstract
Background, Aims and Scope. Passenger vehicles have significant environmental concerns due to CO2 emissions 
from well to wheel process. In 2019, road transport accounted for 86.8% of the total emissions in the transport sec-
tor. The present study aimed to identify the key emission driving factors and propose carbon abatement strategy. 
Methods. An integrated analytical framework is developed, consisted of the vehicle fleet-based fuel cycle carbon 
emissions accounting model, Logarithmic Mean Divisia Index method (LMDI) and scenario-based prediction 
method.
Results and Discussion. i) The annual CO2 emissions of passenger vehicles, which increases from 228.4 Mt in 
2012 to 461.6 Mt in 2020, was primarily driven by the income per capita and passenger vehicle ownership effect. 
ii)The vehicle fuel intensity and market structure contributed 41.6 and 1.8 Mt respectively on CO2 emission reduc-
tion, and the emission coefficient effect has more significant impacts on emission reduction in new energy vehicles 
(NEVs). iii) By optimizing the market structure, 3425.8 Mt CO2 emissions could be mitigated, yielding the lowest 
aggregate emissions among all emission reduction strategies. iv) The battery technology progress will continue to 
contribute in carbon reduction till 2045. The effectiveness of the emission coefficient reduction strategy has been 
strengthened after 2045 and will bring the lowest annual carbon emissions of 26.0Mt/year by 2060.
Conclusion. The development paths of different emission reduction strategies are different, it is essential to pro-
vide corresponding policy support at different stages of passenger vehicle development. During phases of rapid 
growth in the number of passenger vehicles, policies should focus on promoting technological innovation and im-
proving fuel efficiency. As NEVs dominate the market, and the marginal benefits of technological innovation begin 
to weaken, policies should provide more support for the use of clean energy and further optimization of transpor-
tation structures.
Key words: Passenger vehicles; LMDI model; Carbon accounting model; Driving factor analysis; Emission re-
duction strategies
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The driving factors and mitigation strategy of CO2 emissions from China’s 
passenger vehicle sector towards carbon neutrality
Zhihui Gao1,2, Qi Zhang 1,2,3 *, Boyu Liu1,2, Jiangfeng Liu1,2, Ruiyan Ni1,2, Kexin Yang1,2

（1 School of Economics and Management, China University of Petroleum (Beijing), Beijing 102249, China;
2 School of Business Administration, China University of Petroleum-Beijing at Karamay, Xinjiang 834000, China;
3. Tianshan Research Institute, Xinjiang, 834000, China;）

Abstract
Background, Aims and Scope. Passenger vehicles have significant environmental concerns due to CO2 emissions 
from well to wheel process. In 2019, road transport accounted for 86.8% of the total emissions in the transport sec-
tor. The present study aimed to identify the key emission driving factors and propose carbon abatement strategy. 
Methods. An integrated analytical framework is developed, consisted of the vehicle fleet-based fuel cycle carbon 
emissions accounting model, Logarithmic Mean Divisia Index method (LMDI) and scenario-based prediction 
method.
Results and Discussion. i) The annual CO2 emissions of passenger vehicles, which increases from 228.4 Mt in 
2012 to 461.6 Mt in 2020, was primarily driven by the income per capita and passenger vehicle ownership effect. 
ii)The vehicle fuel intensity and market structure contributed 41.6 and 1.8 Mt respectively on CO2 emission reduc-
tion, and the emission coefficient effect has more significant impacts on emission reduction in new energy vehicles 
(NEVs). iii) By optimizing the market structure, 3425.8 Mt CO2 emissions could be mitigated, yielding the lowest 
aggregate emissions among all emission reduction strategies. iv) The battery technology progress will continue to 
contribute in carbon reduction till 2045. The effectiveness of the emission coefficient reduction strategy has been 
strengthened after 2045 and will bring the lowest annual carbon emissions of 26.0Mt/year by 2060.
Conclusion. The development paths of different emission reduction strategies are different, it is essential to pro-
vide corresponding policy support at different stages of passenger vehicle development. During phases of rapid 
growth in the number of passenger vehicles, policies should focus on promoting technological innovation and im-
proving fuel efficiency. As NEVs dominate the market, and the marginal benefits of technological innovation begin 
to weaken, policies should provide more support for the use of clean energy and further optimization of transpor-
tation structures.
Key words: Passenger vehicles; LMDI model; Carbon accounting model; Driving factor analysis; Emission re-
duction strategies
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低零碳交通 Low- and Zero- Carbon Transportation

Configuration of Airspace Corridors in China’s Civil Airspace and Analysis 
of Carbon Emissions
Ruiling Han1,2,3, Xinyue Ran1 
(1. School of Geographical Sciences, Hebei Normal University, Shijiazhaung, 050024, China; 
2. Hebei Key Laboratory of Environmental Change and Ecological Construction, 050024, China; 
3. Hebei Technology Innovation Center for Remote Sensing Identification of Environmental Change, 050024, China)

Abstract
Background, Given the inclusivity of airspace corridors with respect to routes and aircraft, the delineation of 
airspace corridors can be employed to identify nationally significant air channels based on route traffic. By inves-
tigating the carbon emissions associated with airspace corridors, this research not only contributes to refining the 
study of aviation carbon emissions from the perspectives of route traffic and route length but also facilitates an 
effective assessment of the impact of carbon emissions within airspace corridors.
Aims and Scope, This paper explores carbon emissions in airspace corridors and flight routes, departing from the 
traditional focus on point and area-based studies of aviation carbon emissions. It offers a dynamic and compre-
hensive portrayal of the linear developmental trends of aviation carbon emissions on a macroscopic scale. Firstly, 
utilizing surveyed route data, similar airborne routes were clustered, and clusters with their central lines were 
extracted. Subsequently, airspace corridors were delineated based on these central lines. Secondly, an additional 
flight distance threshold was set, and route participants were selected to identify high-traffic airspace channels 
within China. The existing route network structure was analyzed accordingly. Thirdly, carbon emissions for each 
corridor were calculated, considering factors such as flight volume, aircraft type, and aircraft cruise time, to assess 
the specific spatial impact and its extent on carbon emissions.
Methods, K-means clustering method, airspace corridor delineation method, aircraft carbon emissions calculation 
method, super-efficiency SBM model based on non-desired outputs
Results and Discussion, Seven airspace corridors were defined, primarily situated in the central and eastern re-
gions of China, presenting a distinctive “diamond-shaped three-dimensional structure” anchored by the four major 
airport clusters in China. These corridors exhibited variations in operational scale. The Harbin–Haikou corridor 
boasted the highest participation and flight volume, whereas the Chongqing–Zhuhai corridor had the fewest par-
ticipants and the smallest flight volume. Collectively, these seven airspace corridors emitted a total of 619,431 
tons of carbon. Notably, the Harbin–Haikou corridor registered the highest carbon emissions, while the Chongq-
ing–Zhuhai corridor recorded the lowest. This paper surpasses the typical confines of aviation carbon emission 
research centered on airports. It actively investigates the linear dimensions of aviation carbon emissions, moving 
beyond the traditional emphasis on point-based studies. The paper delves into the challenges related to linear car-
bon emissions in aviation.
Conclusion, (1) Seven airspace corridors were identified, primarily situated in the central and eastern regions of 
China, forming a “diamond-shaped three-dimensional structure” with the four major airport clusters in China serv-
ing as its vertices. The core city network structure plays a pivotal role in shaping the development of the aviation 
network structure.
(2) Over the study period, the cumulative carbon emissions for the seven airspace corridors totaled 619,431 tons. 
Corridor carbon emissions and emission efficiency exhibited a positive correlation with their operational scale.
(3) Factors such as aircraft type, cruise time, and flight distance significantly impact both carbon emissions and 
emission efficiency within the airspace corridors.
Key words
Route Clustering, Air Corridor, Network Features, Aviation Carbon Emissions

26



37

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students The 2 n
d  Carbon Neutrality Forum for Doctoral Students

Fig1 Air Corridor Location

Fig 2 Air Corridor Carbon Emission Efficiency

低零碳交通 冉心月 河北师范大学

Configuration of Airspace Corridors in China’s Civil Airspace and Analysis 
of Carbon Emissions
Ruiling Han1,2,3, Xinyue Ran1 
(1. School of Geographical Sciences, Hebei Normal University, Shijiazhaung, 050024, China; 
2. Hebei Key Laboratory of Environmental Change and Ecological Construction, 050024, China; 
3. Hebei Technology Innovation Center for Remote Sensing Identification of Environmental Change, 050024, China)

Abstract
Background, Given the inclusivity of airspace corridors with respect to routes and aircraft, the delineation of 
airspace corridors can be employed to identify nationally significant air channels based on route traffic. By inves-
tigating the carbon emissions associated with airspace corridors, this research not only contributes to refining the 
study of aviation carbon emissions from the perspectives of route traffic and route length but also facilitates an 
effective assessment of the impact of carbon emissions within airspace corridors.
Aims and Scope, This paper explores carbon emissions in airspace corridors and flight routes, departing from the 
traditional focus on point and area-based studies of aviation carbon emissions. It offers a dynamic and compre-
hensive portrayal of the linear developmental trends of aviation carbon emissions on a macroscopic scale. Firstly, 
utilizing surveyed route data, similar airborne routes were clustered, and clusters with their central lines were 
extracted. Subsequently, airspace corridors were delineated based on these central lines. Secondly, an additional 
flight distance threshold was set, and route participants were selected to identify high-traffic airspace channels 
within China. The existing route network structure was analyzed accordingly. Thirdly, carbon emissions for each 
corridor were calculated, considering factors such as flight volume, aircraft type, and aircraft cruise time, to assess 
the specific spatial impact and its extent on carbon emissions.
Methods, K-means clustering method, airspace corridor delineation method, aircraft carbon emissions calculation 
method, super-efficiency SBM model based on non-desired outputs
Results and Discussion, Seven airspace corridors were defined, primarily situated in the central and eastern re-
gions of China, presenting a distinctive “diamond-shaped three-dimensional structure” anchored by the four major 
airport clusters in China. These corridors exhibited variations in operational scale. The Harbin–Haikou corridor 
boasted the highest participation and flight volume, whereas the Chongqing–Zhuhai corridor had the fewest par-
ticipants and the smallest flight volume. Collectively, these seven airspace corridors emitted a total of 619,431 
tons of carbon. Notably, the Harbin–Haikou corridor registered the highest carbon emissions, while the Chongq-
ing–Zhuhai corridor recorded the lowest. This paper surpasses the typical confines of aviation carbon emission 
research centered on airports. It actively investigates the linear dimensions of aviation carbon emissions, moving 
beyond the traditional emphasis on point-based studies. The paper delves into the challenges related to linear car-
bon emissions in aviation.
Conclusion, (1) Seven airspace corridors were identified, primarily situated in the central and eastern regions of 
China, forming a “diamond-shaped three-dimensional structure” with the four major airport clusters in China serv-
ing as its vertices. The core city network structure plays a pivotal role in shaping the development of the aviation 
network structure.
(2) Over the study period, the cumulative carbon emissions for the seven airspace corridors totaled 619,431 tons. 
Corridor carbon emissions and emission efficiency exhibited a positive correlation with their operational scale.
(3) Factors such as aircraft type, cruise time, and flight distance significantly impact both carbon emissions and 
emission efficiency within the airspace corridors.
Key words
Route Clustering, Air Corridor, Network Features, Aviation Carbon Emissions
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Path planning of intelligent logistics vehicles for fresh materials in the con-
text of carbon neutrality
Yaqin Li1

（1.Liaoning Technical University, Huludao 125000, China）

Abstract:
Background, Aims and Scope. With the proposal of carbon neutrality, reducing the carbon emissions of logistics 
vehicles has become an important task. In order to solve this problem, this paper proposes an improved ant colony 
algorithm to optimize the path planning of logistics vehicles
Methods.In this paper, a path planning model of intelligent logistics vehicles for fresh materials is established, and 
the capacity limitations, time window limitations, and carbon emission limits of logistics vehicles are considered. 
Then, by improving the ant colony algorithm, the carbon emission factor was introduced, and the fitness function 
was designed to evaluate the advantages and disadvantages of the path. In each iteration, the colony selects the 
next node based on the pheromone concentration and heuristic information, and updates the pheromone concen-
tration. At the same time, in order to increase the diversity of the algorithm and avoid falling into the local optimal 
solution, the stochastic perturbation operation is introduced.
Results and Discussion. Through comparative experiments, the improved ant colony algorithm proposed in this 
paper is compared with the traditional ant colony algorithm. Experimental results show that the improved ant col-
ony algorithm has obvious advantages in reducing carbon emissions and optimizing path planning. Compared to 
traditional algorithms, the improved algorithm reduces path length and carbon emissions by 10% and 15%, respec-
tively.
Conclusion. Based on the improved ant colony algorithm, this paper proposes a path planning method for intelli-
gent logistics vehicles suitable for fresh materials in the context of carbon neutrality. This method has significant 
effects in reducing carbon emissions and optimizing path planning, and provides an effective solution for the path 
planning of intelligent logistics vehicles for fresh materials.
Keywords: carbon neutrality; improved ant colony algorithm; Intelligent logistics vehicles

低零碳交通 胡晓曼 辽宁工程技术大学 低零碳交通 Low- and Zero- Carbon Transportation

Urban low-carbon logistics distribution route optimization based on im-
proved genetic algorithm
Hu Xiaoman
(School of Business Administration, Liaoning Technical University, Huludao 125105, China)

Abstract
Background, Aims and Scope. With the acceleration of urbanization and the increasingly serious environmental 
problems, low-carbon logistics distribution has become an important part of urban sustainable development. Aim-
ing at the realistic problems of high cost and large carbon emission of urban logistics distribution in China, this 
paper constructed an urban logistics distribution route optimization model considering demand uncertainty and 
carbon emission constraints, and proposed an improved adaptive genetic algorithm suitable for multi-vehicle mod-
els.
Methods. By using urban logistics distribution data and Matlab R2014a software to conduct simulation tests, the 
optimal urban logistics distribution route scheme under the constraint of demand uncertainty and carbon emission 
is obtained.
Results and Discussion. The simulation results show that the improved adaptive genetic algorithm has good ef-
fectiveness and applicability in solving the problem of urban logistics distribution route optimization. Under the 
constraint of demand uncertainty and carbon emission, the improved adaptive genetic algorithm can effectively 
reduce the cost of urban logistics distribution. Compared with the single-vehicle distribution scheme, the multi-ve-
hicle distribution scheme is more advantageous in urban logistics distribution.
Conclusion. By constructing an urban logistics distribution path optimization model considering demand uncer-
tainty and carbon emission constraints, and using an improved adaptive genetic algorithm, this study obtained the 
optimal urban logistics distribution path scheme under demand uncertainty and carbon emission constraints. This 
scheme can effectively reduce the cost of urban logistics distribution, and the multi-vehicle distribution scheme is 
more advantageous in urban logistics distribution, which provides an effective reference for solving the problems 
of high cost and large carbon emission of urban logistics distribution in China.
Key words: Improved adaptive genetic algorithm; Urban logistics; Path optimization; Demand is uncertain; Car-
bon emission constraint

Table 1 Simulation results of target parameters by traditional genetic algorithm and improved multi-objective genetic algo-
rithm

Algorithm Distribution cost Delivery vehicle
Simulation value Range of change Simulation value Range of change

Traditional genetic algorithm 7436.52 - 7 -
Improved multi-objective genetic algo-

rithm
7214.25 -2.98 5 -28.57

Note: The change amplitude refers to the change of the simulation value of the target parameters of the improved multi-objective 
algorithm compared with the traditional genetic algorithm.

Table 2 Influences of single-vehicle and multi-vehicle distribution schemes on the value of objective function
Distribution scheme Vehicle type Distribution costs

Single vehicle type
A 7629.42
B 7968.31
C 8503.13

multi-vehicle 7214.25

Note: A, B and C represent 3 different types of delivery vehicles.
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低零碳交通 Low- and Zero- Carbon Transportation 低零碳交通 蒲静 同济大学

Carbon emissions of urban rail transit in Chinese cities: A comprehensive 
analysis
PU Jing1,2,3, CAI Chen1,3, GUO Ru1,3, LIN Rui-min1, LIU Lia1,2,3, PENG Kai-ming1,3, HUANG 
Xiang-feng1,2,3

(1.	 College of Environmental Science and Engineering,  Tongji University,  Shanghai  200092,  China;  2. Shanghai Research 
Institute for Intelligent Autonomous Systems,  Tongji University,  Shanghai  200092,  China;  3. China Institute of Carbon Neutrality,  
Tongji University,  Shanghai  200092,  China)

Abstract
Background, Aims and Scope. A considerable proportion of the greenhouse gases emitted into the atmosphere 
is attributable to the transportation sector. Urban rail transit (URT) distinguishes itself from various public trans-
portation modes due to its significant carrying capacity and independent right-of-way. Existing literature pre-
dominantly focused on carbon emissions within the broader transportation sector, leaving a notable gap in our 
understanding of the carbon emissions to URT systems across China. The patterns, decoupling status, and drivers 
of carbon emissions from URT in China remain unclear despite the ongoing development of URT. This study is 
the first to conduct a comprehensive analysis of URT carbon emissions in all Chinese subway cities, and classified 
host cities into four categories.
Methods. The study analyzed the URT carbon emissions in all Chinese subway cities using spatial analysis mod-
els, the Tapio decoupling model, and the LMDI decomposition approach.
Results and Discussion. Results showed that the Chinese URT has experienced a notable surge in development in 
the past eight years, characterized by an annual carbon emissions growth rate ranging between 5% and 34% from 
2015 to 2022. Spatiotemporal variations in Chinese URT carbon emissions revealed faster growth in southwest-
ern China compared to the northeastern region. Significant differences existed in carbon emissions between the 
four types of cities. From 2015 to 2022, the most developed Type I cities consistently had the highest emissions, 
although the share of emissions showed a declining trend. The emission intensity of the Type IV cities was up to 
four times higher than Type I cities.
Conclusion. Only 12% of cities accomplished weak decoupling between carbon emissions and economy; these 
cities were mainly highly developed Type I cities. The URT development of carbon emissions was influenced by 
the increment of energy intensity and economic activity. These results implied that carbon emissions from Chinese 
URT will continue to rise in the foreseeable future.
Key words: urban rail transit; carbon emissions; carbon emission intensity; spatiotemporal analysis; decoupling 
analysis; LMDI decomposition

Fig 1 Urban rail transit and CO2 emissions in China.

A Critical Review on Recycling Potential and Risk Analysis of Critical Met-
als for Traction Batteries
MA Tian12, ZHANG Qi123, LIU Boyu12, TANG Yanyan4

(1. School of Economics and Management,  China University of Petroleum (Beijing),  Beijing  102249,  China；2. Tianshan Re-
search Institute, Karamay, 834000, Xinjiang, China; 3. School of Business Administration, China University of Petroleum (Beijing) 
at Karamay, Karamay, 834000, Xinjiang, China; 4. School of Economics and Management, China University of Geosciences (Beijing), 
Beijing, 100083, China)

Abstract
Background, Aims and Scope. The spent traction batteries are expected to rise explosively due to the massive 
adoption of EVs (electric vehicles). The critical metals, such as Lithium (Li), Cobalt (Co), and Nickel (Ni), con-
tained in spent traction batteries will be an important material source for manufacturers of batteries. There is ex-
tensive attention and concern for metal recycling of traction batteries around the world. However, most articles 
reviewed technology details of the recycling processes, and the quantitative scale of critical metal recovery in 
the future remains unclear. Furthermore, various risks and uncertainties of metal recycling have not yet been ad-
dressed clearly, such as poor economy, safety accidents, and environmental impacts. 
Methods. This paper provides an overview of recovery potential influencing factors, as well as reviews the pre-
dicted results of recovery potential in the existing literature. On this basis, the associated risks of economic, envi-
ronmental, safety, and political were analyzed.
Results and Discussion. The results show that: (1) Li recycled will reach current global mine production around 
2036 as Co recycled in China will be lower than the current mine import during 2025-2040. The recycling of Ni 
is very low relative to current world production or imports in China and the US. (2) The key factors that affect the 
metal recovery potential include the type of cathode material, lifetime of batteries, sales of EVs, collection rate of 
batteries, lifetime of cascade use, cascade use rate, and recovery rate of metals. (3) Furthermore, the reason why 
battery recycling is so difficult to make a profit. Different recycling processes have different environmental im-
pacts, and the environmental problems of collection, sorting, and transportation are scarcely considered. The safe-
ty risks of battery recycling are attributed to three aspects: management, technology, and the ambient environment. 
Additionally, the incomplete regulation framework also creates a critical conundrum.
Conclusion. The present study makes the recycling potential of spent traction batteries clearer and summarizes the 
risks of battery recycling, as well as points out the further potential research direction, followed by policy implica-
tions and recommendations.
Key words: critical metal; recycling potential; risk analysis
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The Development Status of the Fuel Cell for the Shipping Industry and the 
Prospect of the Solid Oxide Fuel Cell for the Maritime Application
WANG Xiao-yu, ZHU Jian-zhong, HAN Min-fang
(Department of Energy and Power Engineering, Tsinghua University, Beijing 100084, China) 

Abstract
Background, Aims and Scope. In the context of the increasingly strict pollutant emission regulations and carbon 
emission reduction targets proposed by the International Maritime Organization (IMO), the shipping industry is 
seeking new types of marine power plants with the advantages of high efficiency and low emissions. Among the 
possible alternatives, the fuel cell is the most practical technology, as it provides an efficient means to generate 
electricity with low pollutant emissions and carbon emissions. At present, very few comprehensive researches fo-
cus on the maritime applications of the fuel cell.
Methods. News reports and literature on the maritime applications of the fuel cell in the past sixty years were col-
lected, and the industrial development status and prospects of the marine fuel cell were summarized.
Results and Discussion. Some countries in Europe, North America and Asia have invested heavily in researching 
and developing the marine fuel cell, and a series of research projects have achieved concrete results, such as the 
industrialized marine fuel cell system or practical demonstration applications. At present, the worldwide research 
of the marine fuel cell focuses more on the proton exchange membrane fuel cell (PEMFC). However, the power 
demand of the marine fuel cell in the future will show steady growth, and thus the solid oxide fuel cell (SOFC), 
with the advantages of higher power, greater efficiency, long life span and fuel diversity, will be the mainstream in 
the next research stage. Nowadays, there have been some successful applications of the SOFC in the shipping
industry for supplying the auxiliary power or the propulsion power.
Conclusion. Although some challenges exist, with the rising global fossil fuel prices and increasingly stringent 
environmental protection requirements, applying the fuel cell, especially the SOFC to ships on a large scale, which 
will lead the upgrading and updating of the marine power system to achieve energy conservation and emission re-
duction of the shipping industry, can be expected with a global concerted effort.
Key words: Fuel cell; Electric propulsion; Marine clean energy; Energy conservation; Emission reduction; Marine 
electrical equipment

Table 1 Parameters of five typical types of fuel cells.

Type Operating Temperature Fuel Efficiency Life Span

AFC 50–200 °C H2 50–55% 3000–10,000 h

PAFC 100–200 °C H2 40–45% 15,000–40,000 h

MCFC 650–700 °C H2, CO, CH4, etc. 50–55% 10,000–20,000 h

PEMFC 25–100 °C H2 40–50% 5000–10,000 h

SOFC 600–1000 °C H2, CO, CH4, etc. 50–65% 8000–100,000 h

低零碳交通 沈鉴翔 清华大学 低零碳交通 Low- and Zero- Carbon Transportation

Incorporating Health Co-benefits into Province-Driven Climate Policy: A 
case of banning new internal combustion engine vehicle sales in China
Jianxiang SHEN

Abstract
pIncorporating health co-benefits from co-abated air pollution into carbon mitigation policy making is particular-
ly important for developing countries to boost policy efficiency. For sectors that highly depend on electrification 
for decarbonization, it remains unclear how the increased electricity demand and consequent health impacts from 
sectoral mitigation policy in one province would change the scale, regional and sectoral distribution of the overall 
health impacts in the whole country. This study chooses banning new sales of internal combustion engine vehicles 
in the private vehicle sector in China as a case. The results show that without carbon neutrality and air pollution 
control goals in electricity generation, 53% of CO2 reduction and 65% of health benefits from private vehicle 
sector would be offset by increased electricity demand. The regional distributions of CO2 reduction and health 
benefits due to a province-driven ban policy are greatly uneven, as the top five provinces take up over one-third 
of the total impact in China. Health benefits per ton of carbon reduction (H/C) may vary by up to 8 times across 
provinces. Finally, the provinces in southeast China and the Sichuan Basin, with their stably high H/C values, are 
suggested to enact the province-driven ban policy first.
Key words: carbon mitigation, health co-benefits, private vehicle, province-driven policy, policy implementation 
order
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低零碳交通 杨宇灏 天津大学

Can the transportation sector in Beijing reach its carbon peak? A multi-sce-
nario analysis based on the extended STIRPAT model
YANG Yu-hao
(School of Architecture,  Tianjin University,  Tianjin  300072,  China) 

Abstract
Background, Aims and Scope. The transportation sector plays a pivotal role in China’s efforts to achieve CO2 
reduction targets. As the capital of China, Beijing has the responsibility to lead the era’s demand for low-carbon 
development and provide replicable and scalable low-carbon transportation development experience and wisdom 
for other cities in China. This study calculates the CO2 emissions of the transportation sector in Beijing from 1999 
to 2019, constructs the extended STIRPAT model (population, affluence, technology, and efficiency) to reveal the 
effects of different influencing factors, and predicts the development trends, peak times, and quantities of transpor-
tation CO2 emissions in 9 scenarios for Beijing from 2021 to 2035.
Methods. (1) Extended STIRPAT Model (Table 1). (2) Ridge Regression Analysis. (3) Scenario Forecast Analysis: 
setting growth rates of influencing factors in different scenarios (Table 2) and scenario design for transportation 
CO2 Emission Prediction (Table 3).
Results and Discussion.  (1) The total amount of CO2 emissions from Beijing’s transportation sector exhibits a 
trend of gradually stabilizing in terms of growth, with a corresponding gradual deceleration in the rate of increase. 
Kerosene, gasoline, and diesel are the main sources of transportation CO2 emissions in Beijing, with an annual av-
erage proportion of 95.78% (Figure 1 and Figure 2). (2) The degree of influence of the indicators on transportation 
CO2 emissions, in descending order, is: energy in-tensity, per capita GDP, population size, GDP by transportation 
sector, total transportation turnover, public transportation efficiency, possession of private vehicles, and clean 
energy structure. Among them, the proportion of clean energy structure and public transportation efficiency are 
negatively correlated with transportation CO2 emissions, while the remaining indicators are positively correlated. 
(3) In the 9 predicted scenarios, all scenarios, except scenario 2 and scenario 4, can achieve CO2 emission peaks 
by 2030, while scenarios 7 and 9 can reach the peak as early as 2025 (Table4 and Figure 3). (4) The significant 
advancement and application of green carbon reduction technologies have profound implications, as they can ef-
fectively offset the impacts of population, economy, and efficiency indicators under extensive development. Effec-
tive population control, sustainable economic development, and transportation efficiency improvement are viable 
means to help achieve carbon peaking and peak value in the transportation sector.
Conclusion. Firstly, as calculated in this study, the CO2 emissions of the transportation sector in Beijing from 
1999 to 2019, increased from 5.43 million tons in 1999 to 37.84 million tons in 2019, with an annual average 
growth rate of 10.42%. Kerosene, gasoline, and diesel are the primary sources of CO2 emissions in Beijing’s trans-
portation sector. Secondly, the STIRPAT model was extended to include four aspects—population, affluence, tech-
nology, and efficiency—and ridge regression was used to establish the impact relationships between the eight eval-
uation indicators and CO2 emissions. From highest to lowest impact, these indicators are EI > PG > P > TG > TT > 
PTE > PV > CES. Finally, based on the extended STIRPAT model, the development trends and peak scenarios of 
transportation CO2 emissions in Beijing during 2021 to 2035 were predicted under nine scenarios. The prediction 
results show that the probability of the transportation sector in Beijing reaching peak CO2 emissions before 2030 
is high if the city steadily promotes the transition of economic and population development from extensive growth 
focused on speed and scale to intensive growth emphasizing quality and efficiency. The progress and application 
of green carbon reduction technologies are of great significance, as they can effectively offset the impacts of pop-
ulation, economy, and efficiency indicators under extensive development. Effective population control, sustainable 
economic development, and transportation efficiency improvement are viable means to help achieve carbon peak-
ing and peak value in the transportation sector.

Key words: transportation sector; CO2 emissions; carbon peak; STIRPAT model; scenario forecast; Beijing

Figure 1 Timeline of candidate short-, mid- and long-term GHG reduction measures.

Table 2 Maritime application status of the main types of fuel cell and their challenges.

Type Maritime Application Status Main Challenges

AFC Very few applications

Relatively low output power
High requirements for pure hydrogen and oxygen

Relatively low lifespan
Single fuel type

Requirement for expensive platinum catalyst

PAFC No application
Low output power

Low durability
Requirement for expensive platinum catalyst

PEMFC Wider applications

Relatively low output power
High requirements for pure hydrogen

Complex system for water management
Relatively low lifespan

Single fuel type
Requirement for expensive platinum catalyst

MCFC Fewer applications

Relatively high cost
Oversized volume 

Relatively low lifespan
Existence of liquid molten carbonate

Slow dynamic response

SOFC Increasing applications Relatively high cost
Slow dynamic response
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Actions and Policies of Airport Carbon Reduction in Economically Devel-
oped Countries
ZHANG Hong-ru1 LIU Huan1

1.State Key Joint Laboratory of ESPC, State Environmental Protection Key Laboratory of Sources and Control of Air Pollution Com-
plex, School of Environment, Tsinghua University, Beijing 100084, China

Abstract
Background, Aims and Scope. With the rapid growth of the aviation industry and immature emission reduction 
management, aviation industry have become a critical battleground for carbon emission reduction. Managers and 
participants of the aviation industry, including international organizations, countries, airlines, airports, aircraft 
manufacturers, aviation service providers, fuel suppliers and so on, are facing complex and onerous pressure to 
reduce emissions. The study is expected to find out the position and potential of the airport in the carbon emission 
reduction of the whole aviation industry. And the study covers more economically developed countries, and sorts 
out and horizontally compares the policies, plans and actions of these developed countries or regions. 

Methods. Research methods are mainly case study and literature review, supplemented by empirical research. 

Results and Discussion. Economically developed countries have implemented a series of policies and comple-
mentary measures to encourage carbon reduction in the airport sector. At the planning level, these countries have 
set timelines for organizing zero-emission flights; however, there is a divergence in perspectives on achieving zero 
carbon emissions in planning. For instance, the European Union believes in taking responsibility for the external 
uneconomical aspects of flights to achieve zero carbon emissions. At the operational level, economically devel-
oped countries have established low-carbon airports, but carbon reduction actions are primarily limited to sched-
uling and optimization at airports, resulting in limited emission reduction efforts. Few measures effectively control 
aircraft carbon emissions. The fundamental technical measures for carbon reduction lie in improving fuel efficien-
cy and low carbon fuels. 

Conclusion. Most of the carbon emissions in the airport area are contributed by aircraft, less by the airport it-
self. Therefore, airport carbon emission reduction depends on aircraft emission reduction, and aircraft emission 
reduction essentially depends on technological breakthroughs, then making zero-carbon green fuel the main force 
of emission reduction. 	 With the improvement of fuel efficiency and the optimization of airport scheduling and 
operation in the future, there are marginal benefits and a limit of emission reduction potential. The key challenge 
is how airports can cooperate to implement these basic technical measures without affecting aviation safety and 
travel experience. This represents the future direction of the airport in solving the problem of reducing carbon 
emissions.
Key words: carbon emission reduction; aviation industry; green airport; emission reduction potential

Figure 2. Contribution of Beijing’s transportation energy consumption types to CO2 emissions 

Figure 3. Scenario forecast of Beijing’s transportation CO2 emissions from 2021 to 2035
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低零碳交通 Low- and Zero- Carbon Transportation                              

New Energy Vehicle Charging Facility Industry and Technology Forecast 
in China
Ruibo Zhao [Harbin Institute of Technology (Shenzhen) ]

Abstract: As a significant role in global energy transition, China has made encouraging performance in clean en-
ergy and new energy vehicles (NEV). The domestic NEV production has increased by 2500 times in the last ten 
years and accounts for over 65% of the global sales. However, the unbalanced development between NEV and EV 
charging facility put new challenge to the future of Chinese EV industry. This essay thus explores the domestic EV
 charging facility industry, analyzes the effects of NEV industry and charging facility on carbon emission and final-
ly predicts the technology trends in the future by collecting and analyzing the relative data from 2011 to Septem-
ber 2023. The results shows that the development of NEV and EV charging facility have made obvious progress in 
declining the carbon emission. The article also analyzes the current problems of EV charging and battery chang-
ing, providing suggestions and guidelines for the future development of this industry.

Keywords: energy transition, new energy vehicles, charging facilities, low-carbon econom
y

Fig 8 CH4 (a, b) and CO2 conversion (c, d), H2/CO (e, f), H2 Selectivity (g, h) and CO Selectivity ( i, j) of BC(3)-20Co, Y-NC(3)-
20Co at different reaction temperature

Fig 9 (a) CH4 conversion, CO2 conversion, H2/CO, H2 Selectivity and CO Selectivity of BC(3)-20Co and (b) Y-NC(3)-20Co 
variation with reaction time (10 h); (c) CH4 conversion, CO2 conversion, H2/CO, H2 Selectivity and CO Selectivity of Y-NC(3)-
20Co variation with reaction time (24 h)

Fig 10 Arrhenius plots for the methane dry reforming over BC(3)-20Co and Y-NC(3)-20Co: (a) CH4; (b) CO2

Fig 11 Possible reaction mechanism over Y-N(Z)-20Co catalyst
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低零碳建筑 杜少紫 清华大学

Research on Life-cycle Carbon Emission Characteristics and Reduction Strategies of Polar 
Architecture: A Case study of Antarctic Stations
TU Shao-tsu1, ZHUANG Wei-min1,2

(1. School of Architecture,  Tsinghua University,  Beijing  100084,  China;  2. Architectural Design & Research Institute of Tsinghua 
University (THAD),  Beijing  100084,  China) 

Abstract
Background, Aims and Scope. Climate change poses an increasing environmental threat to the polar regions. The 
construction and operation of polar architecture is one of the greatest potential threats directly affecting the polar 
environment, which is responsible for most polar carbon emissions. Previous studies most focus only on energy 
saving strategies and renewable energy use technologies during their operational phase, but a life cycle perspective 
is missing. This study introduces a low-carbon and life cycle research perspective, to reveal the carbon emission 
characteristics of polar architecture throughout their life cycle, then proposes carbon reduction strategies focuses 
on key aspects. Aiming to provide a basis for polar architecture to control carbon emissions and achieve sustainab-
le development in the early design stage.

Methods. Combining literature review, comparative study and inductive method, this paper proposes a model and 
a variable matrix for calculating the life-cycle carbon emission of polar architecture, taking Antarctic research 
station as an example. Comparing the proportion of carbon emissions at each stage of the full life cycle of polar 
architecture with those of typical buildings in general urban environments, and analyzing the characteristics at va-
rious stages. Nine cases of Antarctic research stations constructed after 2000 are selected, to summarize 9 carbon 
reduction strategies and 22 sub-strategies, which further reveal the key links to improve the carbon reduction effi-
ciency of polar architecture.

Results and Discussion. (a) Carbon emissions of polar architecture mainly come from the transportation of 
building materials during the construction phase (including transportation of construction personnel and fuel), 

低零碳建筑

Low- and Zero- Carbon Building
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低零碳建筑 Low- and Zero- Carbon Building

Research on Life-cycle Carbon Emission Characteristics and Reduction Strategies of Polar 
Architecture: A Case study of Antarctic Stations
TU Shao-tsu1, ZHUANG Wei-min1,2

(1. School of Architecture,  Tsinghua University,  Beijing  100084,  China;  2. Architectural Design & Research Institute of Tsinghua 
University (THAD),  Beijing  100084,  China) 

Abstract
Background, Aims and Scope. Climate change poses an increasing environmental threat to the polar regions. The 
construction and operation of polar architecture is one of the greatest potential threats directly affecting the polar 
environment, which is responsible for most polar carbon emissions. Previous studies most focus only on energy 
saving strategies and renewable energy use technologies during their operational phase, but a life cycle perspective 
is missing. This study introduces a low-carbon and life cycle research perspective, to reveal the carbon emission 
characteristics of polar architecture throughout their life cycle, then proposes carbon reduction strategies focuses 
on key aspects. Aiming to provide a basis for polar architecture to control carbon emissions and achieve sustainab-
le development in the early design stage.

Methods. Combining literature review, comparative study and inductive method, this paper proposes a model and 
a variable matrix for calculating the life-cycle carbon emission of polar architecture, taking Antarctic research 
station as an example. Comparing the proportion of carbon emissions at each stage of the full life cycle of polar 
architecture with those of typical buildings in general urban environments, and analyzing the characteristics at va-
rious stages. Nine cases of Antarctic research stations constructed after 2000 are selected, to summarize 9 carbon 
reduction strategies and 22 sub-strategies, which further reveal the key links to improve the carbon reduction effi-
ciency of polar architecture.

Results and Discussion. (a) Carbon emissions of polar architecture mainly come from the transportation of 
building materials during the construction phase (including transportation of construction personnel and fuel), 

口头汇报

低零碳建筑
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低零碳建筑 何明洁 哈尔滨工业大学

Based on PLUS modeling analyzing impacts and predicting rural carbon 
emissions from land use type changes
Mingjie He1

(1 School of Architecture, Harbin Institute of Technology; Key Laboratory of National Territory Spatial Planning and Ecological Res-
toration in Cold Regions, Ministry of Natural Resources, Harbin 150000, China)
Abstract: 
Background, Aims and Scope. Traditional agriculture’s crude operation and production mode, especially the 
random transformation of land use type and operation mode, have become the important way to influence the car-
bon emission of agriculture. In order to reduce carbon emissions from agriculture and rural areas, predicting and 
planning for future changes in land use types is extremely important for mitigating global warming and extreme 
weather. 
Methods. The article takes Harbin as an example (figure 1). Firstly, the PLUS model is used to obtain the conver-
sion contribution of each land type and to analyze the root causes of land type changes using the random forest 
method. Secondly, analyzing the factors affecting the carbon emission effects of rural land use and classifying 
land use types and management practices, which leads to the construction of a reference table of carbon emission 
intensity for land-type shifts (table 1). Finally, using the PLUS model, the temporal and spatial changes in carbon 
emissions in 2035 under the three scenarios of cropland protection, natural development and woodland protection 
were projected to provide advice and recommendations for rural emission reduction. 
Results and Discussion. The results of the study show that: The conversion of woodland and grassland to other 
land use types is shown as a carbon sink, while the conversion of built-up land to other land use types is shown 
as a carbon source. Agricultural production methods such as fertilizers and pesticides increase rural carbon emis-
sions, with agricultural films contributing most significantly to the increase in carbon emission factors (5.18 kg/
kg). Carbon intensity of rural land under woodland conservation scenarios has a strong contribution to agricultural 
emission reductions. Based on the conclusions of the above study, suggestions and recommendations for energy 
conservation and emission reduction in response to changes in rural land use types are proposed. 
Conclusion. The methodology is based on the example of rural areas and provides constructive suggestions and 
recommendations for rural energy conservation and emission reduction, which can be implemented in other rural 
areas, especially in developing countries. At the same time methods to achieve the goal of reducing carbon emis-
sions are important for achieving carbon neutrality.
key words: PLUS modeling; Carbon neutral policy; Rural; Land use type changes

Fig 1 Research Framework.

accounting for 70.0% of the whole life cycle. It‘s different from the carbon emission composition of general urban 
buildings, where most of them come from the operation phase. (b) The next largest share of carbon emissions is 
in the operation and maintenance phase, which accounts for 17.1% of the total lifespan. (c) Compared to general 
urban buildings, polar buildings have a relatively average share of carbon emissions in every life-cycle phases. 
(d) It was found that the key link to improve the carbon reduction efficiency of polar buildings lies in the optimiz-
ation of spatial organization and the construction process. The optimization of interior functions, scale, spatial 
patterns and construction process should be further studied in conjunction with architectural programming the-
ory and methods.

Conclusion. This paper proposes life-cycle carbon emission calculation model of polar architecture, reveals its li-
fe-cycle carbon emission characteristics for the first time, and points out the key aspects of carbon reduction strate-
gies for them. It aims to minimize the impact of buildings on the polar environment and play the role of architects 
in carbon neutrality. The results of this study also provide reference for the low-carbon sustainable construction of 
other similar buildings in extremely cold, isolated, or areas far from urban infrastructure (such as remote villages, 
islands, or borders).

Key words: polar architecture; antarctic research station; life cycle perspective; carbon emission characteristics; 
carbon reduction strategy
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reduce power consumption by 38.12%, updating the building operation mode can reduce power consumption by 
低零碳建筑 Low- and Zero- Carbon Building 47.26%, and rationally guiding people’s behavior can reduce power consumption by 47.8%. Comprehensive con-

sideration can reduce power consumption by 44.39%. of carbon emissions.

Conclusion. 
Properly controlling the usage patterns during the building operation phase and consciously guiding people’s 
behavior can reduce the electricity consumption of Tianjin University’s international student dormitories by 
30~50%. According to the North China carbon emission factor (0.8100tCO2/MWh) (2019), it can be reduced by 
approximately 44.39% of carbon emissions. Among them: (1) The operating mode can reduce carbon emissions 
by 47.26%. International student dormitories and classrooms should be used alternately (intermittently) to effec-
tively reduce energy consumption. School administrators should encourage students not to stay in one place for a 
long time. (2) Properly optimizing the design of building physical characteristics can reduce carbon emissions by 
38.12%. When adding thermal insulation treatment between the partition walls and floors that separate the heating 
and non-heating spaces of the building, external insulation should be used. Taking into account the energy con-
sumption of heating and air conditioning, the renovation of international student dormitories reduces the north-fac-
ing window-to-wall ratio while meeting the requirements of ventilation conditions. (3) Properly guiding users’ 
behavior can reduce carbon emissions by 47.8%.
Key words: low carbon building; building operation; Simulation analysis

Research on low-carbon building design from the perspective of building 
operation
YANG Yang1, Gao Feng1

(1. School of Architecture,  Tianjin University,  Tianjin  300072,  China) 

Abstract
Background, Aims and Scope. 
Background: The global imperative to address climate change has intensified efforts towards sustainable practic-
es, with the building sector being a significant contributor to greenhouse gas emissions. In this context, the con-
cept of low-carbon buildings has emerged as a crucial strategy to mitigate environmental impact while meeting the 
increasing demand for urban infrastructure. The built environment, including residential, commercial, and institu-
tional structures, plays a pivotal role in achieving carbon neutrality and fostering sustainable living.
Aims: This paper aims to comprehensively explore and analyze the operational dimensions of low-carbon build-
ings. It focuses on the impact of different behavioral patterns on energy consumption in building operations. By 
doing so, the paper aspires to provide valuable insights for policymakers, urban planners, architects, and research-
ers involved in the pursuit of sustainable and environmentally conscious building practices.
Scope: The research object is the international student dormitory of Tianjin University. The scope of the study 
includes the analysis of carbon emissions caused by energy consumption caused by student activities within the 
dormitory throughout the year.

Methods. 
Data Collection: Data Collection: The study employed a mixed methods approach, combining qualitative and 
quantitative analyses. Data collection involves the collection of existing energy consumption data of low-carbon 
buildings (including electricity, gas, domestic water, domestic hot water, etc.). This part of the data is provided 
through the logistics support department. Collection of students’ daily behavior data (including time spent in the 
dormitory every day, energy usage time in the dormitory, energy usage behavior, etc.). This data was collected 
through interviews and surveys with students.
Analysis: (1) Use statistical tools (Matlab) to analyze quantitative data to determine trends and correlations; (2) 
Analyze carbon emissions caused by annual energy consumption in DEST software based on statistical energy 
consumption behavior to identify key issues. Compliant parts; (3) Provide targeted opinions on behaviors that con-
sume excessive energy.

Results and Discussion. 
Results: According to the output data of the total building load of the DEST software, all energy consumption 
(electricity, gas, domestic hot water, etc.) is converted into electricity consumption. The annual energy consump-
tion of the dormitory building is 351,000 Kwh, of which air conditioning: 228,500 Kwh. , Lighting: 60,300 Kwh, 
other equipment: 62,200 Kwh. Since there are thermal bridges in the building and the polyline space cannot be 
drawn, the original data was corrected and multiplied by 1.1. The final calculated and simulated total energy 
consumption of the international student dormitory building was 386,100 Kwh. Subsequently, based on the 2019 
energy consumption data of the international student dormitory provided by the Energy Section of the Logistics 
Support Department of Tianjin University Weijin Road Campus, the conversion calculation was carried out, and 
the total was 547,540 Kwh (including 247,540 Kwh for electricity and 100,000 Kwh for other energy sources). 
The comparison can be It was found that electricity remains the largest component of energy and the largest com-
ponent of building carbon emissions.
Discussion: On the basis of original data, we optimized the design of the inherent building properties, building 
operation modes and human behavior of the international student dormitories, which can significantly reduce car-
bon emissions caused by energy consumption. Among them, optimizing the inherent attributes of the building can 

40



67

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students The 2 n
d  Carbon Neutrality Forum for Doctoral Students

reduce power consumption by 38.12%, updating the building operation mode can reduce power consumption by 
47.26%, and rationally guiding people’s behavior can reduce power consumption by 47.8%. Comprehensive con-
sideration can reduce power consumption by 44.39%. of carbon emissions.

Conclusion. 
Properly controlling the usage patterns during the building operation phase and consciously guiding people’s 
behavior can reduce the electricity consumption of Tianjin University’s international student dormitories by 
30~50%. According to the North China carbon emission factor (0.8100tCO2/MWh) (2019), it can be reduced by 
approximately 44.39% of carbon emissions. Among them: (1) The operating mode can reduce carbon emissions 
by 47.26%. International student dormitories and classrooms should be used alternately (intermittently) to effec-
tively reduce energy consumption. School administrators should encourage students not to stay in one place for a 
long time. (2) Properly optimizing the design of building physical characteristics can reduce carbon emissions by 
38.12%. When adding thermal insulation treatment between the partition walls and floors that separate the heating 
and non-heating spaces of the building, external insulation should be used. Taking into account the energy con-
sumption of heating and air conditioning, the renovation of international student dormitories reduces the north-fac-
ing window-to-wall ratio while meeting the requirements of ventilation conditions. (3) Properly guiding users’ 
behavior can reduce carbon emissions by 47.8%.
Key words: low carbon building; building operation; Simulation analysis

低零碳建筑 杨扬 天津大学

Research on low-carbon building design from the perspective of building 
operation
YANG Yang1, Gao Feng1

(1. School of Architecture,  Tianjin University,  Tianjin  300072,  China) 

Abstract
Background, Aims and Scope. 
Background: The global imperative to address climate change has intensified efforts towards sustainable practic-
es, with the building sector being a significant contributor to greenhouse gas emissions. In this context, the con-
cept of low-carbon buildings has emerged as a crucial strategy to mitigate environmental impact while meeting the 
increasing demand for urban infrastructure. The built environment, including residential, commercial, and institu-
tional structures, plays a pivotal role in achieving carbon neutrality and fostering sustainable living.
Aims: This paper aims to comprehensively explore and analyze the operational dimensions of low-carbon build-
ings. It focuses on the impact of different behavioral patterns on energy consumption in building operations. By 
doing so, the paper aspires to provide valuable insights for policymakers, urban planners, architects, and research-
ers involved in the pursuit of sustainable and environmentally conscious building practices.
Scope: The research object is the international student dormitory of Tianjin University. The scope of the study 
includes the analysis of carbon emissions caused by energy consumption caused by student activities within the 
dormitory throughout the year.

Methods. 
Data Collection: Data Collection: The study employed a mixed methods approach, combining qualitative and 
quantitative analyses. Data collection involves the collection of existing energy consumption data of low-carbon 
buildings (including electricity, gas, domestic water, domestic hot water, etc.). This part of the data is provided 
through the logistics support department. Collection of students’ daily behavior data (including time spent in the 
dormitory every day, energy usage time in the dormitory, energy usage behavior, etc.). This data was collected 
through interviews and surveys with students.
Analysis: (1) Use statistical tools (Matlab) to analyze quantitative data to determine trends and correlations; (2) 
Analyze carbon emissions caused by annual energy consumption in DEST software based on statistical energy 
consumption behavior to identify key issues. Compliant parts; (3) Provide targeted opinions on behaviors that con-
sume excessive energy.

Results and Discussion. 
Results: According to the output data of the total building load of the DEST software, all energy consumption 
(electricity, gas, domestic hot water, etc.) is converted into electricity consumption. The annual energy consump-
tion of the dormitory building is 351,000 Kwh, of which air conditioning: 228,500 Kwh. , Lighting: 60,300 Kwh, 
other equipment: 62,200 Kwh. Since there are thermal bridges in the building and the polyline space cannot be 
drawn, the original data was corrected and multiplied by 1.1. The final calculated and simulated total energy 
consumption of the international student dormitory building was 386,100 Kwh. Subsequently, based on the 2019 
energy consumption data of the international student dormitory provided by the Energy Section of the Logistics 
Support Department of Tianjin University Weijin Road Campus, the conversion calculation was carried out, and 
the total was 547,540 Kwh (including 247,540 Kwh for electricity and 100,000 Kwh for other energy sources). 
The comparison can be It was found that electricity remains the largest component of energy and the largest com-
ponent of building carbon emissions.
Discussion: On the basis of original data, we optimized the design of the inherent building properties, building 
operation modes and human behavior of the international student dormitories, which can significantly reduce car-
bon emissions caused by energy consumption. Among them, optimizing the inherent attributes of the building can 
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Fig. 2 Research Framework
Results and Discussion.

(1)	The energy annual consumption of bamboo buildings during the operation stage is 167.20 kWh/m2, 148.58 
kWh/m2, 123.96 kWh/m2, 98.62 kWh/m2, and 93.58 kWh/m2 respectively for the case study cities, which is 3 to 5% 
more energy efficient than RC buildings (Fig. 3). 

Fig. 3 Energy Annual Consumption of Study Buildings in the Operation Stage
(2)	The CO2 emissions during the bamboo building life cycle are 5724 kg/m2, 5167 kg/m2, 4436 kg/m2, 3803 

kg/m2, and 3724 kg/m2 respectively for the case study cities, a reduction of 7 to 20% over the RC buildings (Fig. 4).

低零碳建筑 Low- and Zero- Carbon Building

Bamboo as a Sustainable Construction Material for Residential Buildings 
in the Cold and Severe Cold Regions of China
Bolun Zhao1,2, Yang Yu1,2, Yitong Xu1,2, Haibo Guo1,2,*

(1. School of Architecture, Harbin Institute of Technology, Harbin 150001, China; 2. Key Laboratory of Cold Region Urban and 
Rural Human Settlement Environment Science and Technology, Ministry of Industry and Information Technology, Harbin 150001, 
China)

Abstract
Background, Aims and Scope. Bamboo is a construction material with excellent mechanical and thermal prop-
erties. It also has excellent carbon storage capacity and is already widely recognized as a sustainable construction 
material (Fig. 1). To achieve carbon neutrality, the construction industry is carefully examining the use of bio-
based materials such as bamboo as a means to realize the sustainable development. This study quantifies the bam-
boo’s potential for energy efficiency and carbon emission reduction throughout the building life cycle in the cold 
and severe cold regions of China.

Fig. 1 The Main Locations for Research and Application of Bamboo as a Construction Material

Methods. This study applies a process-based LCA approach. As shown in Fig. 2, this study consolidates and sim-
plifies the building life cycle into three stages: the materialization stage (M0-M3), the operation stage (M4), and 
the end-of-life (EoL) stage (M5). For the operation stage, the basic demands of heating, cooling, lighting, and 
equipment are simulated over fifty years using software (IES-VE). In order to carry out a comparison of energy 
efficiency and carbon reduction, a case study building using both reinforced concrete (RC) and bamboo for the 
building envelope, is simulated in five different cities.
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Fig. 2 Research Framework
Results and Discussion.

(1)	The energy annual consumption of bamboo buildings during the operation stage is 167.20 kWh/m2, 148.58 
kWh/m2, 123.96 kWh/m2, 98.62 kWh/m2, and 93.58 kWh/m2 respectively for the case study cities, which is 3 to 5% 
more energy efficient than RC buildings (Fig. 3). 

Fig. 3 Energy Annual Consumption of Study Buildings in the Operation Stage
(2)	The CO2 emissions during the bamboo building life cycle are 5724 kg/m2, 5167 kg/m2, 4436 kg/m2, 3803 

kg/m2, and 3724 kg/m2 respectively for the case study cities, a reduction of 7 to 20% over the RC buildings (Fig. 4).

低零碳建筑 于洋 天津大学

Bamboo as a Sustainable Construction Material for Residential Buildings 
in the Cold and Severe Cold Regions of China
Bolun Zhao1,2, Yang Yu1,2, Yitong Xu1,2, Haibo Guo1,2,*

(1. School of Architecture, Harbin Institute of Technology, Harbin 150001, China; 2. Key Laboratory of Cold Region Urban and 
Rural Human Settlement Environment Science and Technology, Ministry of Industry and Information Technology, Harbin 150001, 
China)

Abstract
Background, Aims and Scope. Bamboo is a construction material with excellent mechanical and thermal prop-
erties. It also has excellent carbon storage capacity and is already widely recognized as a sustainable construction 
material (Fig. 1). To achieve carbon neutrality, the construction industry is carefully examining the use of bio-
based materials such as bamboo as a means to realize the sustainable development. This study quantifies the bam-
boo’s potential for energy efficiency and carbon emission reduction throughout the building life cycle in the cold 
and severe cold regions of China.

Fig. 1 The Main Locations for Research and Application of Bamboo as a Construction Material

Methods. This study applies a process-based LCA approach. As shown in Fig. 2, this study consolidates and sim-
plifies the building life cycle into three stages: the materialization stage (M0-M3), the operation stage (M4), and 
the end-of-life (EoL) stage (M5). For the operation stage, the basic demands of heating, cooling, lighting, and 
equipment are simulated over fifty years using software (IES-VE). In order to carry out a comparison of energy 
efficiency and carbon reduction, a case study building using both reinforced concrete (RC) and bamboo for the 
building envelope, is simulated in five different cities.
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Table 1 CO2 Emission Reduction of Bamboo Buildings in Five Cities
Bamboo

Buildings
Net

(kg/m2)
M1

(kg/m2)
M2

(kg/m2)
M3

(kg/m2)
M4

(kg/m2)
M5

(kg/m2)
Value Ratio Value Ratio Value Ratio Value Ratio Value Ratio Value Ratio

Yichun 456.0 100% -81.6 -18% -620.8 -136% 20.0 4% 145.2 32% 22.0 5%
Harbin 517.0 100% -81.6 -16% -535.4 -104% 20.0 4% 120.9 23% 21.0 4%

Shenyang 631.7 100% -81.6 -13% -399.7 -63% 11.0 2% 117.0 19% 11.9 2%
Dalian 591.9 100% -81.6 -14% -439.9 -74% 16.0 3% 107.9 18% 15.4 3%
Jinan 821.1 100% -81.6 -10% -176.2 -21% 11.0 1% 82.8 10% 9.9 1%

Notes: positive values represent the reduction in emissions, while negative values represent the increase.
(3)	Bamboo is an energy-efficient construction material that can be used as a suitable alternative to traditional 

materials. It is not only suitable for construction in the areas suited for bamboo cultivation but also has potential 
applications in the cold and severe cold regions of China.

Key words: bamboo construction materials; residential building; carbon emissions; energy saving; life cycle as-
sessment

Fig. 4 Life Cycle CO2 Emissions of Study Buildings in Five Cities
(3)	Bamboo buildings can have significant reduction in CO2 emissions when compared with RC buildings. 

Nevertheless, there is still potential for optimizing carbon emissions during certain stages and processes of the 
bamboo building life cycle. The trends for CO2 emission reduction in the bamboo building life cycle in different 
cities are represented in Fig. 5.

Fig. 5 The Trend of CO2 Emission Reduction in Bamboo Building Life Cycle
Conclusion.

(1)	For the operation stage, heating demand reduction is the main contributor to energy saving in bamboo 
buildings. Since the performance of the bamboo construction material will also be affected over time, the problem 
of durability that needs to be addressed.

(2)	The materialization stage has a significant influence on emissions during the bamboo building life cycle. 
On one hand, bamboo planting sequesters vast amounts of carbon but on the other, transportation emissions are an 
important factor due to the distance between the source of the materials and the building locations (Table 1).
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Table 1 CO2 Emission Reduction of Bamboo Buildings in Five Cities
Bamboo

Buildings
Net

(kg/m2)
M1

(kg/m2)
M2

(kg/m2)
M3

(kg/m2)
M4

(kg/m2)
M5

(kg/m2)
Value Ratio Value Ratio Value Ratio Value Ratio Value Ratio Value Ratio

Yichun 456.0 100% -81.6 -18% -620.8 -136% 20.0 4% 145.2 32% 22.0 5%
Harbin 517.0 100% -81.6 -16% -535.4 -104% 20.0 4% 120.9 23% 21.0 4%

Shenyang 631.7 100% -81.6 -13% -399.7 -63% 11.0 2% 117.0 19% 11.9 2%
Dalian 591.9 100% -81.6 -14% -439.9 -74% 16.0 3% 107.9 18% 15.4 3%
Jinan 821.1 100% -81.6 -10% -176.2 -21% 11.0 1% 82.8 10% 9.9 1%

Notes: positive values represent the reduction in emissions, while negative values represent the increase.
(3)	Bamboo is an energy-efficient construction material that can be used as a suitable alternative to traditional 

materials. It is not only suitable for construction in the areas suited for bamboo cultivation but also has potential 
applications in the cold and severe cold regions of China.

Key words: bamboo construction materials; residential building; carbon emissions; energy saving; life cycle as-
sessment

Fig. 4 Life Cycle CO2 Emissions of Study Buildings in Five Cities
(3)	Bamboo buildings can have significant reduction in CO2 emissions when compared with RC buildings. 

Nevertheless, there is still potential for optimizing carbon emissions during certain stages and processes of the 
bamboo building life cycle. The trends for CO2 emission reduction in the bamboo building life cycle in different 
cities are represented in Fig. 5.

Fig. 5 The Trend of CO2 Emission Reduction in Bamboo Building Life Cycle
Conclusion.

(1)	For the operation stage, heating demand reduction is the main contributor to energy saving in bamboo 
buildings. Since the performance of the bamboo construction material will also be affected over time, the problem 
of durability that needs to be addressed.

(2)	The materialization stage has a significant influence on emissions during the bamboo building life cycle. 
On one hand, bamboo planting sequesters vast amounts of carbon but on the other, transportation emissions are an 
important factor due to the distance between the source of the materials and the building locations (Table 1).
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低零碳建筑 Low- and Zero- Carbon Building

An Intelligent Platform for Carbon Emission Monitoring in Modular Inte-
grated Construction Projects 
Jason Xin ZHOU1, Xiaohan WU1, Yue TENG1, Hengqin WU1, Geoffrey Qiping SHEN1

(1Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong, China)

Abstract:
Background, Aims and Scope. The escalating concern over climate change necessitates a more efficient mon-
itoring of carbon emissions across various sectors, particularly in the construction industry, which is known for 
its substantial environmental footprint. This innovative Modular Integrated Construction (MiC), a method that 
involves off-site fabrication and on-site installation, has been recognized for its potential to reduce construction 
waste and enhance productivity. However, the carbon emissions throughout the life cycle of buildings, from pro-
duction to demolition, still pose a significant environmental challenge, so it is important to clearly monitor and 
track carbon emissions from the whole construction process to lay the groundwork for reducing carbon emissions 
and moving towards carbon neutrality. This study aims to address this challenge by integrating BIM and IoT tech-
nologies to establish a comprehensive monitoring system in the production, transportation and installation stages.
Methods. This paper proposes an innovative approach to carbon emission monitoring in MiC projects by devel-
oping an intelligent platform that leverages Building Information Modelling (BIM) and Internet of Things (IoT) 
technologies. In this system, Radio Frequency Identification (RFID) sensors are employed to identify the module 
ID and corresponding material usage data are extracted from a pre-set database. Vibration sensors are placed in the 
module production line and on-site installation line to measure equipment running time, enabling real-time calcu-
lation of energy usage. Accelerometer sensors are installed in transportation vehicles. Furthermore, a data service 
platform has been developed to facilitate wireless data transmission from the production line to the computing 
platform, where monitoring results are visually presented. 
Results and discussion. The proposed platform can empower stakeholders to observe and comprehend the re-
al-time carbon footprint of their projects, aiding informed decision-making for more sustainable practices. Addi-
tionally, it offers predictive analytics, enabling proactive measures to reduce carbon emissions. This research is 
anticipated to make a significant contribution to the understanding of sustainable construction practices and pro-
vide valuable insights for industry practitioners, policymakers, and other stakeholders, assisting them in achieving 
sustainability goals and meeting regulatory requirements. 
Conclusion. In summary, the incorporation of BIM and IoT technologies offers a promising approach to moni-
toring carbon emissions in MiC projects. It provides project practitioners with the ability to observe and manage 
irregular emissions promptly, recognize potential emission risks, and investigate potential strategies to mitigate 
carbon emissions in the construction sector.
Key words: carbon emission monitoring; sensors; internet of things; modular integrated construction
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低零碳工业 谭诗麒 四川大学

Optimization and Management of Urban Water Supply Systems for Car-
bon Neutrality: A Perspective on the Water-Energy-Carbon Nexus
Tan Shiqi1, Yao Liming1,2

(1. Business School, Sichuan University, Chengdu 610065, China;  2. State Key Laboratory of Hydraulics and Mountain River Engi-
neering, Sichuan University, Chengdu 610065, China) 

Abstract
Background, Aims and Scope. The United Nations Sustainable Development Goals (SDGs) necessitate achiev-
ing sustainable development in both socioeconomic and ecological aspects in a more balanced and integrated man-
ner. Urban water resource systems (UWSS) in China are currently facing the severe threats of climate change and 
water resource scarcity, and these challenges intersect with the objectives of sustainable development and the “Dual 
Carbon” goals. These new requirements extend to various facets of urban water supply systems, such as water 
resources, energy, and carbon emissions reduction. Clarifying the relationships among water, energy, and carbon 
emissions, known as the “Water-Energy-Carbon Nexus (WEC-Nexus),” is pivotal for a city’s sustainability and 
low-carbon development.
Methods. This paper establishes a framework and methodology for carbon emission accounting throughout the 
entire lifecycle of UWSS, grounded in the intricate nexus between water, energy, and carbon. The study utilizes 
emission factors to examine the carbon emission characteristics of Beijing’s UWSS from 2011 to 2020. Further-
more, a multi-objective optimization model is developed to synergistically optimize both socioeconomic and 
environmental benefits within Beijing’s UWSS. This optimization balances economic costs, carbon emissions 
mitigation, and reductions in water environment pollution. In addition, a multi-factor System Dynamics model for 
UWSS is constructed, simulating the interplay among subsystems, such as socioeconomic and ecological environ-
ments, and the evolving dynamics of the water-energy-carbon nexus. To address specific sub-indicators related to 
SDGs, five future scenarios are defined, and scenario analysis is employed to forecast the developmental trends 
of water resource shortages, water environmental impacts, carbon emissions, and economic costs within Beijing’s 
UWSS.
Results and Discussion. (1) The UWSS in Beijing has a large potential for carbon emission reduction, and there 
are significant differences in carbon emissions at different stages. (2) There is a need for further synergy and op-
timization between the “pollution and carbon reduction” as well as the socio-economic and ecological benefits of 
Beijing’s UWSS. (3) The rapid economic growth development model no longer applies to the future planning of 
Beijing’s UWSS, but should be fully coordinated with technological innovation and ecological protection. (4) Op-
timized allocation of urban water resources under the WEC-Nexus can help Beijing conserve water consumption 
and provide water supply in a more economical, environmentally friendly, and sustainable way.
Conclusion. Beijing UWSS is currently facing a severe water shortage, which will threaten the water security of 
residents and socio-economic development in the long run. The urban planning goal of pursuing rapid economic 
development must be traded off with the ecological and environmental goals, especially under extreme climate 
conditions. The optimization model proposed in this paper considers the multi-objective decisions of economy, 
water environment, and carbon emission faced by UWSS and has obtained good operation results in Beijing. 
Improved water reuse and wastewater treatment technologies will effectively help to improve water quality and 
reduce carbon emissions while increasing water efficiency for agricultural irrigation and ecological protection can 
also contribute to sustainable urban development. Human activities remain a crucial aspect of carbon reduction 
in UWSS, as end-users are the most significant contributors to energy consumption and carbon emissions. Opti-
mizing the urban water system for carbon reduction and water pollution from the entire life cycle and adopting 
more energy-efficient water supply strategies and technologies can contribute to the synergistic optimization of 
WEC-Nexus. In the simulation model of this paper, technological advancement and ecological conservation do 
not imply a compromise between cost and economic development but rather a transfer of payments that favor eco-
nomic costs. 
Key words: urban water supply system; water-energy-carbon nexus; sustainable development; water consump-
tion; carbon emission mitigation; scenario analysis
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低零碳工业  Low- and Zero- Carbon Industry                  

Selective Photooxidation of Methane to Formaldehyde via TiO2 Crystal 
Phase Engineering in flow reactor at room temperature
JIANG Yu-heng1,2, TANG Zhi-yong1

(1. Chinese Academy of Science (CAS) Key Laboratory of Nanosystem and Hierarchy Fabrication, CAS Center for Excellence in 
Nanoscience, National Center for Nanoscience and Technology, Beijing 100190, P. R. China; 2. Center for Nanoscale Science and 
Technology, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, P. R. China) 

Abstract
Background, Aims and Scope. As the main component of natural gas, CH4 is an abundant but potent greenhouse 
gas whose impact on global warming is 25 times greater than that of CO2. To innovate the conventional strategy 
of burning CH4 into CO2 in oil fields, the direct conversion of CH4 into value-added liquid commodity holds great 
promise to efficiently utilize fossil feedstocks and reduce greenhouse gas emission. Formaldehyde is is widely 
used as feedstocks in over 50 industrial processes. Actually, 40% of industrial methanol nowadays is employed 
to synthesize formaldehyde. Photocatalytic conversion of methane to formaldehyde under mild conditions, which 
represents a long-sought-after goal for industrial sustainable production, remains extremely challenging to afford 
high production and selectivity using cheap catalysts.
Methods. Herein, we present the crystal phase engineering of commercially available anatase TiO2 via simple 
thermal annealing to obtain the TiO2 phase junction nanomaterials. Based on the fact that the pipeline transporta-
tion pressure of natural gas is up to 200 bar, high-pressure reaction mode is conducive to making full use of the 
original energy. Moreover, a high-pressure atmosphere increases the solubility of methane in water, which could 
boost the efficiency of methane conversion. Thus, all the photocatalytic methane oxidation experiments have been 
carried out in a pressured reactor at room temperature. We also notice that beyond the catalyst construction, the 
adopted reactor is equally important. At present, all works about the photocatalytic methane conversion have been 
carried out in a batch reactor, which is merely suitable for small-scale catalyst screening rather than continuous 
production. Herein, a new type of “pause-flowing” reactor is manufactured for scale-up production of formalde-
hyde.
Results and Discussion. Biphase catalyst of anatase (90%) and rutile (10%) TiO2 with the optimal phase interface 
concentration exhibits the exceptional performance in the oxidation of methane to formaldehyde under the reaction 
condition of water solvent, oxygen atmosphere and full-spectrum light irradiation. An unprecedented production 
of 24.27 mmol gcat

-1 with an excellent selectivity of 97.4% towards formaldehyde is acquired at room temperature 
after a 3 h reaction. Both experimental results and theoretical calculation disclose that the crystal phase engineer-
ing of TiO2 lengthens the lifetime of photogenerated carriers and favors the formation of intermediate methanol 
species, thus maximizing the efficiency and selectivity in aerobic oxidation of methane to formaldehyde. More im-
portantly, the feasibility of scale-up production of formaldehyde is demonstrated by inventing the “pause-flowing” 
reactor. 
Conclusion. In this work, we realize the efficient, selective, continuous and stable production of formaldehyde 
via photocatalytic methane oxidation under mild condition. This work offers a paradigm to approach the industrial 
photocatalytic transformation of low carbon feedstocks including but not limited to methane via rational design of 
both catalysts and reactors.

Key words: Methane; TiO2; Photo; Mild condition

References: 
[1] Fan, Y.; Zhou, W.; Qiu, X.; Li, H.; Jiang, Y.; Sun, Z.; Han, D.; Niu, L.; Tang, Z., Selective photocatalytic oxi-
dation of methane by quantum-sized bismuth vanadate. Nature Sustainability 2021, 4 (6), 509.
[2] Jiang, Y. H.; Zhao, W. S.; Li, S. Y.; Wang, S. K.; Fan, Y. Y.; Wang, F.; Qiu, X. Y.; Zhu, Y. F.; Zhang, Y.; Long, 
C.; Tang, Z. Y., Elevating Photooxidation of Methane to Formaldehyde via TiO2 Crystal Phase Engineering. J Am 
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新型能源体系与储能 王修贵 北京科技大学

Carbon-neutral Power System Transition Pathways for Coal-Dominant and 
Renewable Resource-abundant Regions: Inner Mongolia as a Case Study
Xiugui Wang1,2, Zhongming Lu3, Tianxin Li1,2*, Peng Zhang4

(1. School of Energy and Environmental Engineering, University of Science and Technology Beijing, Bei-
jing,100083, China; 2. Beijing Key Laboratory of Resource-oriented Treatment of Industrial Pollutants, Bei-
jing,100083, China; 3. Division of Environment and Sustainability, The Hong Kong University of Science and 
Technology, Clear Water Bay, Kowloon, Hong Kong, 999077, China; 4. State Environmental Protection Key 
Laboratory of Quality Control in Environmental Monitoring, China National Environmental Monitoring Centre, 
Beijing, 100012, China)

Abstract
Background, Aims and Scope. Under the vision of carbon neutrality, reaching carbon peaking and neutrality tar-
gets in the power industry in coal-dominated, renewable energy-rich provinces is facing unprecedented develop-
ment pressure.
Methods. This study used the optimization model to research the deeper decarburisation path with the lowest cost 
to the Inner Mongolian power industry. Then, three scenarios were set based on the gradual increase of carbon 
emission constraints and the increased renewable energy target. The electricity demand, installed capacity and 
generation, cost-effectiveness, and carbon emissions were evaluated under the three scenarios.
Results and Discussion. Results showed that (1) electricity demand will grow steadily in all three scenarios by 
2060, to achieve carbon peak and carbon neutrality targets, with industrial electricity demand falling by an aver-
age of 41.15%, while the ‘transport, storage & postal’ needs to rise by 88.82%. (2) Inner Mongolia needs to fully 
tap the renewable energy potential, establish a renewable energy storage system, diversify its power supply mode, 
and achieve the 2060 carbon neutrality target. (3) Achieving a profound emission reduction at minimum cost is 
feasible. Compared with keeping 13.01% of coal power as a flexible power supply in the nationally determined 
contributions scenario, completely withdrawing coal power in the carbon neutrality scenario in 2060 will reduce 
carbon emissions by 148.10 million metric tons and costs by 1375.92 billion yuan.
Conclusion. This method can analyse the carbon emission pathways and emission reduction measures of the 
resource-based provincial power sector, including setting boundaries, scenario analysis, forecasting future emis-
sions, analysing results, and providing policy recommendations. Providing relevant countermeasures for govern-
ment departments, industry organisations, power companies, and individuals to conduct carbon neutrality-related 
work.
Key words: Carbon neutrality; Power system; Renewable energy; Optimization model; Scenario analysis.

Chem Soc 2022, 144 (35), 15977.
[3] Jiang, Y.; Li, S.; Wang, S.; Zhang, Y.; Long, C.; Xie, J.; Fan, X.; Zhao, W.; Xu, P.; Fan, Y.; Cui, C.; Tang, Z., 
Enabling Specific Photocatalytic Methane Oxidation by Controlling Free Radical Type. J Am Chem Soc 2023, 145 
(4), 2698.
[4] Jiang, Y.; Fan, Y.; Li, S.; Tang, Z., Photocatalytic Methane Conversion: Insight into the Mechanism of C(sp3)–
H Bond Activation. CCS Chemistry 2023, 5 (1), 30.

Fig 1 Selective Photooxidation of Methane to Formaldehyde via TiO2 Crystal Phase Engineering in flow reactor at room tem-
perature.

51



15

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students The 2nd Carbon Neutrality Forum for Doctoral Students

Technical path design of polygeneration system based on iron and steel industry: 
A multi-objective optimization approach

Mao Xua, Zongguo Wena

a. State Key Joint Laboratory of Environment Simulation and Pollution Control (SKLESPC), School 
of Environment, Tsinghua University, Beijing, 100084, China

Abstract
Polygeneration system has great potential for energy conservation and pollutant emission re-

ductions. However, its application faces the difficulty in technology selection under multiple ob-
jectives simultaneously. This study investigated a case polygeneration system where the iron and 
steel plant is the core with four paths and 20 technologies. A multi-objective optimization model is 
developed to select the optimal technology combination of each polygeneration path under energy 
conservation, emission reduction, and cost control objectives, which is solved by the non-dominated 
sorting genetic algorithm-II (NSGA-II). The optimal results can reach significant energy conser-
vation and emission reduction effects while obtain economic benefits. However, synergistic and 
conflicting relationships among the objectives exist in both scales of iron and steel plants. The final 
decision scheme can achieve the mitigations equivalent to 15.9-27.1% and 16.3-42.6% of the ener-
gy consumption and air pollutant emissions of the steel enterprises with annual production of 3 Mt/
a and 9 Mt/a, respectively. There are 13 and 12 technologies that are selected as the final decision 
scheme in the polygeneration system in these two case enterprises. These findings demonstrate the 
significant roles the polygeneration system play and provide critical insights and methodology in the 
technical selection of the polygeneration system.

Keywords: Polygeneration system; Multi-objective optimization; Energy conservation; Pollutant 
reduction; Iron and steel industry

Unit Valuesa

Flocculation Input
Water 1.000 m

低零碳工业  Low- and Zero- Carbon Industry   
3

aluminum sulfate 0.100 Kg
Electricity 0.003 KW h

Emulsion 
preparation

Input

emulsifier 0.8 L
Re-frying oil 39.2 L
Electricity 0.047 KW h
Water 0.092 m3

Output
water 0.080 m3

Microalgae 
flotation

input Electricity 0.025 KW h

output Water 1.6 m3
Table 2 Energy consumption and CO2 emissions of different harvesting methods

Harvesting method Energy consumption 
[kW h/ m3]

CO2 
emission 
kg/m3 

Harvesting efficiency 
(HE)

DIAF 0.46 0.43 >95%
Settling with floccu-
lant

0.10 0.09 >95%

Dissolved air flota-
tion(DAF)

1.50 1.40 >90%

Direct 
centrifugation

1.43 1.33 >90%

Buoy-bead flotation 0.075 0.07 >90% this study
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Effects of defective structure originating from N incorporation-evaporation 
of Co-based biomass carbon catalysts on methane dry reforming
ZHANG Xiaodi1, ZHANG Guojie1

(1. State Key Laboratory of Clean and Efficient Coal Utilization, College of Chemical Engineering and Technology, Taiyuan Univer-
sity of Technology, Taiyuan, 030024, Shanxi, P. R. China) 

Abstract
Background, Aims and Scope. The development of inexpensive, readily available, and highly sinter and coke 
resistant catalysts for methane dry reforming (DRM) is indeed an important and urgent requirement. Utilization 
of defective structures to limit the aggregation of reactive metals. Meanwhile, the unpaired electrons of defective 
structures not only enhanced the basicity of the support to promote the adsorption and activation of CO2, but also 
improved the electronic environment of the anchored metals sites. The active metal exerts its catalytic effect on 
the support, so the nature of the support determines the catalytic performance of the catalyst to a certain extent. 
Carbon materials serve as excellent metal catalyst supports due to several advantageous properties, including low 
cost, wide availability, and good electrical conductivity. In addition, the used catalyst can be recycled by recover-
ing the active metal through simple calcination, realizing the recycling of metal. Based on this, in this study, novel 
methane dry reforming catalysts with defect structure-limited domains were prepared by introducing defective 
structures in biomass carbon materials through the introduction-evaporation of N atoms, and further loading Co 
with biomass carbon materials rich in defect structures as supports. Thanks to the defective structure, the prepared 
metal-based defect-rich biomass carbon catalysts exhibited excellent catalytic activity and stability.
Methods. Herein, defect-rich biomass carbon materials are obtained in a simple way. Under the combined effect of 
high temperature and defect inducers, the evaporation of N atoms introduced to the carbon skeleton and intrinsic 
N atoms in the biomass leads in the production of defective structures. The amount of defect inducer (KOH) add-
ed during the preparation process was varied to obtain a series of biomass carbon materials with different numbers 
of defective structures. Further, defect-confined Co catalysts (Y-NC(Z)-20Co) for DRM were reasonably designed 
and developed using defective biomass carbon as support. As a comparison, BC(X)-20Co was prepared without 
the introduction of external nitrogen atoms in the preparation process. Here, X, Z represent different amounts of 
KOH.
Results and Discussion. The defective structures were introduced in biomass carbon materials by the incorpora-
tion-evaporation process of external N atoms. The defective structure enhanced the utilization of Co in the metal 
precursor and limited the growth of Co particles while effectively prevented the aggregation of Co particles during 
the DRM reaction. CO2-TPD showed that the increase in the number of defective sites could enhance the basicity 
of the carbon materials, which promoted the adsorption and activation of CO2. Reactive oxygen species generated 
by the CO2 activation process effectively inhibited the coke development. According to the XPS results, the defec-
tive structure affects the chemical environment of Co, which is manifested by the increased electron cloud density 
around Co. This boosted the activation of CH4. Due to these two aspects, Co-based defect-rich biomass carbon 
catalysts exhibited an outstanding catalytic performance in DRM reaction. In the 24 h long-term stability evalu-
ation, the CH4 and CO2 conversions of Y-NC(3)-20Co remained stable at 75% and 86%, respectively. Compared 
with other metal-carbon material catalysts, the catalysts in this study showed good competitiveness.
Conclusion. Biomass material was used as carbon precursor and melamine was used as an external nitrogen 
source. Defect structures were successfully introduced in the biomass carbon material by incorporating the intro-
duction-evaporation of external N atoms. Novel dry reforming catalysts with small particle size and high dispers-
ibility were prepared by using defect-rich biomass carbon material as a support and further loading active metal 
Co. The synthesized defect structures act as active centers for activating gas molecules and as “traps” for an-
choring active metals. At the same time, the defective structures also enhance the exposure of catalytically active 
species (Co2+) on the catalyst surface. Thanks to the synergistic effect of defect structures, the prepared Co-based/
defect-rich biomass carbon material catalysts exhibited excellent catalytic performance. This study provides a new 
strategy for the construction of metal-based carbon material catalysts with multiple active catalytic centers.
Key words: DRM reaction; Biomass carbon materials; Nitrogen; Defective structures, Co-based catalysts

低零碳工业 吴国庆 辽宁工程技术大学 低零碳工业  Low- and Zero- Carbon Industry   

碳中和背景下我国煤炭行业现状分析及优化研究

Abstract: This paper aims to deeply explore the current situation of China’s coal industry in the context of carbon 
neutrality, and propose optimization research suggestions such as strengthening research on carbon capture and 
storage technology, promoting the development of clean coal technology, developing coal alternative energy, pro-
moting structural adjustment of the coal industry, innovating coal resource management models, etc., in order to 
achieve sustainable development and environmental protection goals of the coal industry. As the world’s largest 
coal producer and consumer, China’s coal industry is crucial in addressing carbon emissions and environmental 
pollution issues. With the increasingly prominent issue of global climate change, China has clearly proposed the 
goal of carbon neutrality, which brings significant challenges and opportunities to the development of the coal in-
dustry.

53



10

论 /文 /集

The 2 nd Carbon Neutrality Forum for Doctoral Students The 2nd Carbon Neutrality Forum for Doctoral Students

Fig 4 High resolution XPS spectra of (a) C1s and (b) Co2p in BC(3)-20Co and Y-NC(3)-20Co

Fig 5 Co2+/Co3+ value of all Co-based catalysts

Fig 6 XPS spectra of Co 2p in BC(2)-20Co, Y-NC(1)-20Co and Y-NC(2)-20Co

Fig 7 (a) CO2-TPD on metal-free BC(3) and Y-NC(3) and (b) CH4-TPD on BC(3)-20Co and Y-NC(3)-20Co

Fig 1 Schematic diagram of the defects formation.

Fig 2 (a) TEM image and (b) Co particle size distribution of BC(3)-20Co; (c) TEM image and (d) Co particle size distribution 
of Y-NC(3)-20Co

Fig 3 TEM images and particle size distribution of BC(2)-20Co, Y-NC(1)-20Co and Y-NC(2)-20Co
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低零碳工业 赵瑞博 哈尔滨工业大学（深圳）

New Energy Vehicle Charging Facility Industry and Technology Forecast 
in China

Abstract: As a significant role in global energy transition, China has made encouraging performance in clean en-
ergy and new energy vehicles (NEV). The domestic NEV production has increased by 2500 times in the last ten 
years and accounts for over 65% of the global sales. However, the unbalanced development between NEV and EV 
charging facility put new challenge to the future of Chinese EV industry. This essay thus explores the domestic EV 
charging facility industry, analyzes the effects of NEV industry and charging facility on carbon emission and final-
ly predicts the technology trends in the future by collecting and analyzing the relative data from 2011 to Septem-
ber 2023. The results shows that the development of NEV and EV charging facility have made obvious progress in 
declining the carbon emission. The article also analyzes the current problems of EV charging and battery chang-
ing, providing suggestions and guidelines for the future development of this industry.

Keywords: energy transition, new energy vehicles, charging facilities, low-carbon economy

Fig 8 CH4 (a, b) and CO2 conversion (c, d), H2/CO (e, f), H2 Selectivity (g, h) and CO Selectivity ( i, j) of BC(3)-20Co, Y-NC(3)-
20Co at different reaction temperature

Fig 9 (a) CH4 conversion, CO2 conversion, H2/CO, H2 Selectivity and CO Selectivity of BC(3)-20Co and (b) Y-NC(3)-20Co 
variation with reaction time (10 h); (c) CH4 conversion, CO2 conversion, H2/CO, H2 Selectivity and CO Selectivity of Y-NC(3)-
20Co variation with reaction time (24 h)

Fig 10 Arrhenius plots for the methane dry reforming over BC(3)-20Co and Y-NC(3)-20Co: (a) CH4; (b) CO2

Fig 11 Possible reaction mechanism over Y-N(Z)-20Co catalyst
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碳中和政策、经济与管理 陈行 贵州财经大学

绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应
摘要：绿色金融作为重要的减排工具，在合理的绿色财政引导下，有助于放大资源配置效
能，强化减污降碳效应。本文以2007—2020年中国大陆30个省市区（不含西藏）的省级面板
数据为样本，采取双向固定效应和门槛效应模型，探索绿色金融的减污降碳效应及绿色财政
的门槛效应。研究发现：（1）绿色金融存在显著的减污降碳效应，且减污效应大于降碳效
应。（2）绿色金融可通过优化产业结构抑制污染物和二氧化碳排放。（3）绿色税收和绿色
财政支出对绿色金融具有门槛效应。当绿色税收规模处于0.12%—2.41%之间时，有助于增强
绿色金融的减污效应，同时确保其降碳效应。当绿色财政支出规模处于4.16%—4.21%，有助
于提高绿色金融的减污效应。研究结论为完善绿色金融制度、优化绿色税收和绿色财政支出
提供政策启示，有助于进一步推进减污降碳。

关键词：绿色金融；绿色财政；减污降碳；绿色税收；绿色财政支出
中图分类号：F810.4；F830.2    文献标识码：A    文章编号：

低零碳农业

Low- and Zero- Carbon Agriculture
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低零碳建筑 杜少紫 清华大学

Research on Life-cycle Carbon Emission Characteristics and Reduction Strategies of Polar 
Architecture: A Case study of Antarctic Stations
TU Shao-tsu1, ZHUANG Wei-min1,2

(1. School of Architecture,  Tsinghua University,  Beijing  100084,  China;  2. Architectural Design & Research Institute of Tsinghua 
University (THAD),  Beijing  100084,  China) 

Abstract
Background, Aims and Scope. Climate change poses an increasing environmental threat to the polar regions. The 
construction and operation of polar architecture is one of the greatest potential threats directly affecting the polar 
environment, which is responsible for most polar carbon emissions. Previous studies most focus only on energy 
saving strategies and renewable energy use technologies during their operational phase, but a life cycle perspective 
is missing. This study introduces a low-carbon and life cycle research perspective, to reveal the carbon emission 
characteristics of polar architecture throughout their life cycle, then proposes carbon reduction strategies focuses 
on key aspects. Aiming to provide a basis for polar architecture to control carbon emissions and achieve sustainab-
le development in the early design stage.

Methods. Combining literature review, comparative study and inductive method, this paper proposes a model and 
a variable matrix for calculating the life-cycle carbon emission of polar architecture, taking Antarctic research 
station as an example. Comparing the proportion of carbon emissions at each stage of the full life cycle of polar 
architecture with those of typical buildings in general urban environments, and analyzing the characteristics at va-
rious stages. Nine cases of Antarctic research stations constructed after 2000 are selected, to summarize 9 carbon 
reduction strategies and 22 sub-strategies, which further reveal the key links to improve the carbon reduction effi-
ciency of polar architecture.

Results and Discussion. (a) Carbon emissions of polar architecture mainly come from the transportation of 
building materials during the construction phase (including transportation of construction personnel and fuel), 

Low- and Zero- Carbon City

低零碳城市
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Response of Urban Ecosystem Carbon Storage to Land Use/Cover 
Change and Its Vulnerability Based on Major Function-Oriented Zone
Planning

Lili Geng, Yuanyuan Zhang *, Huixian Hui, Yuhan Wang and Yongji Xue *

School of Economics & Management, Beijing Forestry University, Beijing 100107, China;
lilygeng@bjfu.edu.cn (L.G.); hhxbjfu@bjfu.edu.cn (H.H.); wyh1014@bjfu.edu.cn (Y.W.)
*Correspondence: zhangyy_1998@bjfu.edu.cn (Y.Z.); xyjbjfu@bjfu.edu.cn (Y.X.); Tel.: +86-010-6233-8447 (Y.X.)

Abstract: Vigorous emphasis has been placed on optimizing land spatial planning to protect carbon storage 
and enhance ecosystem resilience. What is the effectiveness of the Major Function-Oriented Zone (MFOZ)
 planning implemented to achieve this goal in China? Especially in urbanized areas where there are more pr-
onounced conflicts between humans and land. Taking the Beijing-Tianjin-Hebei (BTH) urban agglomeration 
as the target area, this study explored the response of carbon storage to land use/cover change (LUCC) and it
s vulnerability to ecological service functions under MFOZ planning. The 30 m × 30 m spatially resolved 
Landsat TM/ETM remote sensing images from 2000 to 2020 were used. The data preprocessing was perfor-
med mainly through radiometric calibration, clipping, and reclassification through the ArcGIS 10.7 softwar-
e. Applying the InVEST model, which uses the LUCC map and carbon storage density of the four carbon p-
ools, including above-ground carbon density, below-ground carbon density, dead organic carbon density, and
 soil organic carbon density, to evaluate the carbon storage under the current landscape or in the future, the 
results show that: (1) The BTH ecosystem experienced a carbon storage reduction of about 7.25 × 10  Mg fro-
m 2000 to 2020 due 

7

Keywords: land use/cover change; carbon storage; InVEST model; Major Function-Oriented Zone Planning;
 vulnerability; Moran’s I index

低零碳建筑 滕飞 中国石油大学（北京）

Techno-Economic Assessment and Fuel-Cycle Assessment of Hydrogen Fuel Based on 
High-Precision Technology Foresight  
Fei Teng1,2, Qi Zhang1,3, Siyuan Chen4, Lu Wang1, Jie Jiao1, JiangFeng Liu1

(1.School of Economics and Management, China University of petroleum, Beijing, 102299;2. National Science 
Library Chinese Academy of Sciences, Beijing, 100190; 3. Tianshan Research Institute, Xinjiang, 834000;4. Eco-
nomics and Management, North China Electric Power University, Beijing, 100096)

Abstract: To comprehensively understand the potential role of Hydrogen Fuel Cell Vehicles (HFCVs) in achiev-
ing the carbon neutrality objectives of China’s transportation sector, this study employed the GREET model to 
analyze the entire life cycle of hydrogen fuel from 2020 to 2060. By integrating various aspects such as hydrogen 
production, storage, transportation, and refueling, 21 different fuel pathways were constructed to evaluate their 
environmental and economic impacts, which are crucial for developing effective emission reduction policies. The 
findings indicate that, in the current phase, while renewable energy-based electrolytic hydrogen production signifi-
cantly reduces air pollutants and carbon emissions, conventional hydrogen production methods using natural gas, 
coke oven gas, and coal exhibit superior economic performance. However, with the emergence of technological 
learning effects, a downward trend in pollution emissions and costs associated with hydrogen fuel is anticipated. 
Notably, offshore wind and biomass gasification hydrogen production play a critical role in reducing greenhouse 
gas emissions, and the economic feasibility of photovoltaic electrolytic hydrogen production is increasingly evi-
dent.
Keywords: High-precision; Technology foresight; Hydrogen fuel; LCA; Environmental impact; Economic evalu-
ation

to the expansion of construction land, which crowded out cropland. Carbon storage in t-
he BTH showed a high concentration in the “northeast-southwest” direction and a tiny distribution in the “m-
iddle-east” direction. (2) From 2015, the initial effects of the MFOZ planning were seen, with the ecological 
land in the Central Core Zone and Eastern Coastal Development Zone decreasing while the proportion of hi-
gh-carbon storage areas in the Eastern Coastal Development Zone increasing. (3) Over the two decades, the l-
and use intensity index improved by 4.65 overall, and vulnerability worsened from 2000 to 2015 and was all
eviated from 2015 to 2020. This study will provide a scientific reference for optimizing urban spatial land use
 planning and promoting carbon sequestration in ecosystems.
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低零碳交通 李亚琴 辽宁工程技术大学

Path planning of intelligent logistics vehicles for fresh materials in the con-
text of carbon neutrality
Yaqin Li1

（1.Liaoning Technical University, Huludao 125000, China）

Abstract:
Background, Aims and Scope. With the proposal of carbon neutrality, reducing the carbon emissions of logistics 
vehicles has become an important task. In order to solve this problem, this paper proposes an improved ant colony 
algorithm to optimize the path planning of logistics vehicles
Methods.In this paper, a path planning model of intelligent logistics vehicles for fresh materials is established, and 
the capacity limitations, time window limitations, and carbon emission limits of logistics vehicles are considered. 
Then, by improving the ant colony algorithm, the carbon emission factor was introduced, and the fitness function 
was designed to evaluate the advantages and disadvantages of the path. In each iteration, the colony selects the 
next node based on the pheromone concentration and heuristic information, and updates the pheromone concen-
tration. At the same time, in order to increase the diversity of the algorithm and avoid falling into the local optimal 
solution, the stochastic perturbation operation is introduced.
Results and Discussion. Through comparative experiments, the improved ant colony algorithm proposed in this 
paper is compared with the traditional ant colony algorithm. Experimental results show that the improved ant col-
ony algorithm has obvious advantages in reducing carbon emissions and optimizing path planning. Compared to 
traditional algorithms, the improved algorithm reduces path length and carbon emissions by 10% and 15%, respec-
tively.
Conclusion. Based on the improved ant colony algorithm, this paper proposes a path planning method for intelli-
gent logistics vehicles suitable for fresh materials in the context of carbon neutrality. This method has significant 
effects in reducing carbon emissions and optimizing path planning, and provides an effective solution for the path 
planning of intelligent logistics vehicles for fresh materials.
Keywords: carbon neutrality; improved ant colony algorithm; Intelligent logistics vehicles

低零碳城市  Low- and Zero- Carbon City                           

Urban low-carbon logistics distribution route optimization based on im-
proved genetic algorithm
Hu Xiaoman
(School of Business Administration, Liaoning Technical University, Huludao 125105, China)

Abstract
Background, Aims and Scope. With the acceleration of urbanization and the increasingly serious environmental 
problems, low-carbon logistics distribution has become an important part of urban sustainable development. Aim-
ing at the realistic problems of high cost and large carbon emission of urban logistics distribution in China, this 
paper constructed an urban logistics distribution route optimization model considering demand uncertainty and 
carbon emission constraints, and proposed an improved adaptive genetic algorithm suitable for multi-vehicle mod-
els.
Methods. By using urban logistics distribution data and Matlab R2014a software to conduct simulation tests, the 
optimal urban logistics distribution route scheme under the constraint of demand uncertainty and carbon emission 
is obtained.
Results and Discussion. The simulation results show that the improved adaptive genetic algorithm has good ef-
fectiveness and applicability in solving the problem of urban logistics distribution route optimization. Under the 
constraint of demand uncertainty and carbon emission, the improved adaptive genetic algorithm can effectively 
reduce the cost of urban logistics distribution. Compared with the single-vehicle distribution scheme, the multi-ve-
hicle distribution scheme is more advantageous in urban logistics distribution.
Conclusion. By constructing an urban logistics distribution path optimization model considering demand uncer-
tainty and carbon emission constraints, and using an improved adaptive genetic algorithm, this study obtained the 
optimal urban logistics distribution path scheme under demand uncertainty and carbon emission constraints. This 
scheme can effectively reduce the cost of urban logistics distribution, and the multi-vehicle distribution scheme is 
more advantageous in urban logistics distribution, which provides an effective reference for solving the problems 
of high cost and large carbon emission of urban logistics distribution in China.
Key words: Improved adaptive genetic algorithm; Urban logistics; Path optimization; Demand is uncertain; Car-
bon emission constraint

Table 1 Simulation results of target parameters by traditional genetic algorithm and improved multi-objective genetic algo-
rithm

Algorithm Distribution cost Delivery vehicle
Simulation value Range of change Simulation value Range of change

Traditional genetic algorithm 7436.52 - 7 -
Improved multi-objective genetic algo-

rithm
7214.25 -2.98 5 -28.57

Note: The change amplitude refers to the change of the simulation value of the target parameters of the improved multi-objective 
algorithm compared with the traditional genetic algorithm.

Table 2 Influences of single-vehicle and multi-vehicle distribution schemes on the value of objective function
Distribution scheme Vehicle type Distribution costs

Single vehicle type
A 7629.42
B 7968.31
C 8503.13

multi-vehicle 7214.25

Note: A, B and C represent 3 different types of delivery vehicles.
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The Relevance Between Residential Block Forms and Building Carbon 
Emissions Under the Guidance of a Carbon Neutrality Goal: A Case Study 
of Wuhan, China
LI Gao-mei1,2,WANG Si-yao1

(1. School of Architecture & Urban Planning, Huazhong University of Science and Technology;  2. Hubei Engineering and Technolo-
gy Research Center of Urbanization,  Wuhan  430074,  China) 

Abstract:Controlling building carbon emissions (CE) is the key link to achieving the goal of carbon neutrality, 
and residential blocks are the main positions for realizing a building’s carbon neutrality. This work aimed to eval-
uate the building carbon emissions intensity (CEI) levels of residential blocks using Rhino and Grasshopper and to 
quantify the relevance between the block form parameters and a building’s carbon emissions (CE). Firstly, 48 cas-
es were selected by stratified sampling, and they were classified by architectural typology. Secondly, the residential 
block morphological parameters and building carbon emissions were calculated. Thirdly, the relevance between 
the block form parameters and the building’s CE was quantified using statistical methods. Lastly, low-carbon plan-
ning strategies for residential blocks under a target of carbon neutrality were proposed. The findings showed that 
the influence of the block form parameters on a building’s CE was 31.66%. A building’s shape factor has a posi-
tive influence on its CE, and the floor area ratio, building volume–site area ratio, and building height have negative 
influences on its CE. A building’s shape factor, cover ratio, and surface–site area ratio synergistically impact its 
CE. The weight of a building’s shape factor on its carbon emissions was 3.84 times that of its cover ratio and 4.46 
times that of its surface–site area ratio. The technology workflow proposed in this study can provide data in sup-
port of carbon emissions assessments and low-carbon planning strategies for urban blocks in other cities in China 
and worldwide. 
Key words: carbon neutral; residential blocks; block form; building carbon emissions; low-carbon planning

Table 1 Table of carbon emission intensity for land-type shifts
Agricultural 
production 
methods

Vegetation 
carbon densi-

ty

Soil carbon 
density

Agricultural 
production 
methods

Total（t/hm²）

Forest 24.6 187.8 212.4
Grasslands 9.8 151.9 161.7

Building land 6.8 128.5 135.3
Unutilized land 13.5 165.5 179

Cropland Fertilizers 7.6 154.2 0.11 161.90
Agrochemical 7.6 154.2 0.0089 161.81

Diesel fuel 7.6 154.2 0.18 161.98
Turn the soil 7.6 154.2 0.003 161.80

Irrigation 7.6 154.2 0.15 161.95
Agrofilm 7.6 154.2 0.02 161.82
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Carbon emissions of urban rail transit in Chinese cities: A comprehensive 
analysis
PU Jing1,2,3, CAI Chen1,3, GUO Ru1,3, LIN Rui-min1, LIU Lia1,2,3, PENG Kai-ming1,3, HUANG 
Xiang-feng1,2,3

(1.	 College of Environmental Science and Engineering,  Tongji University,  Shanghai  200092,  China;  2. Shanghai Research 
Institute for Intelligent Autonomous Systems,  Tongji University,  Shanghai  200092,  China;  3. China Institute of Carbon Neutrality,  
Tongji University,  Shanghai  200092,  China)

Abstract
Background, Aims and Scope. A considerable proportion of the greenhouse gases emitted into the atmosphere 
is attributable to the transportation sector. Urban rail transit (URT) distinguishes itself from various public trans-
portation modes due to its significant carrying capacity and independent right-of-way. Existing literature pre-
dominantly focused on carbon emissions within the broader transportation sector, leaving a notable gap in our 
understanding of the carbon emissions to URT systems across China. The patterns, decoupling status, and drivers 
of carbon emissions from URT in China remain unclear despite the ongoing development of URT. This study is 
the first to conduct a comprehensive analysis of URT carbon emissions in all Chinese subway cities, and classified 
host cities into four categories.
Methods. The study analyzed the URT carbon emissions in all Chinese subway cities using spatial analysis mod-
els, the Tapio decoupling model, and the LMDI decomposition approach.
Results and Discussion. Results showed that the Chinese URT has experienced a notable surge in development in 
the past eight years, characterized by an annual carbon emissions growth rate ranging between 5% and 34% from 
2015 to 2022. Spatiotemporal variations in Chinese URT carbon emissions revealed faster growth in southwest-
ern China compared to the northeastern region. Significant differences existed in carbon emissions between the 
four types of cities. From 2015 to 2022, the most developed Type I cities consistently had the highest emissions, 
although the share of emissions showed a declining trend. The emission intensity of the Type IV cities was up to 
four times higher than Type I cities.
Conclusion. Only 12% of cities accomplished weak decoupling between carbon emissions and economy; these 
cities were mainly highly developed Type I cities. The URT development of carbon emissions was influenced by 
the increment of energy intensity and economic activity. These results implied that carbon emissions from Chinese 
URT will continue to rise in the foreseeable future.
Key words: urban rail transit; carbon emissions; carbon emission intensity; spatiotemporal analysis; decoupling 
analysis; LMDI decomposition

Fig 1 Urban rail transit and CO2 emissions in China.

低零碳交通 马甜 中国石油大学（北京）

A Critical Review on Recycling Potential and Risk Analysis of Critical Met-
als for Traction Batteries
MA Tian12, ZHANG Qi123, LIU Boyu12, TANG Yanyan4

(1. School of Economics and Management,  China University of Petroleum (Beijing),  Beijing  102249,  China；2. Tianshan Re-
search Institute, Karamay, 834000, Xinjiang, China; 3. School of Business Administration, China University of Petroleum (Beijing) 
at Karamay, Karamay, 834000, Xinjiang, China; 4. School of Economics and Management, China University of Geosciences (Beijing), 
Beijing, 100083, China)

Abstract
Background, Aims and Scope. The spent traction batteries are expected to rise explosively due to the massive 
adoption of EVs (electric vehicles). The critical metals, such as Lithium (Li), Cobalt (Co), and Nickel (Ni), con-
tained in spent traction batteries will be an important material source for manufacturers of batteries. There is ex-
tensive attention and concern for metal recycling of traction batteries around the world. However, most articles 
reviewed technology details of the recycling processes, and the quantitative scale of critical metal recovery in 
the future remains unclear. Furthermore, various risks and uncertainties of metal recycling have not yet been ad-
dressed clearly, such as poor economy, safety accidents, and environmental impacts. 
Methods. This paper provides an overview of recovery potential influencing factors, as well as reviews the pre-
dicted results of recovery potential in the existing literature. On this basis, the associated risks of economic, envi-
ronmental, safety, and political were analyzed.
Results and Discussion. The results show that: (1) Li recycled will reach current global mine production around 
2036 as Co recycled in China will be lower than the current mine import during 2025-2040. The recycling of Ni 
is very low relative to current world production or imports in China and the US. (2) The key factors that affect the 
metal recovery potential include the type of cathode material, lifetime of batteries, sales of EVs, collection rate of 
batteries, lifetime of cascade use, cascade use rate, and recovery rate of metals. (3) Furthermore, the reason why 
battery recycling is so difficult to make a profit. Different recycling processes have different environmental im-
pacts, and the environmental problems of collection, sorting, and transportation are scarcely considered. The safe-
ty risks of battery recycling are attributed to three aspects: management, technology, and the ambient environment. 
Additionally, the incomplete regulation framework also creates a critical conundrum.
Conclusion. The present study makes the recycling potential of spent traction batteries clearer and summarizes the 
risks of battery recycling, as well as points out the further potential research direction, followed by policy implica-
tions and recommendations.
Key words: critical metal; recycling potential; risk analysis
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The Correlation between water-carbon and urban spatial form in built-up 
areas: evidence from Shenzhen
Gaoyuan Wang a, b, Muhan Li a, Yangli Li a,c, *

a. School of Architecture, Tianjin University, Tianjin 300072, China
b. Department of Architecture, College of Design and Engineering, National University of Singapore, 4 Architecture Drive, 117566 
Singapore
c. School of Civil Engineering and Architecture, Southwest University of Science and Technology, Mianyang 621010, China

Abstract
The synergy of water and carbon management holds profound significance for the sustainable development of ur-
ban spaces. Methods that involve scientific simulation of the spatial distribution of water usage and carbon emis-
sions within cities await exploration, with relatively scant research delving further into the potential implications 
of the association between water consumption and carbon emission spatial patterns. This study integrates diverse 
spatial datasets, statistical yearbook data, sectorial affiliations, and geographical entities, along with time-series es-
timation techniques, to model the spatial distribution of water usage and carbon emissions in Shenzhen at a 1 km² 
grid scale. Subsequently, spatial correlations between the two are explored using GeoDa, and a carbon emissions 
per unit of water consumption (CEWC) model is constructed, drawing from performance metrics. Employing 
Geodetector and Spearman’s correlation analysis, the study further investigates the impact of spatial form on water 
usage and carbon emissions. This methodological approach unveils the spatial distribution of water consumption 
and carbon emissions in Shenzhen at a finer resolution. The results elucidate that high-value concentrations are 
situated within the functionally developed urban core, with a subtle positive spatial correlation between the two 
parameters. The distribution of CEWC underscores a more profligate water utilization in traditional industrial 
zones and secondary central areas. It is evident that BD, ISP, BSD, and BSI stand as the primary drivers of the 
spatial distribution of water consumption and carbon emissions, with a notable enhancement in explanatory power 
resulting from their interplay with urban morphology. Furthermore, BSD, BSI, BH, and CEWC exhibit substantial 
correlations, with parameters describing building height exerting a significant negative influence on CEWC. In 
light of the outcomes, the study puts forth recommendations for top-tier coordinated management, flexible spatial 
growth, and the guidance of block spatial intensity. The research contributes empirical evidence regarding the 
spatial interrelation between water consumption and carbon emissions, thereby providing a robust foundation for 
policy decisions pertaining to the coalescence of water and carbon in the spatial development of mega-cities.

国际分会场 申明海 北京科技大学

Investigating competitive adsorption of CO2 and H2O in direct air carbon 
capture
SHEN Minghai1,2, KONG Fulin1, GUO Wei1, ZUO Zhongqi1, TONG Lige1, ZHANG Peikun1, 
WANG Li1, KAWI Sibudjing2, CHU Paul K3, DING Yulong4

(1. School of Energy and Environmental Engineering, University of Science and Technology Beijing, Beijing 100083, China;  2. De-
partment of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, Singapore 119260, 
Singapore;  3. Department of Physics, Department of Materials Science and Engineering, and Department of Biomedical Engineer-
ing, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China;  4. Birmingham Centre for Energy Storage & 
School of Chemical Engineering, University of Birmingham, B15 2TT, UK) 

Abstract
Direct air carbon capture (DAC) techniques enable the capture of carbon dioxide from the atmosphere to mitigate 
carbon emissions and reduce the concentration of carbon dioxide in the atmosphere. Since the adsorption capacity 
of the adsorbent for H2O is lower than that of CO2, direct capture of CO2 in the air will reduce the adsorption ca-
pacity and adsorption efficiency due to the competitive adsorption of H2O and CO2. The traditional capture method 
is chemical absorption or drying the air first to capture CO2 separately. Green and environmentally friendly phys-
ical adsorption technology that captures CO2 and H2O together can reduce equipment space, system complexity 
and energy consumption. The competitive adsorption of CO2 and H2O has an important impact on direct air carbon 
capture and carbon capture from wet flue gases. I will demonstrate our discovery and control methods of the com-
petitive adsorption rules of CO2 and H2O in direct air carbon capture. Through molecular dynamics and various 
characterization methods, we compared and analyzed the pore size changes, CO2 and H2O adsorption energies, 
and CO2 separation effects of NaX zeolite under the temperature effect and electric field. The reasonable optimiza-
tion of pore size structure and the distribution of Na+ ions have an important impact on the competitive adsorption 
of CO2 and H2O. We believe that the Na+ sites can be fixed through the rational design of the O-T-O (T = Al, Si) 
framework. Owing to the E-field formed by the plasma and exposure to CO2, it morphs into a stable low-energy 
structure that can accommodate more CO2. By increasing the surface area and adsorption sites for CO2, the NaX 
zeolite after the dual plasma treatment and CO2 exposure for 60 minutes shows the highest adsorption capacity 
of 5.49 mmol·g-1. By increasing the desorption energy consumption of the NaX zeolite by 5.88%, more efficient 
and larger-capacity low-concentration carbon dioxide capture can be accomplished. By inhibiting the adsorption 
of H2O or separating adsorption sites, high-capacity co-adsorption of CO2 and H2O can be achieved. In the co-re-
covery process of CO2 and H2O, separation and recovery of high-purity CO2 and H2O can be achieved according 
to the desorption law of CO2 and H2O. Our results disclose that by proper design of the materials and separation 
technology, joint capture and recovery of CO2 and H2O by a direct air carbon capture system can be accomplished.
Key words: carbon dioxide; water; adsorption; carbon capture; direct air carbon capture

Fig 1 Adsorption capacity and separation ratio of CO2 and H2O in an atmosphere of 400ppmCO2 and RH40%.
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Can the transportation sector in Beijing reach its carbon peak? A multi-sce-
nario analysis based on the extended STIRPAT model
YANG Yu-hao
(School of Architecture,  Tianjin University,  Tianjin  300072,  China) 

Abstract
Background, Aims and Scope. The transportation sector plays a pivotal role in China’s efforts to achieve CO2 
reduction targets. As the capital of China, Beijing has the responsibility to lead the era’s demand for low-carbon 
development and provide replicable and scalable low-carbon transportation development experience and wisdom 
for other cities in China. This study calculates the CO2 emissions of the transportation sector in Beijing from 1999 
to 2019, constructs the extended STIRPAT model (population, affluence, technology, and efficiency) to reveal the 
effects of different influencing factors, and predicts the development trends, peak times, and quantities of transpor-
tation CO2 emissions in 9 scenarios for Beijing from 2021 to 2035.
Methods. (1) Extended STIRPAT Model (Table 1). (2) Ridge Regression Analysis. (3) Scenario Forecast Analysis: 
setting growth rates of influencing factors in different scenarios (Table 2) and scenario design for transportation 
CO2 Emission Prediction (Table 3).
Results and Discussion.  (1) The total amount of CO2 emissions from Beijing’s transportation sector exhibits a 
trend of gradually stabilizing in terms of growth, with a corresponding gradual deceleration in the rate of increase. 
Kerosene, gasoline, and diesel are the main sources of transportation CO2 emissions in Beijing, with an annual av-
erage proportion of 95.78% (Figure 1 and Figure 2). (2) The degree of influence of the indicators on transportation 
CO2 emissions, in descending order, is: energy in-tensity, per capita GDP, population size, GDP by transportation 
sector, total transportation turnover, public transportation efficiency, possession of private vehicles, and clean 
energy structure. Among them, the proportion of clean energy structure and public transportation efficiency are 
negatively correlated with transportation CO2 emissions, while the remaining indicators are positively correlated. 
(3) In the 9 predicted scenarios, all scenarios, except scenario 2 and scenario 4, can achieve CO2 emission peaks 
by 2030, while scenarios 7 and 9 can reach the peak as early as 2025 (Table4 and Figure 3). (4) The significant 
advancement and application of green carbon reduction technologies have profound implications, as they can ef-
fectively offset the impacts of population, economy, and efficiency indicators under extensive development. Effec-
tive population control, sustainable economic development, and transportation efficiency improvement are viable 
means to help achieve carbon peaking and peak value in the transportation sector.
Conclusion. Firstly, as calculated in this study, the CO2 emissions of the transportation sector in Beijing from 
1999 to 2019, increased from 5.43 million tons in 1999 to 37.84 million tons in 2019, with an annual average 
growth rate of 10.42%. Kerosene, gasoline, and diesel are the primary sources of CO2 emissions in Beijing’s trans-
portation sector. Secondly, the STIRPAT model was extended to include four aspects—population, affluence, tech-
nology, and efficiency—and ridge regression was used to establish the impact relationships between the eight eval-
uation indicators and CO2 emissions. From highest to lowest impact, these indicators are EI > PG > P > TG > TT > 
PTE > PV > CES. Finally, based on the extended STIRPAT model, the development trends and peak scenarios of 
transportation CO2 emissions in Beijing during 2021 to 2035 were predicted under nine scenarios. The prediction 
results show that the probability of the transportation sector in Beijing reaching peak CO2 emissions before 2030 
is high if the city steadily promotes the transition of economic and population development from extensive growth 
focused on speed and scale to intensive growth emphasizing quality and efficiency. The progress and application 
of green carbon reduction technologies are of great significance, as they can effectively offset the impacts of pop-
ulation, economy, and efficiency indicators under extensive development. Effective population control, sustainable 
economic development, and transportation efficiency improvement are viable means to help achieve carbon peak-
ing and peak value in the transportation sector.

Key words: transportation sector; CO2 emissions; carbon peak; STIRPAT model; scenario forecast; Beijing

Figure 1 Timeline of candidate short-, mid- and long-term GHG reduction measures.

Table 2 Maritime application status of the main types of fuel cell and their challenges.

Type Maritime Application Status Main Challenges

AFC Very few applications

Relatively low output power
High requirements for pure hydrogen and oxygen

Relatively low lifespan
Single fuel type

Requirement for expensive platinum catalyst

PAFC No application
Low output power

Low durability
Requirement for expensive platinum catalyst

PEMFC Wider applications

Relatively low output power
High requirements for pure hydrogen

Complex system for water management
Relatively low lifespan

Single fuel type
Requirement for expensive platinum catalyst

MCFC Fewer applications

Relatively high cost
Oversized volume 

Relatively low lifespan
Existence of liquid molten carbonate

Slow dynamic response

SOFC Increasing applications Relatively high cost
Slow dynamic response

74



44

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students

Table 3. Types of the scenarios
Scenarios P PG TG PV EI CES TT PTE

Scenario 1 BAU
Scenario 2 Techni-

cal  
stability

High  
efficien-

cy

High 
growth

H H H H BAU BAU H H

Scenario 3 Low 
growth

L L L L BAU BAU H H

Scenario 4 Low  
efficien-

cy

High 
growth

H H H H BAU BAU L L

Scenario 5 Low 
growth

L L L L BAU BAU L L

Scenario 6 Techni-
cal   

break-
through

High  
efficien-

cy

High 
growth

H H H H H H H H

Scenario 7 Low 
growth

L L L L H H H H

Scenario 8 Low  
efficien-

cy

High 
growth

H H H H H H L L

Scenario 9 Low 
growth

L L L L H H L L

Table 4. Forecast of Transportation CO2 Emissions in Beijing from 2021 to 2035 (104 t)
Year Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9
2021 4605.63 4627.38 4599.36 4611.60 4583.67 4539.02 4511.53 4523.53 4496.14
2022 4812.30 4900.15 4757.07 4866.77 4724.67 4760.47 4621.46 4728.04 4589.99
2023 4828.56 4936.19 4737.67 4919.35 4721.51 4749.47 4558.46 4733.27 4542.91
2024 5045.23 5227.17 4900.12 5191.56 4866.75 4981.19 4669.54 4947.26 4637.73
2025 5271.63 5535.29 5068.15 5478.83 5016.45 5224.21 4783.32 5170.92 4734.53
2026 5375.49 5721.71 5112.84 5643.57 5043.01 5347.92 4778.82 5274.89 4713.56
2027 5481.41 5914.41 5157.92 5813.26 5069.70 5474.57 4774.34 5380.94 4692.68
2028 5589.40 6113.60 5203.40 5988.05 5096.54 5604.22 4769.85 5489.12 4671.89
2029 5699.53 6319.50 5249.29 6168.09 5123.52 5736.93 4765.37 5599.48 4651.20
2030 5811.83 6532.34 5295.57 6353.55 5150.64 5872.79 4760.90 5712.06 4630.60
2031 5781.59 6589.01 5208.89 6382.32 5045.49 5865.98 4637.30 5681.96 4491.83
2032 5751.51 6646.18 5123.63 6411.21 4942.49 5859.17 4516.92 5652.03 4357.22
2033 5721.59 6703.85 5039.77 6440.24 4841.59 5852.38 4399.65 5622.25 4226.65
2034 5691.82 6762.02 4957.28 6469.40 4742.76 5845.59 4285.44 5592.63 4099.99
2035 5662.21 6820.69 4876.13 6498.69 4645.94 5838.81 4174.18 5563.16 3977.12

Figure 1. Total CO2 emissions and annual growth rate of transportation sector in Beijing from 1999 to 2019

Table 1. Description of the extended STIRPAT model variables
Influencing 

factors

Related indicators Explanation and calculation of the indicator Unite

Population population size (P) Permanent population in Beijing refers to 

persons actually living for more than half a 

year

ten thousand people

Affluence Per capita GDP (PG) Gross Regional Product / Permanent popula-

tion

Yuan / person

GDP by transportation sector 

(TG)

- 108 Yuan

Possession of private Vehicles 

(PV)

- ten thousand vehicles

technology Energy intensity (EI) energy consumption per unit of transporta-

tion GDP

tons / ten thousand Yuan

Clean energy structure (CES) clean energy consumption (electricity and 

natural gas) / total energy consumption

%

Efficiency Total transportation turnover 

(TT)

The sum of total passenger turnover and 

total freight turnover

ten thousand tons · km

Public transportation efficien-

cy (PTE)

Passengers traffic of public transport / num-

ber of operating public transport vehicles in 

operation

ten thousand person-times / vehicle

The extended 

STIRPAT regres-

sion equation

Where  represents CO2 emissions from the transportation sector,  , , , , 
, , , and  are the abbreviations for the eight indicators listed in Table 1. 0.39, 
0.44, 0.331, 0.09, 0.849, -0.043, 0.15 and -0.107 are the regression coefficients 
of the respective variables, reflecting the elasticity relationship between each 
indicator and transportation CO2 emissions. -5.01 denotes the random error 
term.

Table 2. Setting of the indicator change rates
Rate 

mode

Period P PG TG PV EI CES TT PTE

Low 2021-2025 -0.13% 6.50% 8.00% 2.50% -2.50% 5.00% 7.00% 1.50%
2026-2030 -0.18% 4.50% 6.50% 2.00% -3.50% 7.00% 5.00% 0.50%
2031-2035 -0.23% 2.50% 5.00% 1.50% -4.50% 9.00% 3.00% 0.00%

BAU 2021-2025 -0.08% 8.50% 9.00% 3.00% -3.50% 7.00% 9.00% 2.50%
2026-2030 -0.03% 6.50% 7.50% 2.50% -4.50% 9.00% 7.00% 1.50%
2031-2035 0.02% 4.50% 6.00% 2.00% -5.50% 11.00% 5.00% 0.50%

High 2021-2025 -0.03% 10.50% 10.00% 3.50% -4.50% 9.00% 11.00% 3.50%
2026-2030 0.02% 8.50% 8.50% 3.00% -5.50% 11.00% 9.00% 2.50%
2031-2035 0.07% 6.50% 7.00% 2.50% -6.50% 13.00% 7.00% 1.50%
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indicator and transportation CO2 emissions. -5.01 denotes the random error 
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低零碳交通 张鸿儒 清华大学

Actions and Policies of Airport Carbon Reduction in Economically Devel-
oped Countries
ZHANG Hong-ru1 LIU Huan1

1.State Key Joint Laboratory of ESPC, State Environmental Protection Key Laboratory of Sources and Control of Air Pollution Com-
plex, School of Environment, Tsinghua University, Beijing 100084, China

Abstract
Background, Aims and Scope. With the rapid growth of the aviation industry and immature emission reduction 
management, aviation industry have become a critical battleground for carbon emission reduction. Managers and 
participants of the aviation industry, including international organizations, countries, airlines, airports, aircraft 
manufacturers, aviation service providers, fuel suppliers and so on, are facing complex and onerous pressure to 
reduce emissions. The study is expected to find out the position and potential of the airport in the carbon emission 
reduction of the whole aviation industry. And the study covers more economically developed countries, and sorts 
out and horizontally compares the policies, plans and actions of these developed countries or regions. 

Methods. Research methods are mainly case study and literature review, supplemented by empirical research. 

Results and Discussion. Economically developed countries have implemented a series of policies and comple-
mentary measures to encourage carbon reduction in the airport sector. At the planning level, these countries have 
set timelines for organizing zero-emission flights; however, there is a divergence in perspectives on achieving zero 
carbon emissions in planning. For instance, the European Union believes in taking responsibility for the external 
uneconomical aspects of flights to achieve zero carbon emissions. At the operational level, economically devel-
oped countries have established low-carbon airports, but carbon reduction actions are primarily limited to sched-
uling and optimization at airports, resulting in limited emission reduction efforts. Few measures effectively control 
aircraft carbon emissions. The fundamental technical measures for carbon reduction lie in improving fuel efficien-
cy and low carbon fuels. 

Conclusion. Most of the carbon emissions in the airport area are contributed by aircraft, less by the airport it-
self. Therefore, airport carbon emission reduction depends on aircraft emission reduction, and aircraft emission 
reduction essentially depends on technological breakthroughs, then making zero-carbon green fuel the main force 
of emission reduction. 	 With the improvement of fuel efficiency and the optimization of airport scheduling and 
operation in the future, there are marginal benefits and a limit of emission reduction potential. The key challenge 
is how airports can cooperate to implement these basic technical measures without affecting aviation safety and 
travel experience. This represents the future direction of the airport in solving the problem of reducing carbon 
emissions.
Key words: carbon emission reduction; aviation industry; green airport; emission reduction potential

Figure 2. Contribution of Beijing’s transportation energy consumption types to CO2 emissions 

Figure 3. Scenario forecast of Beijing’s transportation CO2 emissions from 2021 to 2035
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碳中和政策、经济与管理 陈行 贵州财经大学

绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应
摘要：绿色金融作为重要的减排工具，在合理的绿色财政引导下，有助于放大资源配置效
能，强化减污降碳效应。本文以2007—2020年中国大陆30个省市区（不含西藏）的省级面板
数据为样本，采取双向固定效应和门槛效应模型，探索绿色金融的减污降碳效应及绿色财政
的门槛效应。研究发现：（1）绿色金融存在显著的减污降碳效应，且减污效应大于降碳效
应。（2）绿色金融可通过优化产业结构抑制污染物和二氧化碳排放。（3）绿色税收和绿色
财政支出对绿色金融具有门槛效应。当绿色税收规模处于0.12%—2.41%之间时，有助于增强
绿色金融的减污效应，同时确保其降碳效应。当绿色财政支出规模处于4.16%—4.21%，有助
于提高绿色金融的减污效应。研究结论为完善绿色金融制度、优化绿色税收和绿色财政支出
提供政策启示，有助于进一步推进减污降碳。

关键词：绿色金融；绿色财政；减污降碳；绿色税收；绿色财政支出
中图分类号：F810.4；F830.2    文献标识码：A    文章编号：

低碳生活方式

Low-Carbon Lifestyle
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Background, Aims and Scope 
 
China is steadfast in its commitment to achieving the 'dual carbon' target by 2060, with an increasing emphasis 
on expanding the share of green power supply (Zhang et al., 2020), making the construction of large-scale solar 
and wind 'Mega' Energy Centers a pivotal focus during the '14th Five-Year Plan' (Fig. 1). China has established 
several green electricity and certificate markets national wide to promote the realization of environmental values 
in power production enterprises and meet the demand for green electricity from market. Nevertheless, the 
distributional networks of national 'Mega' Energy Centers have not been thoroughly examined and exhibit 
various limitations in facilitating the expansion of renewable energy development. Therefore, we devised a 
distribution model based on different renewable energy production scenarios, revealing optimal routes for 
China's 'Mega' Renewable Energy Centers on Chinese green electricity and certificate markets. 
 

 
Fig. 1 Distribution of China's 'Mega' Renewable Energy Centers 

 
keywords: 'Mega' Renewable Energy Centers, Green Certificate, Green Electricity, Heuristic Search, Genetic 
algorithm model 
 
Methods 
 
We have developed an optimization model considering the fixed and variable costs of the green electricity supply 
chain, regional demand constraints, the proportion of regional renewable energy consumption, and certificate 
pricing. We simulate the maximized profit output from different allocation strategies. We utilize heuristic 
searching methods (Edelkamp & Schrödl, 2011) (Fig. 2) and Genetic Algorithm model (Mirjalili & Mirjalili, 
2019) to achieve optimal results. The model also encompasses typical scenarios that energy suppliers might 
encounter to ensure the practical applicability of the output distribution strategy. 

碳中和系统规划与碳测算 Carbon Neutrality System Planning & Carbon Measurement
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Fig.2 Heuristic search method 
 
Results and Discussion 
 
We incorporated reliable data sources, encompassing mandatory green electricity consumption rates at the 
provincial level, market share predictions, and authoritative forecasts of green electricity and certificate 
prices/costs per kWh in various regions. Additionally, we found limitations on energy transportation paths due 
to national grid constraints and conducted sensitivity analysis thereafter. The model's results indicate that 
collaboration among several adjacent provincial centers, market supply separation, and pre-lockdown long-term 
contracts yield the most benefits. However, these findings also underscore the importance of removing trade 
barriers to unleash the demand for green energy consumption. 
 
Conclusion 
 
This study develops a data-driven optimization model for China's 'Mega' Renewable Energy Centers’ green 
electricity distribution, finding that inter-provincial collaboration, market separation, and long-term contracts 
can maximize economic profits and environmental benefits. However, realizing the full potential of optimal 
distribution strategies requires increased regional cooperation and removing trade barriers to unlock suppressed 
demand. Future research should focus on assessing implementation challenges and comprehensive mechanisms 
from economic, environmental, and social factors of China's 'Mega' Renewable Energy Centers. 
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Fig 1 Maximum harvesting and enrichment ratio of water samples.The data of water samples ⑤⑨ and ①②③ were obtained 
from response surface experiment and single factor experiment respectively.

Fig 2 The boundary of microalgae treatment system

Fig 3 Microalgae harvest mechanism diagram of emulsion as buoy-bead
Table 1 Inventory analysis for microalgal acquisition and harvesting.
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Analysis of algal blooms and study of microalgae harvesting and carbon 
emissions in eastern China’s water blooms
Hao Wen 1,*, WU Meili 1

(1. School of Earth Science and Environmental Engineering, Anhui university of Science and technology, Huainan, 232001, China) 
*Email:2019059@aust.edu.cn

Abstract
Background, Aims and Scope. Water blooms caused by eutrophication of water bodies have a great impact on 
the watershed environment and residents’ life. In this study, sampling points were set up in the waters of Chaohu 
Lake and Huaihe River tributaries where water blooms erupted, and the water quality indexes of the water samples 
and the dominant algal species causing blooms were analyzed, and microalgae harvesting research was carried out 
on the basis of a new type of flotation material. Commonly used microalgae harvesting techniques include centrif-
ugation, filtration, sedimentation and air flotation. The flotation material used in this study is made from compound 
frying oil, which is easy to obtain and can be reused compared with other harvesting methods. The harvesting pro-
cess saves energy and reduces carbon emissions, thus realizing the goal of reducing emissions.
Methods. To assess the environmental impact and economic energy consumption of this harvesting process 
through life cycle assessment. Explore the mechanism of interaction between Chlorella and floating beads accord-
ing to XDLVO theory. Typical water samples were selected for single-factor flotation harvesting experiments to 
analyze the range of values of influencing factors. Some water samples were analyzed by response surface method 
to explore the key factors and optimal harvesting conditions affecting the experiment.
Results and Discussion. According to the results of response surface experiments, pH, dilution ratio and alumi-
num sulfate concentration were mostly significant influencing factors in the recovery rate and enrichment ratio 
of water samples. Combining the results of single-factor and response surface experiments, the recovery ratio of 
each water sample was more than 70%, and the method used in this study was effective for natural water bodies. 
Among them, water sample ② had the highest recovery rate (97.21%) and enrichment ratio (1.68%). According 
to the analysis of BBD experiment, the optimal harvesting conditions of water sample ⑤ were pH: 8, dilution 
ratio: 2, stirring rate: 180 rpm, with a recovery rate of 93.45% and an enrichment ratio of 1.47%; and the optimal 
harvesting conditions of water sample ⑨ were pH: 6, concentration of aluminum sulfate: 50 mg/L, and addition 
of floating beads: 20 ml/L, with a recovery rate of 92.11% and an enrichment ratio of 1.74%. The economic cost 
of harvesting 1 m3 of microalgae was $15.96, the energy consumption was 0.075 kW-h/m3, and the CO2 emission 
was 0.07 kg/m3.
Conclusion. Field understanding of the waters of Chaohu Lake and Huaihe River tributaries is of practical signif-
icance for the realistic management of Shuihua. The compound frying oil emulsion is selected as floating beads, 
and the compound frying oil is reused, which is harmless to the environment. In the subsequent process of mi-
croalgae oil production, it saves the cost and time of separation and recycling, and puts forward feasible sugges-
tions for the restoration of rural waters and the management of water bloom.
Key words: water bloom; harvesting;buoy-bead flotation method; response surface method; life-cycle assessment
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Abstract
Background, Aims and Scope. Water blooms caused by eutrophication of water bodies have a great impact on 
the watershed environment and residents’ life. In this study, sampling points were set up in the waters of Chaohu 
Lake and Huaihe River tributaries where water blooms erupted, and the water quality indexes of the water samples 
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ugation, filtration, sedimentation and air flotation. The flotation material used in this study is made from compound 
frying oil, which is easy to obtain and can be reused compared with other harvesting methods. The harvesting pro-
cess saves energy and reduces carbon emissions, thus realizing the goal of reducing emissions.
Methods. To assess the environmental impact and economic energy consumption of this harvesting process 
through life cycle assessment. Explore the mechanism of interaction between Chlorella and floating beads accord-
ing to XDLVO theory. Typical water samples were selected for single-factor flotation harvesting experiments to 
analyze the range of values of influencing factors. Some water samples were analyzed by response surface method 
to explore the key factors and optimal harvesting conditions affecting the experiment.
Results and Discussion. According to the results of response surface experiments, pH, dilution ratio and alumi-
num sulfate concentration were mostly significant influencing factors in the recovery rate and enrichment ratio 
of water samples. Combining the results of single-factor and response surface experiments, the recovery ratio of 
each water sample was more than 70%, and the method used in this study was effective for natural water bodies. 
Among them, water sample ② had the highest recovery rate (97.21%) and enrichment ratio (1.68%). According 
to the analysis of BBD experiment, the optimal harvesting conditions of water sample ⑤ were pH: 8, dilution 
ratio: 2, stirring rate: 180 rpm, with a recovery rate of 93.45% and an enrichment ratio of 1.47%; and the optimal 
harvesting conditions of water sample ⑨ were pH: 6, concentration of aluminum sulfate: 50 mg/L, and addition 
of floating beads: 20 ml/L, with a recovery rate of 92.11% and an enrichment ratio of 1.74%. The economic cost 
of harvesting 1 m3 of microalgae was $15.96, the energy consumption was 0.075 kW-h/m3, and the CO2 emission 
was 0.07 kg/m3.
Conclusion. Field understanding of the waters of Chaohu Lake and Huaihe River tributaries is of practical signif-
icance for the realistic management of Shuihua. The compound frying oil emulsion is selected as floating beads, 
and the compound frying oil is reused, which is harmless to the environment. In the subsequent process of mi-
croalgae oil production, it saves the cost and time of separation and recycling, and puts forward feasible sugges-
tions for the restoration of rural waters and the management of water bloom.
Key words: water bloom; harvesting;buoy-bead flotation method; response surface method; life-cycle assessment
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低零碳工业 许毛 清华大学

Technical path design of polygeneration system based on iron and steel industry: 
A multi-objective optimization approach

Mao Xua, Zongguo Wena

a. State Key Joint Laboratory of Environment Simulation and Pollution Control (SKLESPC), School 
of Environment, Tsinghua University, Beijing, 100084, China

Abstract
Polygeneration system has great potential for energy conservation and pollutant emission re-

ductions. However, its application faces the difficulty in technology selection under multiple ob-
jectives simultaneously. This study investigated a case polygeneration system where the iron and 
steel plant is the core with four paths and 20 technologies. A multi-objective optimization model is 
developed to select the optimal technology combination of each polygeneration path under energy 
conservation, emission reduction, and cost control objectives, which is solved by the non-dominated 
sorting genetic algorithm-II (NSGA-II). The optimal results can reach significant energy conser-
vation and emission reduction effects while obtain economic benefits. However, synergistic and 
conflicting relationships among the objectives exist in both scales of iron and steel plants. The final 
decision scheme can achieve the mitigations equivalent to 15.9-27.1% and 16.3-42.6% of the ener-
gy consumption and air pollutant emissions of the steel enterprises with annual production of 3 Mt/
a and 9 Mt/a, respectively. There are 13 and 12 technologies that are selected as the final decision 
scheme in the polygeneration system in these two case enterprises. These findings demonstrate the 
significant roles the polygeneration system play and provide critical insights and methodology in the 
technical selection of the polygeneration system.
Keywords: Polygeneration system; Multi-objective optimization; Energy conservation; Pollutant 
reduction; Iron and steel industry

Unit Valuesa

Flocculation Input
Water 1.000 m3

aluminum sulfate 0.100 Kg
Electricity 0.003 KW h

Emulsion 
preparation

Input

emulsifier 0.8 L
Re-frying oil 39.2 L
Electricity 0.047 KW h
Water 0.092 m3

Output
water 0.080 m3

Microalgae 
flotation

input Electricity 0.025 KW h

output Water 1.6 m3
Table 2 Energy consumption and CO2 emissions of different harvesting methods

Harvesting method Energy consumption 
[kW h/ m3]

CO2 
emission 
kg/m3 

Harvesting efficiency 
(HE)

DIAF 0.46 0.43 >95%
Settling with floccu-
lant

0.10 0.09 >95%

Dissolved air flota-
tion(DAF)

1.50 1.40 >90%

Direct 
centrifugation

1.43 1.33 >90%

Buoy-bead flotation 0.075 0.07 >90% this study
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Based on PLUS modeling analyzing impacts and predicting rural carbon 
emissions from land use type changes
Mingjie He1

(1 School of Architecture, Harbin Institute of Technology; Key Laboratory of National Territory Spatial Planning and Ecological Res-
toration in Cold Regions, Ministry of Natural Resources, Harbin 150000, China)
Abstract: 
Background, Aims and Scope. Traditional agriculture’s crude operation and production mode, especially the 
random transformation of land use type and operation mode, have become the important way to influence the car-
bon emission of agriculture. In order to reduce carbon emissions from agriculture and rural areas, predicting and 
planning for future changes in land use types is extremely important for mitigating global warming and extreme 
weather. 
Methods. The article takes Harbin as an example (figure 1). Firstly, the PLUS model is used to obtain the conver-
sion contribution of each land type and to analyze the root causes of land type changes using the random forest 
method. Secondly, analyzing the factors affecting the carbon emission effects of rural land use and classifying 
land use types and management practices, which leads to the construction of a reference table of carbon emission 
intensity for land-type shifts (table 1). Finally, using the PLUS model, the temporal and spatial changes in carbon 
emissions in 2035 under the three scenarios of cropland protection, natural development and woodland protection 
were projected to provide advice and recommendations for rural emission reduction. 
Results and Discussion. The results of the study show that: The conversion of woodland and grassland to other 
land use types is shown as a carbon sink, while the conversion of built-up land to other land use types is shown 
as a carbon source. Agricultural production methods such as fertilizers and pesticides increase rural carbon emis-
sions, with agricultural films contributing most significantly to the increase in carbon emission factors (5.18 kg/
kg). Carbon intensity of rural land under woodland conservation scenarios has a strong contribution to agricultural 
emission reductions. Based on the conclusions of the above study, suggestions and recommendations for energy 
conservation and emission reduction in response to changes in rural land use types are proposed. 
Conclusion. The methodology is based on the example of rural areas and provides constructive suggestions and 
recommendations for rural energy conservation and emission reduction, which can be implemented in other rural 
areas, especially in developing countries. At the same time methods to achieve the goal of reducing carbon emis-
sions are important for achieving carbon neutrality.
key words: PLUS modeling; Carbon neutral policy; Rural; Land use type changes

Fig 1 Research Framework.

accounting for 70.0% of the whole life cycle. It‘s different from the carbon emission composition of general urban 
buildings, where most of them come from the operation phase. (b) The next largest share of carbon emissions is 碳中和系统规划与碳测算 Carbon Neutrality System Planning & Carbon Measurement 
in the operation and maintenance phase, which accounts for 17.1% of the total lifespan. (c) Compared to general 
urban buildings, polar buildings have a relatively average share of carbon emissions in every life-cycle phases. 
(d) It was found that the key link to improve the carbon reduction efficiency of polar buildings lies in the optimiz-
ation of spatial organization and the construction process. The optimization of interior functions, scale, spatial 
patterns and construction process should be further studied in conjunction with architectural programming the-
ory and methods.

Conclusion. This paper proposes life-cycle carbon emission calculation model of polar architecture, reveals its li-
fe-cycle carbon emission characteristics for the first time, and points out the key aspects of carbon reduction strate-
gies for them. It aims to minimize the impact of buildings on the polar environment and play the role of architects 
in carbon neutrality. The results of this study also provide reference for the low-carbon sustainable construction of 
other similar buildings in extremely cold, isolated, or areas far from urban infrastructure (such as remote villages, 
islands, or borders).

Key words: polar architecture; antarctic research station; life cycle perspective; carbon emission characteristics; 
carbon reduction strategy
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低零碳建筑 李高梅 华中科技大学

The Relevance Between Residential Block Forms and Building Carbon 
Emissions Under the Guidance of a Carbon Neutrality Goal: A Case Study 
of Wuhan, China
LI Gao-mei1,2,WANG Si-yao1

(1. School of Architecture & Urban Planning, Huazhong University of Science and Technology;  2. Hubei Engineering and Technolo-
gy Research Center of Urbanization,  Wuhan  430074,  China) 

Abstract:Controlling building carbon emissions (CE) is the key link to achieving the goal of carbon neutrality, 
and residential blocks are the main positions for realizing a building’s carbon neutrality. This work aimed to eval-
uate the building carbon emissions intensity (CEI) levels of residential blocks using Rhino and Grasshopper and to 
quantify the relevance between the block form parameters and a building’s carbon emissions (CE). Firstly, 48 cas-
es were selected by stratified sampling, and they were classified by architectural typology. Secondly, the residential 
block morphological parameters and building carbon emissions were calculated. Thirdly, the relevance between 
the block form parameters and the building’s CE was quantified using statistical methods. Lastly, low-carbon plan-
ning strategies for residential blocks under a target of carbon neutrality were proposed. The findings showed that 
the influence of the block form parameters on a building’s CE was 31.66%. A building’s shape factor has a posi-
tive influence on its CE, and the floor area ratio, building volume–site area ratio, and building height have negative 
influences on its CE. A building’s shape factor, cover ratio, and surface–site area ratio synergistically impact its 
CE. The weight of a building’s shape factor on its carbon emissions was 3.84 times that of its cover ratio and 4.46 
times that of its surface–site area ratio. The technology workflow proposed in this study can provide data in sup-
port of carbon emissions assessments and low-carbon planning strategies for urban blocks in other cities in China 
and worldwide. 
Key words: carbon neutral; residential blocks; block form; building carbon emissions; low-carbon planning

Table 1 Table of carbon emission intensity for land-type shifts
Agricultural 
production 
methods

Vegetation 
carbon densi-

ty

Soil carbon 
density

Agricultural 
production 
methods

Total（t/hm²）

Forest 24.6 187.8 212.4
Grasslands 9.8 151.9 161.7

Building land 6.8 128.5 135.3
Unutilized land 13.5 165.5 179

Cropland Fertilizers 7.6 154.2 0.11 161.90
Agrochemical 7.6 154.2 0.0089 161.81

Diesel fuel 7.6 154.2 0.18 161.98
Turn the soil 7.6 154.2 0.003 161.80

Irrigation 7.6 154.2 0.15 161.95
Agrofilm 7.6 154.2 0.02 161.82
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Visual Analysis of “Double Carbon” Theme Research in Key High En-
ergy Consumption Industries Based on Knowledge Graph
HOU Xiaopeng,ZU Binghui,CAO Yue
（College of Business Administration，Liaoning Technical University，Huludao 125105，China）

Abstract: 
Background, Aims and Scope. Achieving the “double-carbon” goal is the most prominent global environmental 
protection issue in the field of ESG governance and sustainable development at home and abroad. As a highly con-
sistent “double-carbon” concept, realizing the low-carbon transformation and development of high-energy-con-
suming industries such as coal and electric power is a key link for China to realize the goal of “double-carbon”.
Methods. In order to clarify the development status and evolution trend of “double-carbon” theme field in key 
high energy consuming industries in China, CiteSpace and COOC were used to visually interpret the journal liter-
ature on “double-carbon” theme in key high energy consuming industries in CNKI database from 2001 to now.
Results and Discussion. In order to objectively reflect the overall commonness and the characteristics and dif-
ferences of various industries in this field, the present situation and future development trend of this field are ana-
lyzed from three aspects: literature publication characteristics, research topics and evolution trends, and author and 
institution characteristics based on the two dimensions of the whole and industry perspectives.
Conclusion. Finally, some suggestions are put forward according to the current development situation in this field. 
It provides a reference for future scholars in this field to study the theme of “double-carbon” in the industry.
Keywords: Key high-energy-consuming industries; Double carbon; COOC; Citespace; Bibliometric method
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低零碳交通 王晓宇 清华大学

The Development Status of the Fuel Cell for the Shipping Industry and the 
Prospect of the Solid Oxide Fuel Cell for the Maritime Application
WANG Xiao-yu, ZHU Jian-zhong, HAN Min-fang
(Department of Energy and Power Engineering, Tsinghua University, Beijing 100084, China) 

Abstract
Background, Aims and Scope. In the context of the increasingly strict pollutant emission regulations and carbon 
emission reduction targets proposed by the International Maritime Organization (IMO), the shipping industry is 
seeking new types of marine power plants with the advantages of high efficiency and low emissions. Among the 
possible alternatives, the fuel cell is the most practical technology, as it provides an efficient means to generate 
electricity with low pollutant emissions and carbon emissions. At present, very few comprehensive researches fo-
cus on the maritime applications of the fuel cell.
Methods. News reports and literature on the maritime applications of the fuel cell in the past sixty years were col-
lected, and the industrial development status and prospects of the marine fuel cell were summarized.
Results and Discussion. Some countries in Europe, North America and Asia have invested heavily in researching 
and developing the marine fuel cell, and a series of research projects have achieved concrete results, such as the 
industrialized marine fuel cell system or practical demonstration applications. At present, the worldwide research 
of the marine fuel cell focuses more on the proton exchange membrane fuel cell (PEMFC). However, the power 
demand of the marine fuel cell in the future will show steady growth, and thus the solid oxide fuel cell (SOFC), 
with the advantages of higher power, greater efficiency, long life span and fuel diversity, will be the mainstream in 
the next research stage. Nowadays, there have been some successful applications of the SOFC in the shipping
industry for supplying the auxiliary power or the propulsion power.
Conclusion. Although some challenges exist, with the rising global fossil fuel prices and increasingly stringent 
environmental protection requirements, applying the fuel cell, especially the SOFC to ships on a large scale, which 
will lead the upgrading and updating of the marine power system to achieve energy conservation and emission re-
duction of the shipping industry, can be expected with a global concerted effort.
Key words: Fuel cell; Electric propulsion; Marine clean energy; Energy conservation; Emission reduction; Marine 
electrical equipment

Table 1 Parameters of five typical types of fuel cells.

Type Operating Temperature Fuel Efficiency Life Span

AFC 50–200 °C H2 50–55% 3000–10,000 h

PAFC 100–200 °C H2 40–45% 15,000–40,000 h

MCFC 650–700 °C H2, CO, CH4, etc. 50–55% 10,000–20,000 h

PEMFC 25–100 °C H2 40–50% 5000–10,000 h

SOFC 600–1000 °C H2, CO, CH4, etc. 50–65% 8000–100,000 h

Incorporating Health Co-benefits into Province-Driven Climate Policy: A 
case of banning new internal combustion engine vehicle sales in China
Jianxiang SHEN (Tsinghua University

Abstract
Incorporating health co-benefits from co-abated air pollution into carbon mitigation policy making is particular-
ly important for developing countries to boost policy efficiency. For sectors that highly depend on electrification 
for decarbonization, it remains unclear how the increased electricity demand and consequent health impacts from 
sectoral mitigation policy in one province would change the scale, regional and sectoral distribution of the overall 
health impacts in the whole country. This study chooses banning new sales of internal combustion engine vehicles 
in the private vehicle sector in China as a case. The results show that without carbon neutrality and air pollution 
control goals in electricity generation, 53% of CO2 reduction and 65% of health benefits from private vehicle 
sector would be offset by increased electricity demand. The regional distributions of CO2 reduction and health 
benefits due to a province-driven ban policy are greatly uneven, as the top five provinces take up over one-third 
of the total impact in China. Health benefits per ton of carbon reduction (H/C) may vary by up to 8 times across 
provinces. Finally, the provinces in southeast China and the Sichuan Basin, with their stably high H/C values, are 
suggested to enact the province-driven ban policy first.

Key words: carbon mitigation, health co-benefits, private vehicle, province-driven policy, policy implementation 
order
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Optimization and Management of Urban Water Supply Systems for Car-
bon Neutrality: A Perspective on the Water-Energy-Carbon Nexus
Tan Shiqi1, Yao Liming1,2

(1. Business School, Sichuan University, Chengdu 610065, China;  2. State Key Laboratory of Hydraulics and Mountain River Engi-
neering, Sichuan University, Chengdu 610065, China) 

Abstract
Background, Aims and Scope. The United Nations Sustainable Development Goals (SDGs) necessitate achiev-
ing sustainable development in both socioeconomic and ecological aspects in a more balanced and integrated man-
ner. Urban water resource systems (UWSS) in China are currently facing the severe threats of climate change and 
water resource scarcity, and these challenges intersect with the objectives of sustainable development and the “Dual 
Carbon” goals. These new requirements extend to various facets of urban water supply systems, such as water 
resources, energy, and carbon emissions reduction. Clarifying the relationships among water, energy, and carbon 
emissions, known as the “Water-Energy-Carbon Nexus (WEC-Nexus),” is pivotal for a city’s sustainability and 
low-carbon development.
Methods. This paper establishes a framework and methodology for carbon emission accounting throughout the 
entire lifecycle of UWSS, grounded in the intricate nexus between water, energy, and carbon. The study utilizes 
emission factors to examine the carbon emission characteristics of Beijing’s UWSS from 2011 to 2020. Further-
more, a multi-objective optimization model is developed to synergistically optimize both socioeconomic and 
environmental benefits within Beijing’s UWSS. This optimization balances economic costs, carbon emissions 
mitigation, and reductions in water environment pollution. In addition, a multi-factor System Dynamics model for 
UWSS is constructed, simulating the interplay among subsystems, such as socioeconomic and ecological environ-
ments, and the evolving dynamics of the water-energy-carbon nexus. To address specific sub-indicators related to 
SDGs, five future scenarios are defined, and scenario analysis is employed to forecast the developmental trends 
of water resource shortages, water environmental impacts, carbon emissions, and economic costs within Beijing’s 
UWSS.
Results and Discussion. (1) The UWSS in Beijing has a large potential for carbon emission reduction, and there 
are significant differences in carbon emissions at different stages. (2) There is a need for further synergy and op-
timization between the “pollution and carbon reduction” as well as the socio-economic and ecological benefits of 
Beijing’s UWSS. (3) The rapid economic growth development model no longer applies to the future planning of 
Beijing’s UWSS, but should be fully coordinated with technological innovation and ecological protection. (4) Op-
timized allocation of urban water resources under the WEC-Nexus can help Beijing conserve water consumption 
and provide water supply in a more economical, environmentally friendly, and sustainable way.
Conclusion. Beijing UWSS is currently facing a severe water shortage, which will threaten the water security of 
residents and socio-economic development in the long run. The urban planning goal of pursuing rapid economic 
development must be traded off with the ecological and environmental goals, especially under extreme climate 
conditions. The optimization model proposed in this paper considers the multi-objective decisions of economy, 
water environment, and carbon emission faced by UWSS and has obtained good operation results in Beijing. 
Improved water reuse and wastewater treatment technologies will effectively help to improve water quality and 
reduce carbon emissions while increasing water efficiency for agricultural irrigation and ecological protection can 
also contribute to sustainable urban development. Human activities remain a crucial aspect of carbon reduction 
in UWSS, as end-users are the most significant contributors to energy consumption and carbon emissions. Opti-
mizing the urban water system for carbon reduction and water pollution from the entire life cycle and adopting 
more energy-efficient water supply strategies and technologies can contribute to the synergistic optimization of 
WEC-Nexus. In the simulation model of this paper, technological advancement and ecological conservation do 
not imply a compromise between cost and economic development but rather a transfer of payments that favor eco-
nomic costs. 
Key words: urban water supply system; water-energy-carbon nexus; sustainable development; water consump-
tion; carbon emission mitigation; scenario analysis
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Effects of land use change on carbon emission and its driving factors in Shaanxi 
Province from 2000 to 2020
Chenxu Zhao1, Yuling Liu1,1∗, Zixuan Yan1,2

(1 State Key Laboratory of Eco-Hydraulics in Northwest Arid Region of China, Xi’an University of Technology, Xi’an, Shaanxi 
710048, China
2 State Key Laboratory of National Forestry Administration on Ecological Hydrology and Disaster Prevention in Arid Regions, Xi’an 
University of Technology, Xi’an, Shaanxi 710048, China)
*Corresponding author. Yuling Liu, Xi’an University of Technology, No.5, South Jinhua Road, Xi’an, Shaanxi 710048, China.
Email address: lyl29992359@163.com.

Abstract: Exploring the process of carbon emissions under the “carbon peaking and carbon neutrality goals” 
can contribute to sustainable economic development. This research takes Shaanxi Province as an example. We 
elaborated the spatial and temporal characteristics of land use change from 2000 to 2020, and adopted the carbon 
emission model method to calculate land use carbon emissions, also used urban morphological indicators to reveal 
the main factors of carbon emission changes. The results show that from 2000 to 2020, the land use change in 
Shaanxi Province is mainly reflected in the increase of construction land area and the decrease of agricultural land 
area. Among them, the construction land area increased by 2192km2, and the agricultural land area decreased by 
5006km2. Land use carbon emissions increased by 1.28×1011 kg during this period. Construction land is a major 
contributor to carbon emissions. The forestland is the main carbon sink. Carbon emissions showed a spatial pattern 
of “high in the north, low in the south, and concentrated in the middle”. Urban form change is the driving factor 
affecting land use carbon emissions in Shaanxi Province. The results of the research contribute to the understand-
ing of regional carbon emission mechanisms and provide a scientific basis for reducing carbon emissions.
Keywords: Land use carbon emissions; Spatial-temporal pattern; Driving factors; Urban form; Shaanxi Province

1　∗ Corresponding authors. Xi’an University of Technology, Xi’an, Shaanxi 710048, China. Tel.: 
+86 29 82312658; fax: +86 29 82312658.
E-mail addresses: lyl29992359@163.com.

碳中和政策、经济与管理 张一宁 南京航空航天大学 碳中和系统规划与碳测算 Carbon Neutrality System Planning & Carbon Measurement

How do uncertain renewable energy induced risks evolve in a two-
stage deregulated wholesale power market
Integrating renewable power into power market transactions is significant in terms of achieving carbon peaking and carbon neutral-
ity. However, the integration of intermittent renewable energy source (RES) introduces instability into power generation and brings 
certain risks to deregulated power market transactions. This study aims to identify the risks arising from RES power integration and 
analyze how these risks transmit and evolve in deregulated power markets. A Cournot game model is constructed to analyze the 
generation decisions of a thermal power generation company (GENCO) and a wind power GENCO in a two-stage power market. 
According to the results, in the mid-to-long-term power market, an increase in the uncertainty of wind power generation (WPG) 
would reduce wind power supply and increase the clearing price. Then, in the spot power market, the increased uncertainty related to 
WPG might reduce the amount of wind power traded, increase the marginal generation cost of the thermal power GENCO, raise the 
clearing price, and reduce the market demand for power. Finally, the uncertainty related to WPG would result in a decreasing market 
penetration rate of wind power and the loss of social welfare in two-stage power market transactions.
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（图源:钟昌标等,2020）

图源:石化行业低碳发展白皮书（2022）

图源:派可数据网
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碳中和政策、经济与管理 陈行 贵州财经大学

绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应
摘要：绿色金融作为重要的减排工具，在合理的绿色财政引导下，有助于放大资源配置效
能，强化减污降碳效应。本文以2007—2020年中国大陆30个省市区（不含西藏）的省级面板
数据为样本，采取双向固定效应和门槛效应模型，探索绿色金融的减污降碳效应及绿色财政
的门槛效应。研究发现：（1）绿色金融存在显著的减污降碳效应，且减污效应大于降碳效
应。（2）绿色金融可通过优化产业结构抑制污染物和二氧化碳排放。（3）绿色税收和绿色
财政支出对绿色金融具有门槛效应。当绿色税收规模处于0.12%—2.41%之间时，有助于增强
绿色金融的减污效应，同时确保其降碳效应。当绿色财政支出规模处于4.16%—4.21%，有助
于提高绿色金融的减污效应。研究结论为完善绿色金融制度、优化绿色税收和绿色财政支出
提供政策启示，有助于进一步推进减污降碳。

关键词：绿色金融；绿色财政；减污降碳；绿色税收；绿色财政支出
中图分类号：F810.4；F830.2    文献标识码：A    文章编号：

碳中和与数字经济

Carbon Neutrality and Digital Economy
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碳中和政策、经济与管理 陈行 贵州财经大学

绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应
摘要：绿色金融作为重要的减排工具，在合理的绿色财政引导下，有助于放大资源配置效
能，强化减污降碳效应。本文以2007—2020年中国大陆30个省市区（不含西藏）的省级面板
数据为样本，采取双向固定效应和门槛效应模型，探索绿色金融的减污降碳效应及绿色财政
的门槛效应。研究发现：（1）绿色金融存在显著的减污降碳效应，且减污效应大于降碳效
应。（2）绿色金融可通过优化产业结构抑制污染物和二氧化碳排放。（3）绿色税收和绿色
财政支出对绿色金融具有门槛效应。当绿色税收规模处于0.12%—2.41%之间时，有助于增强
绿色金融的减污效应，同时确保其降碳效应。当绿色财政支出规模处于4.16%—4.21%，有助
于提高绿色金融的减污效应。研究结论为完善绿色金融制度、优化绿色税收和绿色财政支出
提供政策启示，有助于进一步推进减污降碳。

关键词：绿色金融；绿色财政；减污降碳；绿色税收；绿色财政支出
中图分类号：F810.4；F830.2    文献标识码：A    文章编号：

Carbon Finance and Carbon Asset Management

碳金融与碳资产管理
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Research on Multidimensional Relationship Network and Carbon Emission 
Reduction Effect of Manufacturing Enterprises--Based on the Mediating 
and Moderating Role of Autonomous Innovation
LUO Xiao-juan1, LV Li2

(1. Jiangxi Institute of Economic Development,  Jiangxi Normal University,  Nanchang  330013,  China;  2. Jiangxi Institute of Eco-
nomic Development,  Jiangxi Normal University,  Nanchang  330013,  China) 

Abstract
Background, Aims and Scope. Under the guidance of the strategic goal of “carbon peak and carbon neutrality”, 
the emission reduction effect of manufacturing industry plays a pivotal role, and industrial upgrading and transfor-
mation is the key to realize carbon peak and carbon neutrality, which is related to the overall situation of China’s 
economic and social development. As an important main body to achieve the industrial carbon emission reduction 
target and promote industrial modernization, how to enhance the carbon emission reduction ability of industrial 
enterprises has become a key issue that needs to be solved by the theoretical and practical circles. In order to ex-
plore how the relationship network affects corporate carbon emissions, this study empirically examines the impact 
of multidimensional relationship network on corporate carbon emissions and its path of action from the perspec-
tive of microenterprises based on the research data of 1,226 industrial enterprises collected in 2022.
Methods. In this study, by constructing full samples and subsamples with multidimensional relational networks, 
econometric models such as mixed regression, mediation effect and moderating effect are applied to determine the 
effects and mechanisms of multidimensional relational networks on carbon emission reduction of enterprises.
Results and Discussion. The main findings are: (1) the existence of multidimensional relationship networks has a 
significant inhibitory effect on corporate carbon intensity, and the higher the richness of the relationship networks, 
the more obvious the inhibitory effect; (2) quantile regression shows that, overall, with the increase of the quantile 
point, the absolute value of the regression coefficient of the multidimensional relationship networks on the intensi-
ty of corporate carbon emissions is constantly getting bigger, and the stronger is the inhibitory effect of the multi-
dimensional relationship networks on the carbon intensity of corporations; (3) the Heterogeneity analysis indicates 
that compared with the low digital level and end-product production enterprises, the carbon emission reduction 
effect of the multidimensional relationship network on the high digital level and intermediate goods enterprises 
is more significant; (4) From the viewpoint of the mechanism of action, independent innovation is not only an 
important mediator of the multidimensional relationship network affecting the carbon intensity of enterprises, but 
also has the moderating effect of strengthening the inhibitory effect of the multidimensional relationship network 
on the enterprise’s carbon emission. 
Conclusion. The policy suggestions on strengthening the embeddedness of multidimensional relationship net-
work, enhancing the level of digital empowerment and guiding enterprises’ independent innovation are of great 
reference value for enhancing the comprehensive emission reduction ability of industrial enterprises and promot-
ing the high-quality development of industry.
Key words: municipal solid waste; incineration; greenhouse gas; emission process

碳金融与碳资产管理 Carbon Finance and Carbon Asset Management

Capital Drives “Stickiness”, Intertemporal Transfer of Embodied Carbon, 
and Dynamic Consumption Carbon Footprint
Ding Chenxin1,2, Sun Hui1,2

(1. Center for Innovation Management Research of Xinjiang,  Xinjiang University,  Urumqi  830046,  China;

2. School of Economics and Management,  Xinjiang University,  Urumqi  830046,  China)

Abstract
Background, Aims and Scope. China’s economic development has long relied on fixed capital input, and the di-
versity of fixed capital composition and the long-term nature of its use determines the complexity of its embodied 
carbon transfer. While previous studies have focused on the spatial separation of production and consumption, 
with trade as the primary focus, there has been a lack of research on the intertemporal transfer of hidden carbon. 
This can be studied by analyzing the dynamics of capital formation and utilization.
Methods. In this paper, the capital flow matrix from 2003 to 2020 is used to internalize capital in input-output 
analysis, and the capital depreciation matrix is used to track the intertemporal transfer of implied carbon in the 
process of capital use, which is defined as the dynamic consumption carbon footprint.
Results and Discussion. The findings indicate that China has accumulated a significant amount of fixed capital 
that can be used for future production. The carbon footprint of dynamic consumption is approximately 58% to 
72% of that of traditional consumption, with the reduced portion being reflected in future consumption. The sector 
distribution of the carbon footprint of dynamic consumption is more balanced, with a significant increase in the 
carbon footprint of the tertiary industry sector, closely aligned with its value added. The key sectors for emission 
reduction are electric heating production and supply, as well as the equipment and instruments sectors.
Conclusion. When considering the carbon emissions caused by the depreciation of fixed capital, the size of the 
carbon footprint of consumption depends not only on the carbon intensity of current production but also on the 
extent to which current production relies on past-formed fixed capital and the carbon intensity of previous produc-
tion. Therefore, policies that modify the service life of fixed assets can partially reduce the dynamic carbon foot-
print of consumption. This study provides a reference for relevant policymakers.
Key words: Capital embodied carbon; Intertemporal transfer; Dynamic Carbon Footprint; Input-Output Analysis

Fig 1 Input-output process-based factor flows and carbon footprint flows
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Research on Multidimensional Relationship Network and Carbon Emission 
Reduction Effect of Manufacturing Enterprises--Based on the Mediating 
and Moderating Role of Autonomous Innovation
LUO Xiao-juan1, LV Li2

(1. Jiangxi Institute of Economic Development,  Jiangxi Normal University,  Nanchang  330013,  China;  2. Jiangxi Institute of Eco-
nomic Development,  Jiangxi Normal University,  Nanchang  330013,  China) 

Abstract
Background, Aims and Scope. Under the guidance of the strategic goal of “carbon peak and carbon neutrality”, 
the emission reduction effect of manufacturing industry plays a pivotal role, and industrial upgrading and transfor-
mation is the key to realize carbon peak and carbon neutrality, which is related to the overall situation of China’s 
economic and social development. As an important main body to achieve the industrial carbon emission reduction 
target and promote industrial modernization, how to enhance the carbon emission reduction ability of industrial 
enterprises has become a key issue that needs to be solved by the theoretical and practical circles. In order to ex-
plore how the relationship network affects corporate carbon emissions, this study empirically examines the impact 
of multidimensional relationship network on corporate carbon emissions and its path of action from the perspec-
tive of microenterprises based on the research data of 1,226 industrial enterprises collected in 2022.
Methods. In this study, by constructing full samples and subsamples with multidimensional relational networks, 
econometric models such as mixed regression, mediation effect and moderating effect are applied to determine the 
effects and mechanisms of multidimensional relational networks on carbon emission reduction of enterprises.
Results and Discussion. The main findings are: (1) the existence of multidimensional relationship networks has a 
significant inhibitory effect on corporate carbon intensity, and the higher the richness of the relationship networks, 
the more obvious the inhibitory effect; (2) quantile regression shows that, overall, with the increase of the quantile 
point, the absolute value of the regression coefficient of the multidimensional relationship networks on the intensi-
ty of corporate carbon emissions is constantly getting bigger, and the stronger is the inhibitory effect of the multi-
dimensional relationship networks on the carbon intensity of corporations; (3) the Heterogeneity analysis indicates 
that compared with the low digital level and end-product production enterprises, the carbon emission reduction 
effect of the multidimensional relationship network on the high digital level and intermediate goods enterprises 
is more significant; (4) From the viewpoint of the mechanism of action, independent innovation is not only an 
important mediator of the multidimensional relationship network affecting the carbon intensity of enterprises, but 
also has the moderating effect of strengthening the inhibitory effect of the multidimensional relationship network 
on the enterprise’s carbon emission. 
Conclusion. The policy suggestions on strengthening the embeddedness of multidimensional relationship net-
work, enhancing the level of digital empowerment and guiding enterprises’ independent innovation are of great 
reference value for enhancing the comprehensive emission reduction ability of industrial enterprises and promot-
ing the high-quality development of industry.
Key words: municipal solid waste; incineration; greenhouse gas; emission process

碳中和政策、经济与管理 丁辰鑫 新疆大学

Capital Drives “Stickiness”, Intertemporal Transfer of Embodied Carbon, 
and Dynamic Consumption Carbon Footprint
Ding Chenxin1,2, Sun Hui1,2

(1. Center for Innovation Management Research of Xinjiang,  Xinjiang University,  Urumqi  830046,  China;

2. School of Economics and Management,  Xinjiang University,  Urumqi  830046,  China)

Abstract
Background, Aims and Scope. China’s economic development has long relied on fixed capital input, and the di-
versity of fixed capital composition and the long-term nature of its use determines the complexity of its embodied 
carbon transfer. While previous studies have focused on the spatial separation of production and consumption, 
with trade as the primary focus, there has been a lack of research on the intertemporal transfer of hidden carbon. 
This can be studied by analyzing the dynamics of capital formation and utilization.
Methods. In this paper, the capital flow matrix from 2003 to 2020 is used to internalize capital in input-output 
analysis, and the capital depreciation matrix is used to track the intertemporal transfer of implied carbon in the 
process of capital use, which is defined as the dynamic consumption carbon footprint.
Results and Discussion. The findings indicate that China has accumulated a significant amount of fixed capital 
that can be used for future production. The carbon footprint of dynamic consumption is approximately 58% to 
72% of that of traditional consumption, with the reduced portion being reflected in future consumption. The sector 
distribution of the carbon footprint of dynamic consumption is more balanced, with a significant increase in the 
carbon footprint of the tertiary industry sector, closely aligned with its value added. The key sectors for emission 
reduction are electric heating production and supply, as well as the equipment and instruments sectors.
Conclusion. When considering the carbon emissions caused by the depreciation of fixed capital, the size of the 
carbon footprint of consumption depends not only on the carbon intensity of current production but also on the 
extent to which current production relies on past-formed fixed capital and the carbon intensity of previous produc-
tion. Therefore, policies that modify the service life of fixed assets can partially reduce the dynamic carbon foot-
print of consumption. This study provides a reference for relevant policymakers.
Key words: Capital embodied carbon; Intertemporal transfer; Dynamic Carbon Footprint; Input-Output Analysis

Fig 1 Input-output process-based factor flows and carbon footprint flows
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Empirical study on the impact assessment of the EU carbon border adj
ustment mechanism on product export costs

Abstract: On May 17, 2023, the EU Carbon Border Adjustment Mechanism (CBAM) Act came into forc-
e, which will impose a CBAM charge on the carbon emissions of some imported goods. However, embedd-
ed emissions, free allowances and other key el-ements related to the accounting of the CBAM charge are n-
ot clearly defined in the CBAM provisions, leading to high uncertainty about the impact of the CBAM on e-
xport costs. This study analyzes the rules of CBAM regulations in depth, examines the accounting scope an-
d rules of the above key elements, proposes a methodological framework for assessing the CBAM impact
 of export costs, and carries out empirical research using crude steel products as an example. Results show th-
at within the system boundary and emission accounting scope of CBAM, the embedded carbon emission of 
1t of converter crude steel in China is 1.73tCO2eq. The in-cremental cost of China’s crude steel export to the
 EU is 37.26 euros/t. Based on the above assessment results and taking into account the differences in climate
 policy systems between China and the EU, this study proposes a number of policy recommendations to deal 
with CBAM, including negotiating the implicit carbon price, reducing the carbon intensity of products and ad-
justing the export structure. This study aims to provide methodological support for China’s export enterprise
s to quantitatively assess the economic impacts of CBAM, and to provide a reference basis for the Ministry o-
f Commerce and other governmental departments to participate in envi-ronmental trade negotiations and for-
mulate policy measures to deal with CBAM.

碳中和政策、经济与管理 王晋立 中国人民大学

Chinese Environmental Decentralization and Firms’ Greenwashing 
Behaviors
Zhang Dongyang a , Wang Jinli b

Lanxin Zhang (Tsinghua University)
(a. School of Economics, Capital University of Economics and Business; b. School of Applied Economics, Ren-
min University of China)

Abstract: In the context of green economic transformation, how to deeply promote the reform of Chinese envi-
ronmental decentralization system and effectively prevent pseudo-social responsibility behaviors such as firms’ 
greenwashing has become a major theoretical and practical issue. This paper investigates how environmental de-
centralization affects firm greenwashing using province-level and firm-level data in China from 2010 to 2019. The 
theoretical analysis and empirical test results show that: (1) Environmental decentralization has a non-linear effect 
on firms’ greenwashing, and the relationship between the two shows an “inverted U-shaped” relationship. (2) Fis-
cal decentralization can exert a moderating effect, and alleviate the financial constraint of local governments’ en-
vironmental investment, which strengthens the intensity of the effect of environmental decentralization and makes 
the “inverted U-shaped” curve steeper. (3) The results of the mechanism test show that environmental regulation 
and financing constraints are the main influence paths and play a part in the mediating effect of environmental de-
centralization on firm greenwash. (4) The effect of environmental decentralization on the greenwashing of enter-
prises is heterogeneous. The greenwashing behavior of non-state-owned enterprises, heavily polluting enterprises 
and hightech enterprises having a higher sensitivity to environmental decentralization and a stronger decentral-
ization effect with a steeper “inverted U-shaped” curve, while other types of enterprises have the opposite effect. 
The above conclusions are still valid after eliminating potential endogeneity problems and conducting a series of 
robustness tests. This study provides a theoretical basis and policy guidelines for improving the modern environ-
mental governance capacity of our government and accelerating the green transformation of enterprises.
Keywords: environmental decentralization; greenwashing behavior; environmental regulation, financing con-
straints
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绿色金融有助于减污降碳吗？——兼论绿色财政的门槛效应
摘要：绿色金融作为重要的减排工具，在合理的绿色财政引导下，有助于放大资源配置效
能，强化减污降碳效应。本文以2007—2020年中国大陆30个省市区（不含西藏）的省级面板
数据为样本，采取双向固定效应和门槛效应模型，探索绿色金融的减污降碳效应及绿色财政
的门槛效应。研究发现：（1）绿色金融存在显著的减污降碳效应，且减污效应大于降碳效
应。（2）绿色金融可通过优化产业结构抑制污染物和二氧化碳排放。（3）绿色税收和绿色
财政支出对绿色金融具有门槛效应。当绿色税收规模处于0.12%—2.41%之间时，有助于增强
绿色金融的减污效应，同时确保其降碳效应。当绿色财政支出规模处于4.16%—4.21%，有助
于提高绿色金融的减污效应。研究结论为完善绿色金融制度、优化绿色税收和绿色财政支出
提供政策启示，有助于进一步推进减污降碳。

关键词：绿色金融；绿色财政；减污降碳；绿色税收；绿色财政支出
口头汇报

碳中和政策、经济与管理

本摘要来源: 胡剑波,陈行.绿色财政会增强绿色金融的减排效果吗？——基于减污降碳视角.
财经论丛, 2023, 10: 25-35.
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Amine-functionalized disordered hierarchical porous silica derived from 
blast furnace slag with high adsorption capability and cyclic stability for 
CO2 adsorption
This study proposes a novel solution to the challenge of achieving high cycle stability in CO2 adsorbents prepared 
through impregnation with organic amines. Specifically, industrial waste blast furnace slag was used to prepare 
a support material called BHF, which possesses three pore structures: micropores, mesopores, and macropores. 
This unique structure facilitates high loading of organic amines and improves CO2 adsorption effectiveness. To 
counteract agglomeration effects caused by loading large amounts of organic amines, the morphology and skeleton 
of the carrier material were analyzed in detail. The results showed that the rough “hive” morphology, disordered 
cell-like skeleton structure and abundant pores of BHF allows for uniform dispersion of pentaethylenehexamine 
(PEHA), an organic amine, and provides advantageous transportation of CO2 molecules within the adsorbent. 
Based on the study of kinetics, activation energy, and isosteric heat of adsorption, the adsorption mechanism of 
70PEHA-BHF was determined to be a chemical-physical binding adsorption. The adsorption diffusion mechanism 
suggests that the rate-limiting step is film diffusion. Furthermore, the 70PEHA-BHF adsorbent achieves a balance 
between CO2 adsorption capacity and cycle stability. At 80 ◦C and 15 vol. % CO2, the CO2 adsorption capacity 
of 70PEHA-BHF is 6.27 mmol/g, with only a 1.43 % CO2 loss after 10 cycles of testing. It anticipates that this 
newly developed 70PEHA-BHF adsorbent will provide additional possibilities for the application of hierarchical 
porous materials in CO2 adsorption research.

Realistic Dilemma, Constraints and Model Innovation of Forestry Carbon 
Sink Credit Financing
QIN Tao, WANG Shan, DENG Shuwen, ZHU Ran
(School of Economics and Management, Beijing Forestry University, Beijing 100083, China)

Abstract: As the main path for realizing the value of forestry carbon sinks, forestry carbon sink credit financing 
is of great value in revitalizing forestry carbon sink resources, enhancing the value of carbon sink assets, and al-
leviating the financing constraints of carbon sink operating enterprises. At present, some regions in China have 
explored the pilot forestry carbon sinks pledge financing business, but face the realistic dilemma that it is difficult 
to replicate and promote the existing model. The article analyzes the financing mode and existing deficiencies of 
typical cases, in-depth analysis of forestry carbon sinks credit financing the current reality of the problem, and 
explore the fundamental reasons affecting the forestry carbon sinks to play the role of pledge. The study found 
that: ① the legal attributes of forestry carbon sinks are not clear, and there is a lack of legal basis for the change 
of relevant rights and interests involved in the process of pledge establishment. ② The lack of standards for as-
sessing the value of forestry carbon sinks makes it difficult for banks to recognize the results of the assessment of 
the value of the pledge. (iii) It is difficult to dispose of the forestry carbon sinks assets and realize the pledge right, 
and the banks cannot effectively control the risk of credit defaults due to the lack of realization paths of the pledge 
right. Therefore, this study innovatively proposes “forest right mortgage with forestry carbon sink pledge + car-
bon sink value insurance + forest right (carbon sink) storage guarantee” by introducing the policy pledge, value 
recognition and financial credit enhancement functions of forestry carbon sink insurance and the guarantee credit 
enhancement role of carbon sink storage mechanism in the realization of the pledge right, It innovatively puts for-
ward three forestry carbon credit financing models, namely, “forestry carbon sink (expected return right) value in-
surance policy pledge + carbon sink storage guarantee” and “forestry carbon sink asset pledge + carbon sink price 
index insurance”, which provide feasible paths for the widespread development of forestry carbon sink pledge 
financing. Finally, in view of the constraints of forestry carbon credit financing, specific strategies are proposed to 
promote the effective development of forestry carbon credit financing in five aspects: improving the institutional 
framework of forestry carbon sinks, unifying the standard of carbon sinks assessment and accounting, optimizing 
and innovating the carbon insurance products, establishing the guarantee system for the storage of carbon sinks, 
and constructing the financial support system for forestry carbon sinks.
Key words: forestry carbon sinks; credit; pledge guarantee; insurance; financing
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Artificial humic acid regulates the impact of fungal community on soil mac-
roaggregates formation 
AI Shuang1, MENG Xiang-hui1, ZHANG Zhou-xiong1, LI Ronghui2, TENG Wen-hao2, CHENG 
Kui1, YANG Fan2

1. College of Engineering, Northeast Agricultural University, Harbin 150030, China; 2. School of Water Conservancy and Civil Engi-
neering, Northeast Agricultural University, Harbin 150030, China

Abstract
Background, Aims and Scope. Artificial humic acid (A-HA), which is synthesized from agricultural wastes with 
high similarity to natural humic substance (HS) extracted from soil, has been proven with potential for biological 
carbon sequestration in black soils by our group. However, the mechanism involved in A-HA application on soil 
aggregation process resulting from stimulation of microbial activities and changes in microbial communities re-
mains unclear.
Methods. This study investigated the correlation between the formation and stability of soil aggregate and fungal 
communities with various amounts of A-HA addition in the rhizosphere and non-rhizosphere soil.
Results and Discussion. A-HA can increase TOC and DOC concentrations in soil, promoting macroaggregate for-
mation and increasing mean weight diameter (MWD). In addition, soil aggregates binding agents such as polysac-
charide, protein, extracellular polymeric substances (EPS), and glomalin-related soil protein (GRSP) were signifi-
cantly increased by adding A-HA. A-HA can drive microaggregate to assemble to macroaggregate by increasing 
the abundance of beneficial fungi (e.g., Talaromyces and Mortierella). The co-occurrence network supported that 
A-HA shifted the key species and increased interactions of fungal taxa. 
Conclusion. A theoretical basis was provided that A-HA can drive microaggregate to assemble to macroaggre-
gate through increasing the abundance of beneficial fungi (e.g., Talaromyces and Mortierella) in the rhizosphere 
509and non-rhizosphere soil. The results provide a possibility for the wide application of A-HA to soil fertility 
restoration in the future.
Keywords: Artificial humic acid (A-HA); Soil organic carbon; Aggregate formation; Carbon stability; Fungal 
community

Fig 1 Artificial humic acid drives the formation of soil macroaggregates

Carbon Sinks and 
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Artificial humic acid regulates the impact of fungal community on soil mac-
roaggregates formation 
AI Shuang1, MENG Xiang-hui1, ZHANG Zhou-xiong1, LI Ronghui2, TENG Wen-hao2, CHENG 
Kui1, YANG Fan2

1. College of Engineering, Northeast Agricultural University, Harbin 150030, China; 2. School of Water Conservancy and Civil Engi-
neering, Northeast Agricultural University, Harbin 150030, China

Abstract
Background, Aims and Scope. Artificial humic acid (A-HA), which is synthesized from agricultural wastes with 
high similarity to natural humic substance (HS) extracted from soil, has been proven with potential for biological 
carbon sequestration in black soils by our group. However, the mechanism involved in A-HA application on soil 
aggregation process resulting from stimulation of microbial activities and changes in microbial communities re-
mains unclear.
Methods. This study investigated the correlation between the formation and stability of soil aggregate and fungal 
communities with various amounts of A-HA addition in the rhizosphere and non-rhizosphere soil.
Results and Discussion. A-HA can increase TOC and DOC concentrations in soil, promoting macroaggregate for-
mation and increasing mean weight diameter (MWD). In addition, soil aggregates binding agents such as polysac-
charide, protein, extracellular polymeric substances (EPS), and glomalin-related soil protein (GRSP) were signifi-
cantly increased by adding A-HA. A-HA can drive microaggregate to assemble to macroaggregate by increasing 
the abundance of beneficial fungi (e.g., Talaromyces and Mortierella). The co-occurrence network supported that 
A-HA shifted the key species and increased interactions of fungal taxa. 
Conclusion. A theoretical basis was provided that A-HA can drive microaggregate to assemble to macroaggre-
gate through increasing the abundance of beneficial fungi (e.g., Talaromyces and Mortierella) in the rhizosphere 
509and non-rhizosphere soil. The results provide a possibility for the wide application of A-HA to soil fertility 
restoration in the future.
Keywords: Artificial humic acid (A-HA); Soil organic carbon; Aggregate formation; Carbon stability; Fungal 
community

Fig 1 Artificial humic acid drives the formation of soil macroaggregates
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Feasibility analysis of long-term CO2 sequestration as hydrates in subsea 
sediments
Gu Yuhang1, Yin Zhenyuan1,*, Liu Xuejian1, Huang Hailin1, Li Shuaijun1

(1. Institute for Ocean Engineering, Tsinghua Shenzhen International Graduate School,  Tsinghua University,  Shenzhen  518055,  
China) 

Abstract
Background, Aims and Scope. Hydrate-based CO2 sequestration in subsea sediments is a promising way to re-
duce carbon emissions. However, current studies mainly focus on lab experiments and lack field-scale feasibility 
analysis. Therefore, we aim to verify the feasibility of this sequestration method at field-scale and quantitatively 
analyze effects of permeability, salinity, thermal conductivity and CO2 injection rate on sequestration performance.
Methods. Hydrate-based CO2 sequestration in subsea sediments is a complex multiphysics process, involving 
multiphase flow, heat transfer and hydrate formation and dissociation. To accurately characterize this process, 
we develop a novel thermo-hydro-mechanical multi-field coupled simulator CO2_HYD based on the state-of-art 
TOUGH + HYDRATE code. The framework of TOUGH + HYDRATE is maintained while we modify the prima-
ry variable switch method (PVSM) for possible phase changes in liquid CO2 - CO2 hydrate system during seques-
tration (Fig. 1). We adopt Peng-Robinson equation to calculate the density of liquid CO2 at varying pressure and 
temperature. We introduce calculation method of Spycher et al. (2003) to consider the solubility of liquid CO2 in 
H2O and incorporate the friction theory (Quiñones et al., 2000) for viscosity modeling of liquid CO2. As for ther-
mophysical properties of CO2 hydrate, we replace the original methane hydrate phase equilibrium with the CO2 
hydrate phase equilibrium curve derived from CSMGem, and consider the effect of NaCl on phase equilibrium us-
ing the equation of Dickens and Quinby-Hunt (1997). In addition, we modify a series of properties associated with 
CO2 hydrate, including enthalpy of formation, density, thermal conductivity, and heat capacity.

Fig. 1. Possible phase combinations in the liquid CO2-CO2 hydrate system (The designations of three single phase are CO2-L – 
liquid CO2, A – aqueous, H – CO2 hydrate). 

Results and Discussion. The simulation results reveal that CO2 component exists mainly as liquid and dissolved 
phases during CO2 injection, with very little hydrate formed above the injection interval due to the high-tempera-
ture area around the well. At the end of injection (t = 5 y), the mass fraction of liquid CO2 is ~70%, dissolved CO2 
is ~29%, and CO2 in hydrate phase only accounts for ~1%. After the end of injection (t > 5 y), the temperature 
around the well decreases rapidly, and a large amount of hydrate forms and gradually expands to form a low-per-
meability cap. At t = 100 y, the mass fraction of liquid CO2 is ~17%, dissolved CO2 is ~41%, and CO2 in hydrate 
phase is ~42%. The phenomenon of massive hydrate formation during sequestration which greatly restricted up-
ward CO2 migration verifies the long-term stability of hydrate-based CO2 sequestration at field-scale. In addition, 

碳汇与碳捕集、利用和封存  Carbon Sinks and CCUS           

Cu-Cu atomic spacing effect enhancement strategy for efficient CO2 utiliza-
tion
BI Xin-ze1, WANG Hong-zhi2, WU Ming-bo1

(1. State Key Laboratory of Heavy Oil Processing,  China University of Petroleum (East China),  Qingdao 266580,  China;  2. Col-
lege of Chemistry and Chemical Engineering,  Ocean University of China,  Qingdao 266100,  China) 

Abstract
In the process of electrocatalytic CO2 reduction for the preparation of high-value C2+ products, the relatively high 
thermodynamic barrier of C-C coupling hinders the coupling step, resulting in poor selectivity of the target prod-
ucts. C-C coupling often involves the cooperative adsorption of carbon-containing intermediates by two Cu atoms 
and subsequent coupling. Precise control of the distance between adjacent Cu active sites is crucial for promoting 
the C-C coupling process and improving the selectivity of C2+ products. The existing spacing enhancement effects 
are generally limited to single-atom catalyst systems. The loading of single-atom catalyst is generally low and it 
is difficult to provide multiple metal-metal atomic active sites, which often implies disadvantages against the C-C 
coupling step as well as the C2+ products. Moreover, due to current experimental techniques, it is challenging to 
precisely regulate the Cu-Cu distance between two Cu atoms on bulk catalysts. Density functional theory (DFT), 
as a quantum mechanical method for studying the electronic structure of multi-atomic systems, not only is used to 
verify experimental results but also provide theoretical basis for material design or reaction mechanisms. In this 
work, DFT as a research tool is used to help screen for the optimal Cu-Cu atomic distance and explore experimen-
tal strategies for precise control of atomic distances. Guided by DFT calculations, a strategy of regulation the Cu-
Cu atomic spacing based on vacancy defect engineering is proposed to promote the C-C coupling process, thereby 
enhancing the catalytic activity of the catalyst and the selectivity of ethanol. Accordingly, ultrathin two-dimension-
al vanadium selenide-copper selenide nanosheets (VSe-Cu2-xSe) with abundant Se vacancies were prepared. Under 
the lattice strain caused by the abundant Se vacancies, the spatial distance between Cu-Cu atoms is effectively 
shortened. The charge distribution at the active site is altered by the shortened Cu-Cu atomic distance. Besides, the 
shortening of the Cu-Cu atoms distance also reduces the oxidation state of Cu and increases the electron donating 
ability of the active sites. Importantly, the shortened Cu-Cu atomic distance significantly reduces the thermody-
namic barrier of the *CO-*CHO asymmetric coupling process, promoting the C-C coupling process. Combining 
experimental observations and DFT calculations, it is found that the Cu-Cu atomic distance of 2.51 Å selectively 
produce ethanol in the voltage range of -0.4 to -1.6 V (vs. RHE), with an faradaic efficiency of ethanol as high as 
68.1% at -0.8 V potential. The VSe-Cu2-xSe prepared based on this strategy effectively improved the selectivity of 
ethanol by utilizing the spacing effect of dual-active sites, achieving efficient electroreduction of CO2 to ethanol, 
and providing new ideas for the regulation and preparation of catalysts for other reactions involving multi-elec-
tron-coupled protons.
Key words: spacing effect; CO2ER; C-C coupling; defect engineering

Cu2-xSe

CO2

EtOH

-1.6 -1.4 -1.2 -1.0 - 0.8 -0.6 -0.4
0

10

20

30

40

50
60

70

 

 

FE
 of

 E
tO

H 
(%

)

Potential (V vs. RHE)

4.16Å 
C

O

HC

O

VSe-richVSe-poor

2.51 Å 
C

O

HC

O

Fig 1 Efficient electrocatalytic reduction of CO2 to ethanol enhanced by spacing effect of Cu-Cu in Cu2-xSe nanosheets.
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Feasibility analysis of long-term CO2 sequestration as hydrates in subsea 
sediments
Gu Yuhang1, Yin Zhenyuan1,*, Liu Xuejian1, Huang Hailin1, Li Shuaijun1

(1. Institute for Ocean Engineering, Tsinghua Shenzhen International Graduate School,  Tsinghua University,  Shenzhen  518055,  
China) 

Abstract
Background, Aims and Scope. Hydrate-based CO2 sequestration in subsea sediments is a promising way to re-
duce carbon emissions. However, current studies mainly focus on lab experiments and lack field-scale feasibility 
analysis. Therefore, we aim to verify the feasibility of this sequestration method at field-scale and quantitatively 
analyze effects of permeability, salinity, thermal conductivity and CO2 injection rate on sequestration performance.
Methods. Hydrate-based CO2 sequestration in subsea sediments is a complex multiphysics process, involving 
multiphase flow, heat transfer and hydrate formation and dissociation. To accurately characterize this process, 
we develop a novel thermo-hydro-mechanical multi-field coupled simulator CO2_HYD based on the state-of-art 
TOUGH + HYDRATE code. The framework of TOUGH + HYDRATE is maintained while we modify the prima-
ry variable switch method (PVSM) for possible phase changes in liquid CO2 - CO2 hydrate system during seques-
tration (Fig. 1). We adopt Peng-Robinson equation to calculate the density of liquid CO2 at varying pressure and 
temperature. We introduce calculation method of Spycher et al. (2003) to consider the solubility of liquid CO2 in 
H2O and incorporate the friction theory (Quiñones et al., 2000) for viscosity modeling of liquid CO2. As for ther-
mophysical properties of CO2 hydrate, we replace the original methane hydrate phase equilibrium with the CO2 
hydrate phase equilibrium curve derived from CSMGem, and consider the effect of NaCl on phase equilibrium us-
ing the equation of Dickens and Quinby-Hunt (1997). In addition, we modify a series of properties associated with 
CO2 hydrate, including enthalpy of formation, density, thermal conductivity, and heat capacity.

Fig. 1. Possible phase combinations in the liquid CO2-CO2 hydrate system (The designations of three single phase are CO2-L – 
liquid CO2, A – aqueous, H – CO2 hydrate). 

Results and Discussion. The simulation results reveal that CO2 component exists mainly as liquid and dissolved 
phases during CO2 injection, with very little hydrate formed above the injection interval due to the high-tempera-
ture area around the well. At the end of injection (t = 5 y), the mass fraction of liquid CO2 is ~70%, dissolved CO2 
is ~29%, and CO2 in hydrate phase only accounts for ~1%. After the end of injection (t > 5 y), the temperature 
around the well decreases rapidly, and a large amount of hydrate forms and gradually expands to form a low-per-
meability cap. At t = 100 y, the mass fraction of liquid CO2 is ~17%, dissolved CO2 is ~41%, and CO2 in hydrate 
phase is ~42%. The phenomenon of massive hydrate formation during sequestration which greatly restricted up-
ward CO2 migration verifies the long-term stability of hydrate-based CO2 sequestration at field-scale. In addition, 
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Cu-Cu atomic spacing effect enhancement strategy for efficient CO2 utiliza-
tion
BI Xin-ze1, WANG Hong-zhi2, WU Ming-bo1

(1. State Key Laboratory of Heavy Oil Processing,  China University of Petroleum (East China),  Qingdao 266580,  China;  2. Col-
lege of Chemistry and Chemical Engineering,  Ocean University of China,  Qingdao 266100,  China) 

Abstract
In the process of electrocatalytic CO2 reduction for the preparation of high-value C2+ products, the relatively high 
thermodynamic barrier of C-C coupling hinders the coupling step, resulting in poor selectivity of the target prod-
ucts. C-C coupling often involves the cooperative adsorption of carbon-containing intermediates by two Cu atoms 
and subsequent coupling. Precise control of the distance between adjacent Cu active sites is crucial for promoting 
the C-C coupling process and improving the selectivity of C2+ products. The existing spacing enhancement effects 
are generally limited to single-atom catalyst systems. The loading of single-atom catalyst is generally low and it 
is difficult to provide multiple metal-metal atomic active sites, which often implies disadvantages against the C-C 
coupling step as well as the C2+ products. Moreover, due to current experimental techniques, it is challenging to 
precisely regulate the Cu-Cu distance between two Cu atoms on bulk catalysts. Density functional theory (DFT), 
as a quantum mechanical method for studying the electronic structure of multi-atomic systems, not only is used to 
verify experimental results but also provide theoretical basis for material design or reaction mechanisms. In this 
work, DFT as a research tool is used to help screen for the optimal Cu-Cu atomic distance and explore experimen-
tal strategies for precise control of atomic distances. Guided by DFT calculations, a strategy of regulation the Cu-
Cu atomic spacing based on vacancy defect engineering is proposed to promote the C-C coupling process, thereby 
enhancing the catalytic activity of the catalyst and the selectivity of ethanol. Accordingly, ultrathin two-dimension-
al vanadium selenide-copper selenide nanosheets (VSe-Cu2-xSe) with abundant Se vacancies were prepared. Under 
the lattice strain caused by the abundant Se vacancies, the spatial distance between Cu-Cu atoms is effectively 
shortened. The charge distribution at the active site is altered by the shortened Cu-Cu atomic distance. Besides, the 
shortening of the Cu-Cu atoms distance also reduces the oxidation state of Cu and increases the electron donating 
ability of the active sites. Importantly, the shortened Cu-Cu atomic distance significantly reduces the thermody-
namic barrier of the *CO-*CHO asymmetric coupling process, promoting the C-C coupling process. Combining 
experimental observations and DFT calculations, it is found that the Cu-Cu atomic distance of 2.51 Å selectively 
produce ethanol in the voltage range of -0.4 to -1.6 V (vs. RHE), with an faradaic efficiency of ethanol as high as 
68.1% at -0.8 V potential. The VSe-Cu2-xSe prepared based on this strategy effectively improved the selectivity of 
ethanol by utilizing the spacing effect of dual-active sites, achieving efficient electroreduction of CO2 to ethanol, 
and providing new ideas for the regulation and preparation of catalysts for other reactions involving multi-elec-
tron-coupled protons.
Key words: spacing effect; CO2ER; C-C coupling; defect engineering
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Embedded Mo/Mn Atomic regulation for Durable Acidity-reinforced 
HZSM-5 Catalyst toward Energy-efficient Amine Regeneration
Mingyue Li1

(1. MOE Key Laboratory of Resources and Environmental Systems Optimization, College of Environmental Science and Engineer-
ing, North China Electric Power University, Beijing, 102206, PR China)

Abstract
Background, Aims and Scope. Metal–molecular sieve composites with high acidity are promising solid acid 
catalysts (SACs) for accelerating sluggish CO2 desorption processes and reducing the energy consumption of CO2 
chemisorption systems. However, the production of such SACs through conventional approaches such as loading 
or ion-change methods often leads to uncontrolled and unstable metal distribution on the catalysts, which limits 
their pore structure regulation and catalytic performance. 
Research methods. In this study, we demonstrated a feasible strategy for improving the durability, surface chem-
ical activity, and pore structure of metal-doped HZSM-5 through bimetallic Mo/Mn modification. The excellent 
activity of the catalyst has been proved by many experiments.
Results and Discussion. This strategy involves the immobilization of Mo–O–Mn species confined in a MFI struc-
ture by regulating MoO4

2− anions and Mn2+ cations. The embedded Mn/Mo species of low valence can strongly 
induce electron transfer and increase the density of compensatory H+ on the MoMn@H catalyst, thereby reducing 
the CO2 desorption temperature by 8.27 °C and energy consumption by 37% than blank.
Conclusion. The durability enhancement and activity regulation method used in this study is expected to advance 
the rational synthesis of metal–molecular sieve composites for energy-efficient CO2 capture using amine regenera-
tion technology.
Key words: CO2 capture; amine scrubbing; catalytic CO2 desorption; metal–molecular sieve composites; structure 
regulation

Fig 1 (a) Schematic diagram of synthesis process of catalysts; (b) SEM of HZSM-5 and 1/16MoMn3/1@H; (c) Elemental map-
ping of 1/16MoMn3/1@H; (d) XRD patterns of the 1/16MoMn3/1@H, 1/16Mo@H, 1/16Mn@H and HZSM-5; (e) FTIR spectra 
of various catalysts; (f) 29Si NMR spectra of the 1/16MoMn3/1@H and pristine HZSM-5.

permeability, salinity, thermal conductivity and CO2 injection rate all have significant impacts on the sequestration 
performance. The conversion of liquid CO2 to CO2 hydrate decreases with increasing permeability, salinity and in-
jection rate, and increases with increasing thermal conductivity (Figs. 2 and 3).

well

Fig. 2. Distributions of typical properties (SH, SCO2-L and XCO2) of the formation at t = 5 y and t = 100 y.

Fig. 4. Evolutions of mass M and mass ratio R of CO2 component in different phases (S1: 0-5 y; S2: 5-100 y).

Conclusion. The present work builds a novel multi-field coupled simulator and numerically investigates the fea-
sibility of carbon sequestration in subsea sediments by hydrate method at field scale for the first time. The results 
show that CO2 hydrate massively forms after the end of injection and gradually expands into low-permeability 
cap that can stably exists for 100 years. The hydrate cap greatly restricts upward migration of liquid CO2, forcing 
it to gradually transform into dissolved phase and hydrate phase, which makes hydrate-based CO2 sequestration 
feasible. Permeability, salinity, thermal conductivity of the formation and CO2 injection rate all have significant 
impacts on the sequestration performance, which provides guidance for site selection and optimization of injection 
scheme. 
Key words: CO2 sequestration; CO2 hydrate; feasibility analysis; long-term stability; numerical code; CCUS
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Embedded Mo/Mn Atomic regulation for Durable Acidity-reinforced 
HZSM-5 Catalyst toward Energy-efficient Amine Regeneration
Mingyue Li1

(1. MOE Key Laboratory of Resources and Environmental Systems Optimization, College of Environmental Science and Engineer-
ing, North China Electric Power University, Beijing, 102206, PR China)

Abstract
Background, Aims and Scope. Metal–molecular sieve composites with high acidity are promising solid acid 
catalysts (SACs) for accelerating sluggish CO2 desorption processes and reducing the energy consumption of CO2 
chemisorption systems. However, the production of such SACs through conventional approaches such as loading 
or ion-change methods often leads to uncontrolled and unstable metal distribution on the catalysts, which limits 
their pore structure regulation and catalytic performance. 
Research methods. In this study, we demonstrated a feasible strategy for improving the durability, surface chem-
ical activity, and pore structure of metal-doped HZSM-5 through bimetallic Mo/Mn modification. The excellent 
activity of the catalyst has been proved by many experiments.
Results and Discussion. This strategy involves the immobilization of Mo–O–Mn species confined in a MFI struc-
ture by regulating MoO4

2− anions and Mn2+ cations. The embedded Mn/Mo species of low valence can strongly 
induce electron transfer and increase the density of compensatory H+ on the MoMn@H catalyst, thereby reducing 
the CO2 desorption temperature by 8.27 °C and energy consumption by 37% than blank.
Conclusion. The durability enhancement and activity regulation method used in this study is expected to advance 
the rational synthesis of metal–molecular sieve composites for energy-efficient CO2 capture using amine regenera-
tion technology.
Key words: CO2 capture; amine scrubbing; catalytic CO2 desorption; metal–molecular sieve composites; structure 
regulation

Fig 1 (a) Schematic diagram of synthesis process of catalysts; (b) SEM of HZSM-5 and 1/16MoMn3/1@H; (c) Elemental map-
ping of 1/16MoMn3/1@H; (d) XRD patterns of the 1/16MoMn3/1@H, 1/16Mo@H, 1/16Mn@H and HZSM-5; (e) FTIR spectra 
of various catalysts; (f) 29Si NMR spectra of the 1/16MoMn3/1@H and pristine HZSM-5.

permeability, salinity, thermal conductivity and CO2 injection rate all have significant impacts on the sequestration 
performance. The conversion of liquid CO2 to CO2 hydrate decreases with increasing permeability, salinity and in- 碳汇与碳捕集、利用和封存  Carbon Sinks and CCUS          
jection rate, and increases with increasing thermal conductivity (Figs. 2 and 3).

well

Fig. 2. Distributions of typical properties (SH, SCO2-L and XCO2) of the formation at t = 5 y and t = 100 y.

Fig. 4. Evolutions of mass M and mass ratio R of CO2 component in different phases (S1: 0-5 y; S2: 5-100 y).

Conclusion. The present work builds a novel multi-field coupled simulator and numerically investigates the fea-
sibility of carbon sequestration in subsea sediments by hydrate method at field scale for the first time. The results 
show that CO2 hydrate massively forms after the end of injection and gradually expands into low-permeability 
cap that can stably exists for 100 years. The hydrate cap greatly restricts upward migration of liquid CO2, forcing 
it to gradually transform into dissolved phase and hydrate phase, which makes hydrate-based CO2 sequestration 
feasible. Permeability, salinity, thermal conductivity of the formation and CO2 injection rate all have significant 
impacts on the sequestration performance, which provides guidance for site selection and optimization of injection 
scheme. 
Key words: CO2 sequestration; CO2 hydrate; feasibility analysis; long-term stability; numerical code; CCUS

141



54

论 /文 /集

The 2nd Carbon Neutrality Forum for Doctoral Students

碳汇与CCUS 王清华 西南大学

Biological mechanisms affecting the release of greenhouse gases from mi-
crobial fuel cell - constructed wetland by simultaneously altering structure 
and electron shuttles
WANG Qing-hua1, LIANG Ya-yi1, TANG Jiang-kang1, PU Zhen-bin1, HUANG Lei1, 2, 3

(1. College of Resources and Environment,  Southwest University,  Chongqing  400715,  China;  2. Chongqing Key Laboratory of 
Agricultural Resources and Environment,  Chongqing  400716,  China,  3. Chongqing Engineering Research Center of Rural Cleaner 
Production,  Chongqing,  400716,  China) 

Abstract
Background, Aims and Scope. The objectives of this study were (1) to assess the role of different structures and 
electron shuttles in influencing  pollutant removal and greenhouse gas emissions from the system; (2) to study the 
microbial communities and functional genetic changes in different systems; and (3) to reveal the interaction be-
tween greenhouse gas emission reduction, electron transfer and microorganisms.
Methods. Four groups of wetlands were constructed, those in which the anaerobic and aerobic zones were sep-
arated (named SC), those in which the anaerobic and aerobic zones were not separated (named IC), and those in 
which iron and carbon materials were added separately were named SFC and IFC, respectively. The static cham-
ber method was used to collect gas samples, and the concentration of greenhouse gas was measured via gas chro-
matography (7890D, Agilent, USA). High-throughput sequencing and functional gene results were obtained by 
sending sludge samples to Shanghai Meiji Biomedical Technology Company. SPSS 23.0 was used for one-way 
ANOVA and Pearson correlation analysis. Origin 2021, R software (version 4.3.0) and Gephi interactive platform 
were used for graphical analyses.
Results and Discussion. Changing the structure increased the removal effect of NH4

+-N, and the NH4
+-N removal 

rate was about 100% in the split system. The addition of iron carbon in the split system decreases the removal of 
pollutants, while the opposite phenomenon occurs in the integrated system, which may be due to the fact that the 
electron transfer generated by the ferrocarbon microelectrolysis may be limited to the filler that is in contact with 
the ferrocarbon material. The cumulative release of N2O and CH4 in SC was reduced by 51.83% and 89.33%, re-
spectively, compared to IC. And by changing the structure 42.66% of N2O was increased and 64.96% of CH4 was 
decreased in the iron-carbon system. Altering the structure and adding iron-carbon electron shuttles affected nitro-
gen removal efficiency and GHG emissions by altering the relative abundance of nitrifying, denitrifying, and elec-
trochemically active bacteria, such as Nitrospira, Azospira, Thauera, norank__f__norank__o___Saccharimonad-
ales, Dechloromonas, Denitratisoma, norank__f__Saprospiraceae and norank_f_Bacteroidetes_vadinHA17. In 
addition, two changes occurring in MFC-CW affected functional genes related to the production of greenhouse 
gases.
Conclusion. (1) Greenhouse gas emission reduction and pollutant removal were further enhanced by adding iron 
carbon or changing the system structure based on the incorporation of microbial fuel cells into constructed wet-
lands. (2) Changing the structure and adding iron carbon had an interactive effect that could affect functional gene 
abundance by enhancing the interaction of functional bacteria with electrochemically active bacteria, which in 
turn enhanced pollutant removal and reduced greenhouse gas release. (3) Changing the structure may be more ap-
propriate in systems without added iron-carbon, otherwise the benefits of adding iron-carbon electron shuttles are 
offset by separating the aerobic and anaerobic zones of the iron-carbon system.
Key words: MFC-CW; greenhouse gas emission; microbial communities; functional gene

Fig 2 (a) Mn 2p and Mo 3d XPS spectra of 1/16MoMn3/1@H; (b) O1s XPS spectra of various catalysts; (c) Mn K-edge XANES 
spectra of MoMn@H, MnO2, and Mn foil; (d) Fourier transform of k3-weighted EXAFS spectra; (e) N2 adsorption-desorption 
isotherms of various catalysts; (f) Pore-size distribution curve of the 1/16MoMn3/1@H, 1/16Mo@H, 1/16Mn@H and HZSM-5; 
(g) EIS curves of different catalysts. (h) NH3-TPD profiles of various catalysts; (i) Py-IR profiles of various catalysts.

Fig 3 Comparison of CO2 capacity and desorption rate catalyzed by various catalysts: (a) monometallic M@H; (b) Mo@H 
with different Mo dosage; (c) MoMn@H with various Mo/Mn ratios (inset: CO2 capacity at 30 min, sample 1 to 6 is assigned 
to blank, 1/16Mn@H, 1/16MoMn1/3@H, 1/16MoMn2/2@H, 1/16MoMn3/1@H and 1/16Mo@H, respectively); (d) Comparison 
of activation energy (Ea) of CO2 desorption reaction under blank and catalytic conditions; (e) Arrhenius Plot under catalytic 
and blank conditions at different temperatures; (f) Comparison of energy consumption; (g) Long life cycle curves for 10h; (h-i) 
Comparisons of catalytic rich MEA solution regeneration performances with different reported catalysts.

Fig 4 (a) Possible catalytic mechanism for MoMn@H to promote CO2 desorption in MEA solutions; (b-c) Relative energies of 
key reaction paths under different catalytic conditions.
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Hydrology and primary production affect dissolved organic matter compo-
sition and contribute to its stability throughout the Aquatic Continuum of 
Semiarid region of China
SHAO Ming-yu1,2, LIU Zai-hua1

(1. State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, 
China; 2. University of Chinese Academy of Sciences, Beijing 100049, China) 

Abstract
Dissolved organic matter (DOM) plays crucial role in carbon cycling within inland surface waters. However, there 
is limited research on the effects of primary production and hydrology on the composition of DOM across the riv-
er-reservoir-wetland aquatic continuum and the stability of the resulting autochthonous DOM (Auto-DOM). We 
combined measurements of water chemistry, optical spectroscopy, Fourier transform ion cyclotron resonance mass 
spectrometry, and stable isotopic measurements (δ2H, δ18O and δ13CDIC) to elucidate the link between in-stream 
hydrological and primary production processes and DOM composition throughout the Aquatic Continuum of Bahe 
River in Northwest China. We found that significant evaporation and aquatic primary production co-occurred in 
this watershed, with a large amount of water loss and DIC assimilation in the water column. With enrichment 
of the stable water isotope δ2H, the relative abundances of the humic-like compounds decreased and the relative 
abundances of the protein-like substances increased, suggesting that humification degree and terrestrial signal of 
riverine DOM decreased while autochthonous production increased along the flow pathway. In addition, we chose 
the summer with high primary production to further investigate the stability of Auto-DOM and observed that the 
stability ratio (Fmax(C2/(C2+C4))) of Auto-DOM to the ratio of carboxylic-rich alicyclic molecules in different 
water bodies had a consistent trend, suggesting that the phytoplankton-derived and biomineralized C2 compound 
is a potentially recalcitrant DOM in inland waters. We conclude that hydrology and primary production affect 
DOM quality and may be potential sources of recalcitrant DOM compounds in a wide range of inland waters, 
which has important implications for understanding the role of inland waters in the global carbon cycle.
Keywords: Aquatic photosynthesis, Autochthonous dissolved organic matter, Stable water isotope, Stability, Car-
boxylic-rich alicyclic molecules

碳汇与CCUS 张雨珂 太原理工大学

Research on multi-site synergetic carbon capture characteristics of Cu-
based ionic metal organic frameworks (I-MOFs) constructed by in-situ im-
mobilization of ionic liquids
ZHANG Yuke1, WANG Jiancheng1, YI Qun 2, SHI Lijuan2

(1. State Key Laboratory of Clean and Efficient Coal Utilization,  Taiyuan University of Technology,  Taiyuan  030024,  China;  2. 
School of Chemical Engineering and Pharmacy,  Wuhan Institute of Technology,  Wuhan  430205,  China; ) 

Abstract
Background, Aims and Scope. As an important emission reduction technology, high-efficiency capture and sep-
aration of CO2 is highly desirable to implement low-carbon development strategy. Ionic liquids (ILs), with low 
volatility, is proposed to solve the corrosion problem of equipment in the traditional ammonia solution absorption 
process, which, yet faces with the challenge regards of high viscosity and unsatisfactory regeneration performance.
Methods. Immobilization of ILs has diversified the field of porous solid adsorbents. Ionic-metal organic frame-
works (I-MOFs), which combines the functions of ILs and rich pores of framework structure, are extensively 
applied for gas adsorption and separation. Conventional methods such as covalent grafting, ship-in-a-bottle, or 
impregnation have been developed to immobilize ILs on the surface or channels of MOFs. For the narrow micro-
porous environment, the strategies aforementioned inevitably cause channel blockage (tricky to retain the ultrami-
cropores structure), fussy steps, and endowed with uneven distributed of functional sites. Herein, serving as com-
petitive ligands candidates in the formation of I-MOFs, ionic functional groups (represented by ILs) are introduced 
as part of the I-MOFs skeleton, which can improve the active sites distribution and retain pore micro-environment.
Results and Discussion. In this work, microporous I-MOFs (Cu-AFIL-M) were constructed in one step by using 
1-aminoethyl-3-methylimidazolium phenoxylate (AFIL) and BTC as mixed organic ligand. The oxyl group exhib-
its high affinity with CO2 as the Lewis basic center bringing about superior CO2 adsorption capacity of 149 cm3 g-1 
(150% higher than that of Cu-BTC) and high IAST predicted selectivity with CH4 of 22 under atmospheric condi-
tion. 
Conclusion. The isosteric adsorption heat, CO2-TPD and density functional theory reveal that the adsorption 
mechanism is the ion basic center and unsaturated metal active sites, and there is electrostatic attraction and hy-
droxyl bonding between CO2 and modified functional groups. This work provides a feasible strategy for the ratio-
nal design of I-MOF and lays useful insights for structural tuning to promote their applications.
Key words: Carbon dioxide capture; solid adsorbent; ionic liquids; Immobilization

Fig 1 Comprehensive performance comparison of the IAST selectivity and CO2 adsorption performance
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The Correlation between water-carbon and urban spatial form in built-up 
areas: evidence from Shenzhen
Gaoyuan Wang a, b, Muhan Li a, Yangli Li a,c, *

a. School of Architecture, Tianjin University, Tianjin 300072, China
b. Department of Architecture, College of Design and Engineering, National University of Singapore, 4 Architecture Drive, 117566 
Singapore
c. School of Civil Engineering and Architecture, Southwest University of Science and Technology, Mianyang 621010, China

Abstract
The synergy of water and carbon management holds profound significance for the sustainable development of ur-
ban spaces. Methods that involve scientific simulation of the spatial distribution of water usage and carbon emis-
sions within cities await exploration, with relatively scant research delving further into the potential implications 
of the association between water consumption and carbon emission spatial patterns. This study integrates diverse 
spatial datasets, statistical yearbook data, sectorial affiliations, and geographical entities, along with time-series es-
timation techniques, to model the spatial distribution of water usage and carbon emissions in Shenzhen at a 1 km² 
grid scale. Subsequently, spatial correlations between the two are explored using GeoDa, and a carbon emissions 
per unit of water consumption (CEWC) model is constructed, drawing from performance metrics. Employing 
Geodetector and Spearman’s correlation analysis, the study further investigates the impact of spatial form on water 
usage and carbon emissions. This methodological approach unveils the spatial distribution of water consumption 
and carbon emissions in Shenzhen at a finer resolution. The results elucidate that high-value concentrations are 
situated within the functionally developed urban core, with a subtle positive spatial correlation between the two 
parameters. The distribution of CEWC underscores a more profligate water utilization in traditional industrial 
zones and secondary central areas. It is evident that BD, ISP, BSD, and BSI stand as the primary drivers of the 
spatial distribution of water consumption and carbon emissions, with a notable enhancement in explanatory power 
resulting from their interplay with urban morphology. Furthermore, BSD, BSI, BH, and CEWC exhibit substantial 
correlations, with parameters describing building height exerting a significant negative influence on CEWC. In 
light of the outcomes, the study puts forth recommendations for top-tier coordinated management, flexible spatial 
growth, and the guidance of block spatial intensity. The research contributes empirical evidence regarding the 
spatial interrelation between water consumption and carbon emissions, thereby providing a robust foundation for 
policy decisions pertaining to the coalescence of water and carbon in the spatial development of mega-cities.

Investigating competitive adsorption of CO2 and H2O in direct air carbon 
capture
SHEN Minghai1,2, KONG Fulin1, GUO Wei1, ZUO Zhongqi1, TONG Lige1, ZHANG Peikun1, 
WANG Li1, KAWI Sibudjing2, CHU Paul K3, DING Yulong4

(1. School of Energy and Environmental Engineering, University of Science and Technology Beijing, Beijing 100083, China;  2. De-
partment of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, Singapore 119260, 
Singapore;  3. Department of Physics, Department of Materials Science and Engineering, and Department of Biomedical Engineer-
ing, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China;  4. Birmingham Centre for Energy Storage & 
School of Chemical Engineering, University of Birmingham, B15 2TT, UK) 

Abstract
Direct air carbon capture (DAC) techniques enable the capture of carbon dioxide from the atmosphere to mitigate 
carbon emissions and reduce the concentration of carbon dioxide in the atmosphere. Since the adsorption capacity 
of the adsorbent for H2O is lower than that of CO2, direct capture of CO2 in the air will reduce the adsorption ca-
pacity and adsorption efficiency due to the competitive adsorption of H2O and CO2. The traditional capture method 
is chemical absorption or drying the air first to capture CO2 separately. Green and environmentally friendly phys-
ical adsorption technology that captures CO2 and H2O together can reduce equipment space, system complexity 
and energy consumption. The competitive adsorption of CO2 and H2O has an important impact on direct air carbon 
capture and carbon capture from wet flue gases. I will demonstrate our discovery and control methods of the com-
petitive adsorption rules of CO2 and H2O in direct air carbon capture. Through molecular dynamics and various 
characterization methods, we compared and analyzed the pore size changes, CO2 and H2O adsorption energies, 
and CO2 separation effects of NaX zeolite under the temperature effect and electric field. The reasonable optimiza-
tion of pore size structure and the distribution of Na+ ions have an important impact on the competitive adsorption 
of CO2 and H2O. We believe that the Na+ sites can be fixed through the rational design of the O-T-O (T = Al, Si) 
framework. Owing to the E-field formed by the plasma and exposure to CO2, it morphs into a stable low-energy 
structure that can accommodate more CO2. By increasing the surface area and adsorption sites for CO2, the NaX 
zeolite after the dual plasma treatment and CO2 exposure for 60 minutes shows the highest adsorption capacity 
of 5.49 mmol·g-1. By increasing the desorption energy consumption of the NaX zeolite by 5.88%, more efficient 
and larger-capacity low-concentration carbon dioxide capture can be accomplished. By inhibiting the adsorption 
of H2O or separating adsorption sites, high-capacity co-adsorption of CO2 and H2O can be achieved. In the co-re-
covery process of CO2 and H2O, separation and recovery of high-purity CO2 and H2O can be achieved according 
to the desorption law of CO2 and H2O. Our results disclose that by proper design of the materials and separation 
technology, joint capture and recovery of CO2 and H2O by a direct air carbon capture system can be accomplished.
Key words: carbon dioxide; water; adsorption; carbon capture; direct air carbon capture

Fig 1 Adsorption capacity and separation ratio of CO2 and H2O in an atmosphere of 400ppmCO2 and RH40%.
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Biological mechanisms affecting the release of greenhouse gases from mi-
crobial fuel cell - constructed wetland by simultaneously altering structure 
and electron shuttles
WANG Qing-hua1, LIANG Ya-yi1, TANG Jiang-kang1, PU Zhen-bin1, HUANG Lei1, 2, 3

(1. College of Resources and Environment,  Southwest University,  Chongqing  400715,  China;  2. Chongqing Key Laboratory of 
Agricultural Resources and Environment,  Chongqing  400716,  China,  3. Chongqing Engineering Research Center of Rural Cleaner 
Production,  Chongqing,  400716,  China) 

Abstract
Background, Aims and Scope. The objectives of this study were (1) to assess the role of different structures and 
electron shuttles in influencing  pollutant removal and greenhouse gas emissions from the system; (2) to study the 
microbial communities and functional genetic changes in different systems; and (3) to reveal the interaction be-
tween greenhouse gas emission reduction, electron transfer and microorganisms.
Methods. Four groups of wetlands were constructed, those in which the anaerobic and aerobic zones were sep-
arated (named SC), those in which the anaerobic and aerobic zones were not separated (named IC), and those in 
which iron and carbon materials were added separately were named SFC and IFC, respectively. The static cham-
ber method was used to collect gas samples, and the concentration of greenhouse gas was measured via gas chro-
matography (7890D, Agilent, USA). High-throughput sequencing and functional gene results were obtained by 
sending sludge samples to Shanghai Meiji Biomedical Technology Company. SPSS 23.0 was used for one-way 
ANOVA and Pearson correlation analysis. Origin 2021, R software (version 4.3.0) and Gephi interactive platform 
were used for graphical analyses.
Results and Discussion. Changing the structure increased the removal effect of NH4

+-N, and the NH4
+-N removal 

rate was about 100% in the split system. The addition of iron carbon in the split system decreases the removal of 
pollutants, while the opposite phenomenon occurs in the integrated system, which may be due to the fact that the 
electron transfer generated by the ferrocarbon microelectrolysis may be limited to the filler that is in contact with 
the ferrocarbon material. The cumulative release of N2O and CH4 in SC was reduced by 51.83% and 89.33%, re-
spectively, compared to IC. And by changing the structure 42.66% of N2O was increased and 64.96% of CH4 was 
decreased in the iron-carbon system. Altering the structure and adding iron-carbon electron shuttles affected nitro-
gen removal efficiency and GHG emissions by altering the relative abundance of nitrifying, denitrifying, and elec-
trochemically active bacteria, such as Nitrospira, Azospira, Thauera, norank__f__norank__o___Saccharimonad-
ales, Dechloromonas, Denitratisoma, norank__f__Saprospiraceae and norank_f_Bacteroidetes_vadinHA17. In 
addition, two changes occurring in MFC-CW affected functional genes related to the production of greenhouse 
gases.
Conclusion. (1) Greenhouse gas emission reduction and pollutant removal were further enhanced by adding iron 
carbon or changing the system structure based on the incorporation of microbial fuel cells into constructed wet-
lands. (2) Changing the structure and adding iron carbon had an interactive effect that could affect functional gene 
abundance by enhancing the interaction of functional bacteria with electrochemically active bacteria, which in 
turn enhanced pollutant removal and reduced greenhouse gas release. (3) Changing the structure may be more ap-
propriate in systems without added iron-carbon, otherwise the benefits of adding iron-carbon electron shuttles are 
offset by separating the aerobic and anaerobic zones of the iron-carbon system.
Key words: MFC-CW; greenhouse gas emission; microbial communities; functional gene

Fig 2 (a) Mn 2p and Mo 3d XPS spectra of 1/16MoMn3/1@H; (b) O1s XPS spectra of various catalysts; (c) Mn K-edge XANES 
spectra of MoMn@H, MnO2, and Mn foil; (d) Fourier transform of k3-weighted EXAFS spectra; (e) N2 adsorption-desorption 
isotherms of various catalysts; (f) Pore-size distribution curve of the 1/16MoMn

碳汇与碳捕集、利用和封存  Carbon Sinks and CCUS          
3/1@H, 1/16Mo@H, 1/16Mn@H and HZSM-5; 

(g) EIS curves of different catalysts. (h) NH3-TPD profiles of various catalysts; (i) Py-IR profiles of various catalysts.

Fig 3 Comparison of CO2 capacity and desorption rate catalyzed by various catalysts: (a) monometallic M@H; (b) Mo@H 
with different Mo dosage; (c) MoMn@H with various Mo/Mn ratios (inset: CO2 capacity at 30 min, sample 1 to 6 is assigned 
to blank, 1/16Mn@H, 1/16MoMn1/3@H, 1/16MoMn2/2@H, 1/16MoMn3/1@H and 1/16Mo@H, respectively); (d) Comparison 
of activation energy (Ea) of CO2 desorption reaction under blank and catalytic conditions; (e) Arrhenius Plot under catalytic 
and blank conditions at different temperatures; (f) Comparison of energy consumption; (g) Long life cycle curves for 10h; (h-i) 
Comparisons of catalytic rich MEA solution regeneration performances with different reported catalysts.

Fig 4 (a) Possible catalytic mechanism for MoMn@H to promote CO2 desorption in MEA solutions; (b-c) Relative energies of 
key reaction paths under different catalytic conditions.
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Amine-functionalized disordered hierarchical porous silica derived from 
blast furnace slag with high adsorption capability and cyclic stability for 
CO2 adsorption

This study proposes a novel solution to the challenge of achieving high cycle stability in CO2 adsorbents prepared 
through impregnation with organic amines. Specifically, industrial waste blast furnace slag was used to prepare 
a support material called BHF, which possesses three pore structures: micropores, mesopores, and macropores. 
This unique structure facilitates high loading of organic amines and improves CO2 adsorption effectiveness. To 
counteract agglomeration effects caused by loading large amounts of organic amines, the morphology and skeleton 
of the carrier material were analyzed in detail. The results showed that the rough “hive” morphology, disordered 
cell-like skeleton structure and abundant pores of BHF allows for uniform dispersion of pentaethylenehexamine 
(PEHA), an organic amine, and provides advantageous transportation of CO2 molecules within the adsorbent. 
Based on the study of kinetics, activation energy, and isosteric heat of adsorption, the adsorption mechanism of 
70PEHA-BHF was determined to be a chemical-physical binding adsorption. The adsorption diffusion mechanism 
suggests that the rate-limiting step is film diffusion. Furthermore, the 70PEHA-BHF adsorbent achieves a balance 
between CO2 adsorption capacity and cycle stability. At 80 ◦C and 15 vol. % CO2, the CO2 adsorption capacity 
of 70PEHA-BHF is 6.27 mmol/g, with only a 1.43 % CO2 loss after 10 cycles of testing. It anticipates that this 
newly developed 70PEHA-BHF adsorbent will provide additional possibilities for the application of hierarchical 
porous materials in CO2 adsorption research.

碳汇与CCUS 王姗 北京林业大学

Realistic Dilemma, Constraints and Model Innovation of Forestry Carbon 
Sink Credit Financing
QIN Tao, WANG Shan, DENG Shuwen, ZHU Ran
(School of Economics and Management, Beijing Forestry University, Beijing 100083, China)

Huangyu Yan (Taiyuan University of Technology)Abstract: As the main path for realizing the value of forestry carbon sinks, forestry carbon sink credit financing 
is of great value in revitalizing forestry carbon sink resources, enhancing the value of carbon sink assets, and al-
leviating the financing constraints of carbon sink operating enterprises. At present, some regions in China have 
explored the pilot forestry carbon sinks pledge financing business, but face the realistic dilemma that it is difficult 
to replicate and promote the existing model. The article analyzes the financing mode and existing deficiencies of 
typical cases, in-depth analysis of forestry carbon sinks credit financing the current reality of the problem, and 
explore the fundamental reasons affecting the forestry carbon sinks to play the role of pledge. The study found 
that: ① the legal attributes of forestry carbon sinks are not clear, and there is a lack of legal basis for the change 
of relevant rights and interests involved in the process of pledge establishment. ② The lack of standards for as-
sessing the value of forestry carbon sinks makes it difficult for banks to recognize the results of the assessment of 
the value of the pledge. (iii) It is difficult to dispose of the forestry carbon sinks assets and realize the pledge right, 
and the banks cannot effectively control the risk of credit defaults due to the lack of realization paths of the pledge 
right. Therefore, this study innovatively proposes “forest right mortgage with forestry carbon sink pledge + car-
bon sink value insurance + forest right (carbon sink) storage guarantee” by introducing the policy pledge, value 
recognition and financial credit enhancement functions of forestry carbon sink insurance and the guarantee credit 
enhancement role of carbon sink storage mechanism in the realization of the pledge right, It innovatively puts for-
ward three forestry carbon credit financing models, namely, “forestry carbon sink (expected return right) value in-
surance policy pledge + carbon sink storage guarantee” and “forestry carbon sink asset pledge + carbon sink price 
index insurance”, which provide feasible paths for the widespread development of forestry carbon sink pledge 
financing. Finally, in view of the constraints of forestry carbon credit financing, specific strategies are proposed to 
promote the effective development of forestry carbon credit financing in five aspects: improving the institutional 
framework of forestry carbon sinks, unifying the standard of carbon sinks assessment and accounting, optimizing 
and innovating the carbon insurance products, establishing the guarantee system for the storage of carbon sinks, 
and constructing the financial support system for forestry carbon sinks.
Key words: forestry carbon sinks; credit; pledge guarantee; insurance; financing
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Hydrology and primary production affect dissolved organic matter compo-
sition and contribute to its stability throughout the Aquatic Continuum of 
Semiarid region of China
SHAO Ming-yu1,2, LIU Zai-hua1

(1. State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, 
China; 2. University of Chinese Academy of Sciences, Beijing 100049, China) 

Abstract
Dissolved organic matter (DOM) plays crucial role in carbon cycling within inland surface waters. However, there 
is limited research on the effects of primary production and hydrology on the composition of DOM across the riv-
er-reservoir-wetland aquatic continuum and the stability of the resulting autochthonous DOM (Auto-DOM). We 
combined measurements of water chemistry, optical spectroscopy, Fourier transform ion cyclotron resonance mass 
spectrometry, and stable isotopic measurements (δ2H, δ18O and δ13CDIC) to elucidate the link between in-stream 
hydrological and primary production processes and DOM composition throughout the Aquatic Continuum of Bahe 
River in Northwest China. We found that significant evaporation and aquatic primary production co-occurred in 
this watershed, with a large amount of water loss and DIC assimilation in the water column. With enrichment 
of the stable water isotope δ2H, the relative abundances of the humic-like compounds decreased and the relative 
abundances of the protein-like substances increased, suggesting that humification degree and terrestrial signal of 
riverine DOM decreased while autochthonous production increased along the flow pathway. In addition, we chose 
the summer with high primary production to further investigate the stability of Auto-DOM and observed that the 
stability ratio (Fmax(C2/(C2+C4))) of Auto-DOM to the ratio of carboxylic-rich alicyclic molecules in different 
water bodies had a consistent trend, suggesting that the phytoplankton-derived and biomineralized C2 compound 
is a potentially recalcitrant DOM in inland waters. We conclude that hydrology and primary production affect 
DOM quality and may be potential sources of recalcitrant DOM compounds in a wide range of inland waters, 
which has important implications for understanding the role of inland waters in the global carbon cycle.
Keywords: Aquatic photosynthesis, Autochthonous dissolved organic matter, Stable water isotope, Stability, Car-
boxylic-rich alicyclic molecules

Research on multi-site synergetic carbon capture characteristics of Cu-
based ionic metal organic frameworks (I-MOFs) constructed by in-situ im-
mobilization of ionic liquids
ZHANG Yuke1, WANG Jiancheng1, YI Qun 2, SHI Lijuan2

(1. State Key Laboratory of Clean and Efficient Coal Utilization,  Taiyuan University of Technology,  Taiyuan  030024,  China;  2. 
School of Chemical Engineering and Pharmacy,  Wuhan Institute of Technology,  Wuhan  430205,  China; ) 

Abstract
Background, Aims and Scope. As an important emission reduction technology, high-efficiency capture and sep-
aration of CO2 is highly desirable to implement low-carbon development strategy. Ionic liquids (ILs), with low 
volatility, is proposed to solve the corrosion problem of equipment in the traditional ammonia solution absorption 
process, which, yet faces with the challenge regards of high viscosity and unsatisfactory regeneration performance.
Methods. Immobilization of ILs has diversified the field of porous solid adsorbents. Ionic-metal organic frame-
works (I-MOFs), which combines the functions of ILs and rich pores of framework structure, are extensively 
applied for gas adsorption and separation. Conventional methods such as covalent grafting, ship-in-a-bottle, or 
impregnation have been developed to immobilize ILs on the surface or channels of MOFs. For the narrow micro-
porous environment, the strategies aforementioned inevitably cause channel blockage (tricky to retain the ultrami-
cropores structure), fussy steps, and endowed with uneven distributed of functional sites. Herein, serving as com-
petitive ligands candidates in the formation of I-MOFs, ionic functional groups (represented by ILs) are introduced 
as part of the I-MOFs skeleton, which can improve the active sites distribution and retain pore micro-environment.
Results and Discussion. In this work, microporous I-MOFs (Cu-AFIL-M) were constructed in one step by using 
1-aminoethyl-3-methylimidazolium phenoxylate (AFIL) and BTC as mixed organic ligand. The oxyl group exhib-
its high affinity with CO2 as the Lewis basic center bringing about superior CO2 adsorption capacity of 149 cm3 g-1 
(150% higher than that of Cu-BTC) and high IAST predicted selectivity with CH4 of 22 under atmospheric condi-
tion. 
Conclusion. The isosteric adsorption heat, CO2-TPD and density functional theory reveal that the adsorption 
mechanism is the ion basic center and unsaturated metal active sites, and there is electrostatic attraction and hy-
droxyl bonding between CO2 and modified functional groups. This work provides a feasible strategy for the ratio-
nal design of I-MOF and lays useful insights for structural tuning to promote their applications.
Key words: Carbon dioxide capture; solid adsorbent; ionic liquids; Immobilization

Fig 1 Comprehensive performance comparison of the IAST selectivity and CO2 adsorption performance

147



*

148



*

149



150



151



152



153



154



155



156



157



158



159




	_GoBack
	_GoBack
	OLE_LINK21
	OLE_LINK22
	OLE_LINK2
	OLE_LINK1
	OLE_LINK30
	OLE_LINK23
	_GoBack
	_Hlk150700832
	_Hlk150532843
	_GoBack
	PePindex149
	_GoBack
	_Hlk123153764
	OLE_LINK13
	_Hlk102757281
	_Hlk73559600
	OLE_LINK7
	_Hlk99891268
	_Hlk80225797
	_Hlk105329053
	_Hlk105329246
	_Hlk80267426
	_Hlk106204967
	_Hlk106204996
	_Hlk60682865
	_Hlk120307171
	_Hlk120308656
	_Hlk120308674
	_GoBack
	_Hlk114581323
	_GoBack
	_Hlk150245367
	_Hlk113034178
	_Hlk109034525
	_Hlk127093534
	_Hlk128500516
	_Hlk102411084
	_Hlk142681877
	_Hlk115277433
	_Hlk143463665
	_Hlk142752394
	_Hlk149075012
	_Hlk149852356
	_Hlk149852394
	_Hlk149852429
	_Hlk149852345
	_GoBack
	_GoBack
	_Hlk114773567
	OLE_LINK7
	_Hlk119522732
	_Hlk129766771
	OLE_LINK1
	OLE_LINK2
	_GoBack
	_GoBack
	OLE_LINK476
	OLE_LINK477
	OLE_LINK592
	OLE_LINK593
	OLE_LINK420
	OLE_LINK421
	OLE_LINK590
	OLE_LINK591
	OLE_LINK478
	OLE_LINK479
	OLE_LINK202
	OLE_LINK203
	OLE_LINK182
	OLE_LINK183
	OLE_LINK464
	OLE_LINK465
	_GoBack
	_Hlk149414686
	_Hlk124001993
	_Hlk152920676
	_Hlk138836155
	_Hlk138836193
	_Hlk152921604
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	新型能源体系与储能
	蒋雨恒
	王修贵

	低零碳工业
	谭诗麒
	吴国庆
	张晓娣
	赵瑞博
	吴美丽
	许毛

	碳中和政策、经济与管理
	陈行
	丁辰鑫
	吕丽
	王晋立
	张蓝心
	张一宁
	赵晨旭
	曹钺

	国际分会场
	丁罗义
	范烨
	申明海
	王高远

	低零碳交通
	高志辉
	胡晓曼
	李亚琴
	马甜
	蒲静
	冉心月
	沈鉴翔
	王晓宇
	杨宇灏
	张鸿儒

	碳汇与CCUS分会场
	艾爽的
	毕鑫泽
	顾宇航
	李明月
	王清华
	王姗
	阎煌煜
	张雨珂
	邵明玉

	低零碳建筑
	杜少紫
	何明洁
	李高梅
	滕飞
	王宇晗
	杨扬
	于洋
	周鑫

	新型能源体系与储能
	焦婕
	赵佳阳
	张伟琦
	栗婧
	薛颖珊
	杜渐
	辛宇
	韦金洪
	杨浩
	刘禹锌
	刘思祥
	赵晨旭
	杨支秀
	曹小楠
	蒋运才
	郭鹏宇
	孔福林
	康雯婧
	武倩

	低零碳工业
	刘赵淳
	张屿
	白孟龙
	徐小楠
	曹琪林
	林丹
	钟再锡
	郝雷
	张志城
	张鸿儒

	碳中和政策、经济与管理
	柴媛
	张桐桐
	杜东英
	柳梦琳
	李雨涵
	丁宁
	张任涛
	陈梁
	任云燕
	谢梦圆
	雷锦锋
	王文娇
	罗崇佳
	王晋立
	苗吉超
	曾维琴
	麦骏南
	陈东辉
	刘敏
	韩洪芳
	曹钺
	刘能毓
	李航达
	张睿宁
	阮褡鹏
	郝仪佳
	唐月
	夏里
	王瀚铤
	温林生
	黄山
	周雁南
	张译文
	邓港
	王欣姿
	宁宣玮
	尹彦舒
	侯娜
	李星皓

	创新创业分论坛
	付欣悦
	张译丹
	崔彬
	黄霞
	于泽

	国际分会场
	顾谢融

	低零碳交通
	陈权威
	杨宇灏

	碳汇与CCUS
	陆青锋
	臧雨溪
	向文鑫
	轩昂
	王昱翰
	季舒平
	周洁
	王洋
	郭玉良
	李丹
	王佳懿

	低零碳建筑
	刘笑言


