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Abstract : [Objective] Carbon emissions throughout the whole life cycle of buildings mainly arise from the production of building

materials, energy use during operation,and waste disposal during demolition. Since the whole life cycle of buildings is characterized by
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high energy consumption and emissions,a deep understanding of the temporal and spatial characteristics of carbon emissions in the
building sector is crucial for effectively achieving energy conservation and emission reduction in China, which is essential for achieving
"carbon peaking and carbon neutrality". [ Methods] This study developed a dynamic and spatially-explicit model to quantify both
embodied and operational carbon emissions of buildings. The model was applied and verified in Ningbo City. [ Results] The findings
revealed that carbon emissions of buildings in Ningbo City followed a pattern resembling an inverted U-shape, peaking at 45. 23 Mt in
2002. After 2002, emissions declined, then began rising gradually in 2013, reaching a peak of 20. 86 Mt in 2018. In terms of the
distribution of carbon emissions across each stage of a building’s whole life cycle, embodied carbon emissions were predominant. From
1990 to 2018, the total amount of embodied carbon emissions in buildings was 369. 56 Mt, while the amount of carbon emissions that
were produced by building operations was 258. 58 Mt. The primary sources of embodied carbon emissions associated with buildings
were the production and transportation of building materials (269. 05 Mt) , followed by the phase of building repair (89. 68 Mt) and
finally the transportation and disposal of building waste (10. 83 Mt). In terms of spatial patterns, the rate of expansion of carbon
emissions varied by district in both extant and density. During the period of rapid urbanization, the emission hotspots were primarily
situated in the central areas,such as the Sanjiangkou area (which coincided with the intersection of Jiangbei District, Haishu District,
and Yinzhou District) , Zhenhai District, and Beilun District. As a result, emissions in the central areas gradually shifted from being
dominated by embodied carbon from building materials to being dominated by the carbon from building operations. Meanwhile, the
areas surrounding the central areas formed new "hotspots" of embodied carbon emissions due to rapid construction, which have been
progressively "spreading” outwards. [ Conclusion] These results demonstrate that the spatially explicit model of the carbon effect of
the whole life cycle of buildings constructed in the study can accurately characterize the spatial and temporal distribution patterns and
composition characteristics of building carbon emissions. This provides relevant urban management departments with a detailed

database and reliable analysis capabilities for the " perception-transmission-cognition-control" of building carbon emissions. It also
provides strong support for promoting low-carbon transformation in the building sector by adapting measures to local conditions and
implementing policies according to different categories. This work reveals that carbon emission reduction from buildings should
consider the entire life cycle and is closely related to the development and spatial layout of cities. A systematic and comprehensive
emission reduction plan needs to be formulated to improve overall outcomes and help cities achieve the goal of "carbon peaking and
carbon neutrality" and sustainable development. For example, embodied carbon emissions of buildings can be effectively reduced by
choosing bio-based building materials (such as wood) and strengthening the recycling of building materials such as steel, sand, and
gravel. Operational carbon emissions can be significantly reduced by reasonably constructing and using renewable energy sources such
as photovoltaics, wind power,and geothermal energy.

Keywords: life cycle assessment; material flow analysis; building whole-life-cycle carbon emission; embodied carbon emission;
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Fig. 1 Research framework
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Tab.1 Calculation parameters for the production and

transportation stages of building materials in Ningbo City
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stages of building waste in Ningbo City
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