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Abstract

:

Buildings are considered to have significant emission reduction potential. Residential building carbon emissions, as the most significant type of building-related carbon emissions, represent a crucial factor in achieving both carbon peak and carbon neutrality targets for China. Based on carbon emission data from Henan Province, a large province located in central China, between 2010 and 2020, this study employed the Kaya-LMDI decomposition method to analyze seven driving factors of carbon emission evolution, encompassing energy, population, and income, and assessed the historical reduction in CO2 emissions from residential buildings. Then, by integrating Kaya identity static analysis with Monte Carlo dynamic simulation, various scenarios were established to infer the future evolution trend, peak time, and potential for carbon emission reduction in residential buildings. The analysis results are as follows: (1) The carbon emissions of residential buildings in Henan exhibited a rising trend from 2010 to 2020, albeit with a decelerating growth rate. (2) Per capita household disposable income is the main driving factor for the increase in carbon emissions, but the household housing purchase index inhibits most of the growth of carbon emissions for the residential buildings in Henan, with the total carbon emission reduction of residential buildings reaches 106.42 million tons of CO2 during the research period. (3) During the period from 2020 to 2050, residential buildings in Henan Province will exhibit an “inverted U-shaped” trend in carbon emissions under the three static scenarios. The base scenario predicts that carbon emissions will reach their peak of 131.66 million tons in 2036, while the low-carbon scenario forecasts a peak of 998.8 million tons in 2030 and the high-carbon scenario projects a peak of 138.65 million tonnes in 2041. (4) Under the dynamic simulation scenario, it is anticipated that residential buildings in Henan Province will reach their carbon peak in 2036 ± 3 years, with a corresponding carbon emission of 155.34 million tons. This study can serve as a valuable reference for the future development of low-carbon pathways within the building sector.
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1. Introduction


Global warming poses a long-term threat to the survival and development of mankind. Research has shown that the current global average temperature is 1 °C higher than that before the industrial revolution. The global average temperature is predicted to increase to 1.5 °C between 2030 and 2052 compared to that before the industrial revolution [1]. The situation of future climate change is still severe, and it has become a global consensus to address climate challenges jointly. To achieve significant and sustained reductions in emissions and ensure a livable and sustainable future for all, rapid and comprehensive transformations across all industries and systems are imperative, as proposed by the Intergovernmental Panel on Climate Change (IPCC). The international community’s commitment to carbon emission reduction has been intensifying. As one of the world’s big economies, China shoulders significant responsibilities and tasks for environmental protection and carbon reduction, while developing at a rapid pace. In recent years, China’s government has attached great importance to carbon emission reduction, promulgating a series of standard specifications and issuing relevant work guidance schemes [2,3,4]. In the Paris Agreement, China has committed to achieving a peak in CO2 emissions around 2030 and striving for an early peak. China has a vast territory, and the concentration of carbon emissions at the provincial and municipal levels is relatively high. Therefore, it is an effective way to reach the peak before 2030 by implementing the peaking policy according to local conditions at the regional level and promoting some areas to reach the peak first [5,6]. At present, carbon emissions in the field of residential buildings occupy about one-fifth of China [7]. Moreover, the construction sector has great potential for energy conservation and emission reduction, and the cost of emission reduction is relatively low [8]. Emission reduction of buildings will significantly contribute to the achievement of the overall goal of emission reduction. In consequence, it is of great research significance to scientifically predict the time of carbon peak and carbon emissions and reasonably set the total carbon emission target of residential buildings so as to better achieve the carbon emission peak target in 2030.



Henan Province, situated in the central part of China, is a developing region with a population density of approximately 595 individuals per square kilometer and a permanent resident count of 98.72 million. It ranks third in terms of population size in China and has one of the highest carbon dioxide emission rates from its residential buildings. [9]. Reasonable and accurate measurement of carbon emissions from residential buildings in Henan and research on the factors influencing building carbon emissions are important for formulating effective emission reduction measures for residential buildings and can provide important references for Henan to achieve the provincial carbon emission reduction targets. To deeply analyze the existing emission reduction capacity of residential buildings and predict the future carbon emissions of residential buildings, this study puts forward the following urgent issues to provide a reference basis for the Henan government and other similar parts of the world to precisely introduce policies related to building energy saving and emission reduction. (1) How to identify the potential for carbon reduction in residential buildings in Henan Province; and (2) how to plan the future path of peaking carbon emissions for residential buildings in Henan Province.



To solve the abovementioned problems, the energy balance sheet splitting method was adopted in this paper. Based on the relevant data in the energy balance sheet of Henan Province, we split the various energy consumed by residential buildings and calculated the carbon emission factor of energy. Residential buildings were divided into rural and urban residential buildings. The historical data of carbon emissions from residential buildings in Henan were measured, and the influencing factors of carbon emissions were analyzed for the two types of residential buildings. The Kaya-LMDI decomposition method was used to reveal the contribution of each influencing factor to the growth of carbon emission intensity in Henan within a specific period from the perspective of household size, and the historical carbon emission reduction of residential buildings in Henan was evaluated.



The Kaya model is a classic extension of the IPAT model, originally proposed by Japanese scholar Yoichi Kaya [10]. This model establishes links between economic development, population growth, policy implementation, and carbon dioxide emissions resulting from human activities. It analyzes the relationship between regional carbon emissions and various factors such as energy consumption structure, emission intensity of different energy sources, energy utilization efficiency, economic development, and human activities, which is recommended by IPCC to analyze the change characteristics and influencing factors of carbon dioxide emissions or greenhouse gas emissions [11,12]. The Logarithmic Mean Divisia Index Decomposition (LMDI) method is a widely used form of the classic Divisia Index Decomposition Analysis [13,14] within the index decomposition methodology. It was initially proposed by Ang B W, a distinguished scholar from Singapore [15,16]. The LMDI decomposition method is highly practical and easily implemented, with no residual values remaining after the decomposition process to ensure unique results. Additionally, it guarantees homology across different operational decomposition methods [17,18,19]. After comparing and analyzing various index decomposition methods, Ang B W concludes that the Kaya-LMDI model, which characterizes carbon emissions based on the Kaya identity, is an excellent method for decomposing and analyzing factors influencing carbon emissions [20].



Peng et al. [21] analyzed the proportion of carbon emissions from China’s construction industry and related sectors in the country’s total social carbon emissions, revealing that the construction industry accounted for 16%. A Kaya model-based study focusing on various types of public buildings/municipalities indicated that public buildings contributed to 8% of China’s overall energy consumption. However, relying solely on the Kaya model for detecting changes in carbon emissions poses challenges in accurately determining their actual impact on total emissions and fails to account for variations in economic and social trends. Qi et al. [22] conducted a calculation of carbon emissions from both producer and consumer perspectives, while also analyzing the decision-making process behind inter-provincial net carbon emission transfers. Additionally, the LMDI method was employed to decompose the factors influencing the province’s net carbon emissions into technology, structure, input–output, and scale effects. However, utilizing solely the LMDI model still presents certain limitations in elasticity analysis. Ma et al. [23] first proposed a bottom–up approach for measuring the values of commercial buildings in China based on decomposing the extended Kaya identity via the LMDI method. Subsequently, a comparative analysis of the contribution rate elasticity of drivers, assessed by both the LMDI method and ridge regression, effectively examines the robustness of China’s commercial building measurement model. In addition, Lu et al. [24] utilized the decomposition of Kaya identity and mixed LMDI to comprehensively analyze the factors influencing building energy consumption growth throughout its full life cycle from 2007 to 2015. Therefore, the Kaya-LMDI analyzes the influencing factors of carbon emissions from three dimensions: population, energy use intensity, and social affluence. It can accurately identify the main factors affecting changes in carbon emissions.



The existing reports have laid a solid methodological foundation for a comprehensive and systematic understanding of the status of carbon emissions from buildings and for further research. There are still some shortcomings in the current research on carbon emissions from residential buildings in China. First, most of the research on building carbon emissions focuses on the national level. However, China has a vast territory, and the buildings in each place have their own characteristics. The research conclusions at the national level are not fully suitable for learning at the provincial and municipal levels, and a detailed and systematic analysis at the provincial level is lacking. Second, the data sources of building energy consumption calculation models are different, resulting in large differences in calculation results. Third, there is a lack of analysis of carbon emission peaking scenarios for residential buildings under the influence of uncertainty.



Therefore, this study aimed to evaluate the potential for carbon emission reduction in the building sector of Henan Province by analyzing historical data on carbon emissions from residential buildings and identifying factors that influence carbon emission intensity. With consideration given to the impact of energy consumption intensity, population, energy emission coefficient, per capita GDP, urbanization level, and tertiary industry, a novel Kaya-LMDI model was formulated based on the Kaya identity. Additionally, Monte Carlo simulation was introduced into the scenario analysis method. A “static setting + dynamic simulation” model was built to predict the trajectory and corresponding peak state of carbon emissions from residential buildings in Henan between 2020 and 2050 under the influence of uncertainty, thereby compensating for the inadequacies of previous research.




2. Data Sources and Research Methodology


2.1. Source of Data


The energy consumption data involved in this study are obtained from the Henan Energy Balance Sheet and Henan Energy Statistical Yearbook in China Energy Statistical Yearbook 2010–2020 [25]. The demographic and economic data involved are from the China Statistical Yearbook 2010–2020 [26].




2.2. Carbon Emission Accounting Methods


At the macro level, accounting methods for carbon emissions in the operational phase of existing buildings can be broadly divided into top-down and bottom-up. A representative top-down approach is the statistical data-splitting method. Its core involves reprocessing and summarizing data from various departments involved in building energy use, as derived from the physical Energy Balance Sheet. This enables accurate determination of energy consumption and emission data for buildings. The data acquisition and calculation process of this method is relatively simple, and the source is authoritative [27]. In this study, the Energy Balance Sheet splitting model (Figure 1) and emission factor method, which are developed from the statistical data splitting method, are used to measure carbon emissions in the operational phase of residential buildings in Henan.



The calculation equation for carbon emissions of residential buildings is [13]:


  C =  C u  +  C r  =  ∑   E u  ·  k t  +  ∑   E r  ·  k t       



(1)




where C is the total carbon emissions for residential buildings, which can be divided into carbon emissions from rural residential buildings (Cr) and urban residential buildings (Cu), and kt is the comprehensive carbon emission factor of urban buildings. The equation for calculating carbon emissions from rural residential buildings is


   C r  =  ∑   E r  ⋅  k t     



(2)






    ∑    E r  =  E  r l   − T  E r   



(3)




where Erl is the basic energy consumption of rural residential buildings. Moreover, TE denotes the deduction of the transportation energy consumption, and the formula lists the following:


  T E = 0.95 · ( I  E g  + C  E g  + P  E g  ) + 0.35 · ( I  E d  + C  E d  + P  E d  ) + 0.95 · L  E d  + L  E g  + A  E g   



(4)




and, TEr is the transportation energy consumption included in the basic energy consumption of rural residential buildings.



where, IEg—gasoline consumed by industry (including construction);



CEg—gasoline for commercial consumption;



PEg—gasoline for public service consumption;



IEd—diesel for industrial (including construction) consumption;



CEd—diesel for commercial consumption;



PEd—diesel consumed by public services;



LEd—diesel consumed by residential life;



LEg—gasoline for residential consumption;



AEg—gasoline for agricultural consumption.



The integrated carbon emission factor Kt for residential buildings was calculated as


   K t  =  α t i  ⋅  β t i  ⋅  γ t i   



(5)




where αti—converted coal coefficient of energy i;



βti—carbon emission factor of energy i;



γti—share of energy i in the total energy consumption of the building.



The equation for calculating carbon emissions from rural residential buildings is


   C u  =  ∑   E u  ⋅  k t     



(6)







The equation for calculating carbon emissions from urban residential buildings is


   ∑   E u    =  E  u l   − T  E u  + E H · P  H u   



(7)




where Eul is the basic energy consumption of urban residential buildings; TEu is the transportation energy consumption included in the basic energy consumption of urban residential buildings; and EH is the heating correction. The corrected heating value was calculated as follows:


  E H = E  H N  −  h  B E    



(8)




where, EHN indicates the centralized heating energy consumption in Henan Province; hBE is the heat consumption in the base amount of building energy consumption. PHu is the heating adjustment coefficient, and the expression is


  P  H u  =    H u     H c  +  H u     



(9)




where Hc denotes heat consumption of public buildings; and Hu denotes heat consumption of urban residential buildings.




2.3. Data Processing


The energy balance sheet presents data on the energy consumption of each industry. In the China Energy Statistics Yearbook, the energy balance sheet does not show information on building energy consumption. The sectors of end-use energy consumption in the energy balance sheet have been divided into seven categories: (1) agriculture, forestry, animal husbandry, and fishery; (2) industry; (3) construction; (4) transportation, storage, and postal services; (5) wholesale, retail, accommodation, and catering; (6) other; and (7) residential consumption. In the splitting method of the energy balance sheet, (5) wholesale, retail, accommodation, and catering, (6) other, and (7) residential consumption are used as the base values for the calculation [28]. The building energy consumption is calculated by deducting the traffic energy consumption, correcting the heating energy consumption, and then adding the building energy consumption of other energy sectors. In the actual calculations, building energy consumption in industry and construction is not calculated because their proportion is low and on a decreasing trend [29]. Since residential buildings cover a large number of energy types and are inconvenient to measure, the energy consumption in this paper is converted into standard coal for calculation.




2.4. Calculation Results


After calculation, the carbon emission of residential buildings in Henan Province from 2010 to 2020 was obtained, as shown in Figure 2. The carbon emission factors of residential buildings in Henan Province are shown in Table 1. Both rural residential buildings and urban residential buildings show an increasing trend of carbon emissions. In 2020, the total carbon emission of residential buildings in Henan Province reached 102.67 million tons, of which urban carbon emission reached 68.21 million tons, and rural carbon emission reached 34.46 million tons. From 2010 to 2020, the average annual increase in carbon emission of residential buildings in Henan Province was 6.69%, and that of urban residential buildings was 1.13 times higher than that of rural residential buildings. Compared with that in 2010, the carbon emission of urban and rural residential buildings increased by 51.81% and 48.78%, respectively. In 2014–2015, the increase rate became slower, but the carbon emission still maintained the overall trend of rapid growth. It is expected that the carbon emission of residential buildings in Henan Province will continue to grow. Although the carbon emission displayed a growing trend, the growth rate significantly slowed down in 2016–2020.





3. Evaluation of Historical Reductions in CO2 Emissions from Residential Buildings


3.1. The Kaya Identity


The main modeling methods to identify the factors influencing carbon emissions are the IPAT series of identification models, exponential decomposition analysis, and structural decomposition analysis [30]. Based on the IPAT model approach, the Kaya identity was proposed by Yoichi Kaya [31]. It decomposes the driving factors of carbon emissions into the population, GDP per capita, energy intensity, and CO2 emissions per unit of energy consumption and has become the mainstream model for analyzing the driving factors. In this study, the average household carbon emissions of residential buildings were selected to characterize the carbon emission intensity of residential buildings. Then, the average household carbon emissions were decomposed using the Kaya identity [32]:


   C h  =  C H  =  P H  ⋅    F H  ⋅  P r     P H  ⋅  I P    ⋅  I P  ⋅  1   P r    ⋅  E F  ⋅  C E  =  P h  ⋅ R ⋅ i ⋅ d ⋅ e ⋅ K  



(10)




where Ch denotes average household carbon emissions of residential buildings; H denotes the total number of households; P denotes the total population; F represents the total residential building area; Pr denotes the selling price per unit area of housing; I denotes the total disposable income of residents; E indicates the total energy consumption of residential buildings; Ph denotes the average household size; R denotes the housing price to income ratio; i denotes the per capita household income; d denotes the home purchase index; e denotes the energy consumption per unit floor area of residential buildings; K represents the comprehensive carbon emission factor of residential buildings.




3.2. LMDI Decomposition Method


LMDI has the advantages of independent analysis paths, no residuals, excellent processing of zero values, and simplicity. It is widely used in the decomposition studies of energy consumption and carbon emission factors in various countries, regions, and fields [33]. Based on the influencing factors obtained by the Kaya identity, this paper used the LMDI decomposition method to explore the factors that mitigate the carbon emission intensity of residential buildings in Henan Province. The contribution level of each factor to the change in carbon emission intensity was also investigated. In this study, the factor decomposition of Equation (10) was based on the additive form of the LMDI decomposition method. Its decomposition results in the time interval [0, T] can be expressed by Equation (11) [33]:


  Δ      C h      0 → T   =      C h     T  −      C h     0  = Δ  P h  + Δ R + Δ i + Δ d + Δ e + Δ K  



(11)







Each variable at the right end of Equation (11) can be further expressed in Equation (12) to reflect the contribution of each influencing factor to the average household carbon emissions of residential buildings. In this study, the average household size was used as an example for explanation:


  Δ  P h  =    C T  −  C 0    ln  C T  − ln  C 0    · ln (        P h     T         P  h i      0    )  



(12)








3.3. Analysis of Kaya-LMDI Decomposition Results


The Kaya-LMDI model employed is a grey prediction model, which means that some information is known while the rest remains uncertain. The historical carbon emission data in this study are considered known information, whereas the future carbon emission predicted by the model falls under uncertain information. The changes in carbon emission intensity of residential buildings in Henan Province (average household carbon emission of residential buildings) were divided into into three stages: 2010–2013, 2013–2016, and 2016–2020. The Kaya-LMDI decomposition method was used to decompose the factors influencing the carbon emission intensity of residential buildings in these three stages, and the decomposition results are shown in Table 2.



The contributions of household per capita disposable income to the growth of carbon emission intensity in the three stages are 36.36%, 33.96%, and 33.39%, which is the most important factor driving the increase of carbon emission intensity of residential buildings in Henan Province. With the increasing per capita disposable income of households, residents have developed a higher demand for quality of life. The use of energy-consuming household appliances, such as refrigerators and water heaters, makes household disposable income per capita a significant factor driving the carbon intensity of residential buildings. Furthermore, energy consumption per unit area also drives the growth of carbon intensity. In contrast, the home purchase index contributes −55.06%, −44.90%, and −44.48% to the growth of carbon emission intensity in the three stages. Therefore, it is the most important factor in mitigating the increase in carbon emission intensity. The home purchase index had a higher dampening effect on the growth of carbon emission intensity in 2013–2016 than in the other two stages. This result is related to the high growth rate of housing prices during 2013–2016 and the decrease in housing purchasing power, which led to a decrease in housing area per capita. In addition, as the cost of living increases, the average household size in Henan Province decreases, inhibiting the growth of carbon emission intensity of residential buildings. It is worth noting that since 2017, the contribution of the integrated carbon emission factor to the carbon emission intensity of buildings has changed from positive to negative values. It indicates that the energy consumption structure of residential buildings in Henan Province has changed, shifting toward low energy consumption.




3.4. Historical Carbon Emission Reduction and Reduction Degree of Residential Buildings


Calculating and analyzing the historical carbon emission reduction is meaningful for predicting the trend of carbon emission of residential buildings in Henan Province. Therefore, the total historical carbon emission reduction and the reduction degree in the time interval [0, T] can be expressed by Equations (13) and (14) [34]:


      C M     0 → T   =    H    0 → T   ⋅ (  ∑        Δ  C   h x        0 → T       )  



(13)






      C  M  int e n s i t y       0 → T   = (  ∑        Δ  C   h x        0 → T       )  



(14)




where       C M     0 → T     denotes historical carbon emission reduction of residential buildings;       C  M  int e n s i t y       0 → T     denotes the reduction degree of carbon emission;   Δ      C   h x        0 → T   ∈ ( Δ  P h  , Δ R , Δ i , Δ d , Δ B , Δ T , Δ K )  ,   Δ      C   h x        0 → T   < 0  .



In order to reach the goal of peak carbon dioxide emissions and identify the potential of carbon emission reduction of residential buildings in Henan Province, this paper evaluates the total carbon emission reduction and reduction degree (average household carbon emission reduction) based on the data obtained for 2010 to 2020 using the Kaya-LMDI model. The results are shown in Figure 3. According to total carbon emission reduction and average household carbon emission reduction, 106.43 million tons of CO2 are reduced from residential buildings in Henan Province from 2011 to 2020 (Table 2). As shown in Figure 3, both total carbon emission reduction and the average household carbon emission reduction show a stepped growth during the research period. The average household carbon emission reduction reaches a peak of 416.59 kg CO2/household in 2019, while the total carbon emission reduction still maintains an increasing trend year by year and is expected to grow continuously. On this basis, Henan Province has a long way to go in reducing the carbon emissions of residential buildings.





4. Simulation of Peak Carbon Emissions from Residential Buildings


4.1. Static Scenario Analysis


The static scenario analysis method can construct different static scenarios based on the development trends of variables. After combining various uncertainty elements, this method can also predict and analyze the evolutionary trends of the research object under different circumstances [35]. In the above section, the relationship between the total carbon emissions of residential buildings and their influencing factors was established through the Kaya identity. On this basis, the scenario analysis was conducted to predict each influencing factor, thus predicting the future carbon emission potential. Currently, it is difficult to accurately predict the future trends of economic variables such as per capita household income and the ratio of housing price to income. The economic forecasts with insufficient reliability could affect the true feedback of economic variables in the Kaya identity for total carbon emissions of residential buildings [36]. Focusing on the non-economic core contributory factors of the total carbon emission from residential buildings, this study divided the residential building total carbon emissions in Henan Province into urban and rural residential buildings total carbon emissions and constructed their respective Kaya identities as follows [36]:


   C u  = P · U ·    E u     F u    ·    F u    P · U   ·    C u     E u    = P · U ·  e u  ·  f u  ·  K u   



(15)




where    C u    denotes the total carbon emissions from urban residential buildings,  P  indicates the population,  U  denotes the urbanization rate,    E u    denotes the total energy consumption of urban residential buildings,    F u    denotes the total floor area of urban residential buildings,    e u    denotes the energy consumption per unit area of urban residential buildings,    f u    denotes the floor area per capita of urban residential buildings, and    K u    indicates the comprehensive carbon emission factor of urban residential buildings.


   C r  = P · (  1 − U  ) ·    E r     F r    ·    F r    P · (  1 − U  )   ·    C r     E r    = P · (  1 − U  ) ·  e r  ·  f r  ·  K r  = P ·  U r  ·  e r  ·  f r  ·  K r   



(16)




where    C r    denotes the total carbon emissions from rural residential buildings,    E r    denotes the total energy consumption of rural residential buildings,    F r    denotes the total floor area of rural residential buildings,    e r    denotes the energy consumption per unit area of rural residential buildings,    f r    denotes the floor area per capita of rural residential buildings,    K r    indicates the comprehensive carbon emission factor of rural residential buildings, and    U r    denotes the percentage of the rural population.



Thus, the Kaya identity for the total carbon emissions from residential buildings in Henan Province can be written as Equation (17).


  C =   ∑ i    C i    =   ∑ i   P ·  U i  ·  e i  ·  f i  ·  K i     



(17)







Based on the Kaya identity established in Equation (10), a prediction model for the total carbon emissions from residential buildings in Henan Province was constructed in this study. Meanwhile, this study also took 2020 as the baseline year and constructed three static scenarios for the residential building carbon emissions in Henan Province from 2020 to 2050: the baseline, low-carbon, and high-carbon scenarios. The specific methods are as follows. Firstly, the values of each variable in 2030 and 2050 were set based on relevant research literature (Table 3). Secondly, the relevant data for the intermediate years were interpolated based on polynomial fitting. The carbon emissions from residential buildings in Henan Province under different static scenarios can be predicted by bringing the obtained parameters for each year into the total carbon emission prediction model for residential buildings [36].



Based on the base value settings above, the evolution trend of residential building carbon emissions in Henan Province under the low-carbon, baseline, and high-carbon scenarios can be obtained as shown below.



The following can be observed in Figure 4. From 2020 to 2050, the carbon emissions in all three static scenarios show inverted U-shaped trends. In the baseline scenario, the residential building carbon emission in Henan Province peaks in 2036 at 131.66 million tons, indicating that it is difficult for Henan Province to reach peak residential building carbon emissions in 2030 under the current state. In the low-carbon scenario, the residential building carbon emission in Henan Province peaks in 2030 at 99.88 million tons. In the high-carbon scenario, the residential building carbon emission in Henan Province peaks in 2041 at 138.65 million tons. Compared to the baseline scenario, the peak carbon emission in the high-carbon scenario is delayed by 6 years, and the carbon emission reaches 1.169 times that of the baseline scenario. Compared with the baseline scenario, the emission in the low-carbon scenario peaks 6 years earlier and reaches only 0.842 times that in the baseline scenario.




4.2. Dynamic Scenario Analysis for Peak Residential Building Carbon Emissions


Although static scenario analysis can reveal the different trends of the variables under different socioeconomic development scenarios and energy-environment policy scenarios [46,47], it could prove difficult to fully consider the uncertain future changes in each variable. As a classical risk analysis method, Monte Carlo simulation can be comprehensively and flexibly applied to the analysis of uncertain events [48]. Therefore, this study introduced Monte Carlo simulation on the basis of scenario analysis and constructed dynamic scenario analysis models of residential building carbon emissions in Henan Province. In turn, we obtained the time, amount, and the related probability distribution of peak emissions from residential buildings in Henan Province under different scenarios, with a view to accurately controlling the emission reduction path for residential buildings in Henan Province. Using Equation (18) [49], the static scenario variables of the prediction model for total carbon emissions from residential buildings in Henan Province were converted to the corresponding dynamic scenario variables.


       y D     T  =      y S     T  · ( 1 +  ω y  ·   T − 2019   2050 − 2019   ) ,  ω y  ~ N ( 0 , σ )  



(18)




where        y D     T    denotes the dynamic scenario variables of year T,        y S     T    denotes the static scenario variables of year T, and    ω y    denotes the random parameters of each variable.



In this paper, the random parameters of each variable in the dynamic scenario analysis model for residential building carbon emissions in Henan Province were set at the 95% confidence interval (Table 4) so that the variables vary within an interval of ±2 σ , which covers the minimum and maximum values of the variables for each year in the static low-carbon and high-carbon scenarios [50].



Based on the dynamic scenario analysis model of residential building carbon emissions in Henan Province, three hundred thousand Monte Carlo simulations were conducted on the residential building carbon emission data under the baseline scenario using MATLAB, and the distribution intervals for the time and amount of peak carbon emission from residential buildings in Henan Province were obtained (Figure 5). The sensitivity analysis on the uncertainties of peak emission time and amount was carried out.



Figure 5 illustrates that the residential building carbon emissions in Henan Province reach their peak of 155.34 million tCO2 in 2036, falling within the standard deviation (95% confidence interval). These findings are consistent with those obtained from static scenario analysis, albeit with minor discrepancies. This justifies the dynamic scenario analysis model constructed in this paper. According to the dynamic simulation analysis, the possibility of achieving peak carbon emissions from residential buildings in Henan Province by 2030 is only 5.2509%, indicating that it is difficult to achieve peak carbon emissions from residential buildings in Henan Province by 2030 under the current state.



According to the calculation of historical carbon emissions from residential buildings in Henan Province, the contribution of urban residential buildings to the total residential building carbon emissions is much larger than that of rural residential buildings. Some conclusions can be drawn through qualitative sensitivity analysis. According to Figure 6, the urban per capita floor area contributes most significantly to the uncertainty of the time and amount of peak residential building emissions in Henan Province, which is consistent with the conclusion of historical data calculations that its contributions are 53.72% and 53.38%, respectively.



Thus, urban per capita floor area is the most important factor affecting the uncertainty of peak emission time and amount, and controlling it can effectively accelerate the progress to reach peak residential building carbon emission in Henan Province [51]. In the meantime, the contributions of urban energy consumption per unit area to the time and amount of peak emission are 30.6% and 30.64%. This result further confirms the great influence of urban residential buildings on the time and amount of peak residential building carbon emissions in Henan Province. Thus, urban residential buildings should be the focus of the government’s efforts to reduce carbon emissions from buildings.





5. Discussion and Innovations


5.1. Discussion


At present, China has put forward five goals: “building a green, low-carbon, and circular economic system, promoting sustainable development by improving energy efficiency, increasing the share of non-fossil fuel consumption, reducing carbon dioxide emissions, and enhancing ecosystem carbon sequestration capacity”. Under the existing policy environment, this research shows that carbon emissions during the use stage of urban residential buildings in Henan Province will continue to increase. This will not only increase the pressure on improving the ecological environment but also make Henan Province face significant emission reduction pressure. Therefore, based on the research conclusions, the following suggestions are proposed:



(1) Restrict high consumption and advocate a green and low-carbon lifestyle consumption concept. Take corresponding restrictive measures for high consumers, such as imposing more taxes on them. In addition, we will comprehensively improve the energy efficiency of new buildings and vigorously develop green buildings, especially the construction of renewable energy buildings. Also, improve the energy efficiency level of existing buildings. Combining the renovation of old urban residential areas and the construction of green communities, we will promote the energy-saving and green transformation of existing buildings;



(2) Vigorously study energy-saving and emission-reduction technologies to improve the rate of technological progress and transform it into productivity so as to improve energy efficiency and reduce energy intensity And, at the same time, promote the application of green energy and technology. Additionally, we can enhance the promotion of renewable energy in new buildings and vigorously promote the application of renewable energy buildings such as solar photovoltaic systems and air source heat pump hot water systems and gradually eliminate industries with high energy consumption and pollution, and promote the development of high-tech industries.



(3) The Henan Provincial Department of Housing and Urban Rural Development should introduce corresponding regulations on the building area of houses, setting a threshold for houses of different sizes. At the same time, the housing construction department should advocate the construction of affordable housing and reasonably control the proportion of large family houses. In addition, reasonable control of the average urban population can be achieved by encouraging people to shift their employment or living places to rural areas, thereby achieving the goal of dispersing the average urban population;



(4) The energy structure of the region is relatively stable, and it is necessary to adjust the energy structure. We should actively develop clean energy power generation, and further research and develop the use of clean energy such as solar energy, hydropower, and bioenergy, geothermal energy so as to increase the proportion of non-carbon energy in energy consumption and reduce the proportion of carbon-rich energy in energy consumption. In addition, the region has a strong external dependence on coal and oil supply, and it is necessary to develop new technologies to accelerate the transformation of energy types. For example, by leveraging the advantages of the plain terrain in the region, we can promote low-carbon construction power supply through the deep development of wind power generation and optimization of coal power development.




5.2. Innovations


Changes in carbon emissions of residential buildings in Henan were analyzed from social, economic, and technological aspects in this study. The Kaya-LMDI decomposition method was used to analyze the contribution of various influencing factors to the growth of carbon emission intensity within a specific period and evaluate the historical carbon emission reduction of residential buildings in Henan. The innovation of this paper lies in the following:



(1) Monte Carlo simulation was combined with the scenario analysis method. A “static setting + dynamic simulation” model was built to predict the trajectory, corresponding peak value, peak time interval distribution, and key influencing factors of carbon emissions from residential buildings in Henan;



(2) The carbon emission reduction target of Henan Province was combined to systematically evaluate the carbon emission of residential buildings in this region, and the carbon emission reduction method path was studied. Centered on building carbon peaking, comprehensive research was conducted on carbon emission accounting, analysis of factors influencing carbon intensity, and prediction of carbon peaking paths. This study can enrich the theoretical knowledge system and empirical research methods on the influencing factors and peak simulation of residential building carbon emissions.





6. Conclusions


This study selected residential buildings in Henan Province as the research object of the time and amount of peak carbon emission and calculated the carbon emission amount and carbon emission intensity in the last decade using the statistical yearbook splitting method. The driving factors of carbon emission changes were analyzed using the Kaya-LMDI decomposition method, and the future residential building carbon emissions and carbon emission peaks in Henan Province were predicted under static and dynamic simulations with the set parameters. The specific findings of the study are as follows.



(1) Based on the calculations with the statistical yearbook splitting method, the carbon emissions from residential buildings in Henan Province showed an increasing trend from 2010 to 2020, and the growth rate of carbon emissions from rural residential buildings was gradually decreasing. It can be predicted that the total carbon emission from residential buildings in Henan Province will continue to grow in the coming period. Considering the calculation of the comprehensive carbon emission factor, it is speculated to be related to the restructuring of energy consumption in rural residential buildings [52];



(2) Based on the obtained carbon emission data for each year from 2010 to 2020, the total carbon emission reduction and carbon emission reduction intensity each year (carbon emission reduction per household) from residential buildings in Henan Province were evaluated using the Kaya-LMDI decomposition model. Between 2010 and 2020, a total of 106.43 million tons of CO2 was reduced from residential buildings in Henan Province. In the 2010 to 2020 study period, the total residential building carbon emission reduction and the per household carbon emission reduction of Henan Province had similarly increasing trends. The per-household building carbon reduction peaked at 416.59 kgCO2/household in 2019. In contrast, the total carbon emission reduction from buildings still maintained a year-by-year increasing trend and was expected to continue growing. Thus, Henan Province has great potential for residential building carbon emission reduction;



(3) The path-to-peak carbon emissions from residential buildings in Henan Province was analyzed. The residential building carbon emission trajectory in Henan Province between 2020 and 2050 was predicted using the “static setting + dynamic simulation” extrapolation model. From 2020 to 2050, the carbon emissions in all three static scenarios showed inverted U-shaped trends. In the baseline scenario of static simulation, the residential building carbon emission in Henan Province peaked in 2036 at 131.66 million tons. In the low-carbon scenario, the residential building carbon emission in Henan Province peaked in 2030 at 99.88 million tons. In the high-carbon scenario, the residential building carbon emission in Henan Province peaked in 2041 at 138.65 million tons. In the dynamic simulation scenario, it was expected that the residential building carbon emissions in Henan Province would peak in 2036 at 155.34 million tons. The simulation results indicated that it was difficult to achieve peak carbon emissions from residential buildings in Henan Province by 2030 under the current state. Considering the residential building carbon emissions in Henan Province during the study period, we concluded that the progress of urban residential building carbon emission reduction in Henan Province was slow. The government should focus on controlling urban residential building energy consumption and per capita floor space to accelerate the progress of reaching peak carbon emissions from residential buildings in Henan Province.



In conclusion, this study investigated the trajectory of carbon emissions from residential buildings in Henan Province under the “two-carbon” target. This study has greatly enriched the theoretical knowledge system and empirical research methods of the influencing factors of carbon emission change in the building sector and peak simulation prediction and provided a research reference for the assessment of historical CO2 emission reduction and the scenario analysis of carbon emission peak. However, the basic emission data and the framework of the peaking model need to be further expanded and improved. First of all, the quantitative analysis in this study was based on building carbon emission data from the Energy Statistical Yearbook. However, the decomposition of energy consumption and emissions (heating, cooling, lighting, etc.) at building terminals was been included. In the future, expanding data collection and accounting of building terminal energy use and emissions is imperative so as to evaluate the historical emission reduction level of terminal energy use carbon emissions. Secondly, this study simplified the carbon emission model of residential buildings based on the Kaya identity and subsequently simulated their future development trajectory and corresponding peak state of carbon emissions. In future studies, it is recommended to expand the existing emission model parameters, particularly with regard to a series of economic factors that affect building carbon emissions, in order to reliably and reasonably predict future development trends.
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Figure 1. The energy balance sheet splitting model for residential buildings. 
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Figure 2. Carbon emissions of residential buildings and carbon emission intensity in Henan Province (2010–2020). 






Figure 2. Carbon emissions of residential buildings and carbon emission intensity in Henan Province (2010–2020).



[image: Sustainability 15 10243 g002]







[image: Sustainability 15 10243 g003 550] 





Figure 3. Total carbon emission reduction and average household carbon emission reduction in Henan Province (2010–2020). 
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Figure 4. Predicted residential building carbon emissions in Henan Province from 2020 to 2050 under different scenarios. 
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Figure 5. (a) Time and (b) amount of peak carbon emissions for the residential building carbon emission in Henan Province. 
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Figure 6. Uncertainty (a) amount and (b) time of peak carbon emissions for the residential building carbon emission in Henan Province. 






Figure 6. Uncertainty (a) amount and (b) time of peak carbon emissions for the residential building carbon emission in Henan Province.



[image: Sustainability 15 10243 g006a][image: Sustainability 15 10243 g006b]







[image: Table] 





Table 1. Comprehensive carbon emission factors for building energy consumption of Henan Province (2010–2020).
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	Year
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020





	Urban area
	1.8103
	1.7587
	1.7300
	1.6348
	1.6471
	1.6128
	1.8062
	1.7109
	1.7939
	1.8347
	1.8516



	Rural area
	1.1490
	1.2006
	1.2751
	1.2741
	1.3585
	1.4216
	1.7010
	1.6720
	1.6401
	1.5596
	1.4888
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Table 2. Contribution of influencing factors to the change of carbon emissions in each stage.
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	Influencing Factors
	The Change Rate of Carbon Emission
	Household Size
	Per Capita Income
	Energy Consumption Per Unit Area of Buildings
	Carbon Emission Factors
	House Price to Income Ratio
	Home Purchase Index





	2010–2013
	11.23%
	6%
	36.36%
	2.23%
	5%
	28.70%
	−55.06%



	2013–2016
	5.88%
	12%
	33.96%
	−1.23%
	6.70%
	10.27%
	−44.90%



	2016–2020
	6.53%
	−1.22%
	33.39%
	2.74%
	−4.31%
	20.41%
	−44.48%
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Table 3. The setting of model parameters for carbon emissions from residential buildings in Henan Province under static scenarios.
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Parameters

	
Low Carbon Scenario

	
Baseline Scenario

	
High Carbon Scenario

	
References






	
Year

	
2030

	
2050

	
2030

	
2050

	
2030

	
2050

	




	
Population(×104 people)

	
11,530

	
11,120

	
11,530

	
11,120

	
11,530

	
11,120

	
[37,38,39,40]




	
Urbanization rate (%)

	
67.4

	
78

	
70

	
80

	
72

	
83

	
[41,42]




	
Carbon emission factor of urban residential buildings

	
1.8023

	
1.7546

	
1.8231

	
1.7852

	
1.8325

	
1.8014

	
[43]




	
Carbon emission factor of rural residential buildings

	
1.3842

	
1.3621

	
1.4025

	
1.384

	
1.4124

	
1.4016

	
[44]




	
Energy consumption per unit area of urban residential buildings (kgce/m2)

	
11.0625

	
9.5137

	
10.2879

	
8.8477

	
9.5677

	
8.4053

	
[44]




	
Energy consumption per unit area of rural residential buildings (kgce/m2)

	
9.1449

	
7.8665

	
8.5048

	
7.3158

	
7.9095

	
6.95

	
[44]




	
Urban residential building floor area per capita (m2/person)

	
45.26

	
46.42

	
47.58

	
49.17

	
48.58

	
50.2

	
[44,45]




	
Rural residential building floor area per capita (m2/person)

	
56.2

	
59.34

	
59.27

	
62.35

	
60.52

	
63.66

	
[45]
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Table 4. Random parameter settings for each variable of the dynamic scenario analysis model.
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	Variables
	Unit
	Distribution Pattern of Random Parameters





	Population
	×104 people
	N (0, 0.005)



	Urbanization rate
	%
	N (0, 0.02)



	Comprehensive carbon emission factors of urban residential buildings
	tCO2/tce
	N (0, 0.01)



	Comprehensive carbon emission factors of rural residential buildings
	tCO2/tce
	N (0, 0.01)



	Energy consumption per unit area of urban residential buildings
	kgce/m2
	N (0, 0.02)



	Energy consumption per unit area of rural residential buildings
	kgce/m2
	N (0, 0.02)



	Urban residential building floor area per capita
	m2/person
	N (0, 0.03)



	Rural residential building floor area per capita
	m2/person
	N (0, 0.03)
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