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Abstract

:

With the intensification of climate warming, the carbon dioxide emissions from high-energy-consuming elevators have attracted increasing societal attention. The assessment of carbon dioxide emissions, particularly the boundaries and strategies of carbon dioxide emissions accounting, lacks systematic research. However, an efficient evaluation of elevator carbon dioxide emissions is beneficial for improving elevator energy utilization. A carbon dioxide emissions accounting method and inventory analysis of a life cycle for an elevator is proposed to measure the carbon dioxide emissions from production to disposal. In addition, a new assessment indicator, namely, annual carbon dioxide emissions per ton·kilometer, is proposed to evaluate the carbon dioxide emissions for different types of elevators. The lifetime carbon dioxide emissions of the elevator and its sensitivity to influencing factors were assessed. The results indicate that the carbon dioxide emissions in the four stages of manufacturing, installation, operation and maintenance, and demolition and scraping contributed 41.31%, 0.92%, 57.32% and 0.44%, respectively. The annual carbon dioxide emissions of the elevator were about 27.18 kgCO2/t·km. The four primary factors affecting CO2 emissions were electricity consumption, printed circuit boards, low-alloy steel and chrome steel in descending order. Their probability distribution characteristics all obeyed triangular or uniform distributions. The median of their 95% confidence intervals was about 73,800. Their coefficients of variation were all below 2.1%. The effective strategies for energy conservation and carbon reduction were suggested by the life cycle impactor assessment. They also provide guidance for sustainable elevators.
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1. Introduction


The rapid development of industrialization has raised a host of sustainability-related challenges, including the looming global energy shortages, escalating environmental degradation and the looming specter of climate change. In this context, it is crucial to address carbon emissions and energy consumption, especially in industries that contribute significantly to these issues, such as the construction sector. The global CO2 emissions from the construction industry in 2009 accounted for 23% of the total. CO2 emissions increased by 40% from 2000 to 2019 [1]. The Asia–Pacific region leads the world in CO2 emissions, contributing 52% of the national emissions in 2020, with China generating 59% of the emissions in the region [2]. In 2019, buildings emitted 2.11 billion tons of carbon emissions during operation, making up 21.9% of all carbon emissions and 42.8% of all carbon emissions from buildings [2]. Clearly, it is imperative for the construction industry to reduce its energy consumption and carbon emissions in order to advance peak carbon, firmly realize the core goal of carbon neutrality and promote the sustainable development of society.



In the building sector, carbon emissions include heating, air conditioning, lighting, electrical appliances, cooking, domestic water supply and elevators. Reducing carbon emissions is consistent with sustainability goals to mitigate climate change and achieve carbon neutrality. The elevator is a standard electrical appliance in modern buildings and a significant energy consumer of these buildings. It is one of the three primary high-energy-consuming pieces of special equipment. The energy consumption of elevators is 2% to 10% of these building’s total energy consumption [3]. However, in high-rise buildings, it accounts for 17–25% of the total energy consumption [4]. During peak hours, elevators can contribute up to 40% of the building’s electricity demand [5]. With the rapid development of urbanization, the number of elevators is gradually increasing. In 2021, there are 8,447,000 elevators in China [6]. The energy consumption of elevators is directly linked to sustainable development goals, as reducing their energy consumption contributes to the overall energy efficiency of buildings and supports the transition to more sustainable urban environments. Carbon dioxide emissions throughout their life cycle accompany elevators. Therefore, the life cycle carbon dioxide emissions of the elevators require extensive investigation. The carbon dioxide emissions of elevators significantly impact the achievement of carbon peaking and carbon neutrality goals.



The carbon emissions of an elevator can be evaluated using life cycle assessment (LCA) from “cradle to grave”. In other words, from raw materials acquisition, processing, manufacturing, transportation and use to the end of the elevator [7]. LCA considers the entire life cycle of the elevators, which is consistent with the holistic and integrated approach to sustainability. There has been less research on carbon emissions from elevators, but a great deal of research has been done on carbon emissions in the building sector [8,9,10]. The European Council for Standardization developed a life carbon accounting framework for buildings based on their life cycle, which includes a mechanism for calculating product recycling and a wide range of environmental indicators [11]. According to the process analysis of the carbon emissions, the accounting methods of the life cycle in buildings can be divided based on the temporal and spatial dimensions [12,13], direct and indirect carbon emissions [14], and carbon flow from various types of energy sources [15]. Although operational energy consumption makes up the major proportion of total carbon emissions, the implied carbon emissions from building materials will rise with the development of ultra-low energy buildings [16]. Atmaca measured the carbon footprint of residential buildings in Turkey and discovered that implied carbon emissions made up about 20% of the total [17]. Furthermore, implied energy intensity (EEI) and primary energy usage intensity (EUI) can be used to evaluate the life cycle carbon performance [18,19,20]. For instance, the greenhouse gas emissions of wood-frame and conventional buildings are analyzed by implied energy throughout their life cycle [21]. As an energy-intensive piece of equipment in buildings, the carbon emissions of buildings can be greatly reduced in the carbon emissions of elevators. LCA can also be used to evaluate the life cycle carbon emissions of an elevator since there are significant stages of the carbon emissions from both the elevators and the building. Furthermore, the LCA of an elevator can also refer to the assessment method for a building, such as the direct carbon emissions and the implied carbon emissions from materials in the time and space dimensions.



The reduction in the carbon emissions of the elevators is addressed to reduce the environmental impact of greenhouse gases. A green and low-carbon elevator can be achieved by optimizing the production process of elevator parts and components, reducing energy consumption [22], optimizing operation and management [23], and other multi-pronged approaches [24]. The annual energy consumption of an elevator greatly determines its carbon dioxide emissions each year; in other words, the CO2 emissions of an elevator can be reduced by lowering elevator energy consumption. Therefore, it is indispensable to improve the energy efficiency of elevators to greatly reduce the energy consumption of elevators and lower carbon dioxide emissions, especially the elevators in high-rise buildings and super-high-rise buildings [25]. Elevators powered by AC variable voltage variable frequency (VVVF) motors consume up to 50% less energy than elevators powered by non-AC-VVVF motors [26]. The energy consumption of elevators can also be reduced by using renewable energy, reducing standby energy consumption and implementing unmanned machine rooms. Further, some robust optimization scheduling strategies for elevator groups can also reduce their energy consumption [27], such as the annual energy consumption of elevators in similar-height buildings increasing with the number of annual trips. An effective algorithm was even developed to minimize the energy of vertical elevators during rush hour while controlling the number of passengers in an elevator during the COVID-19 period [28]. An elevator simulator was designed to investigate the relationship between the scheduling model and the level of energy consumption during operation. The results of the study showed that as the number of elevators increased and service quality improved, the energy consumption of elevators decreased [29]. The carbon emissions assessment of energy-efficient elevators was predicated on the assumption that the energy consumption of elevators can be accurately measured. There are currently five methods for determining the energy consumption of the elevator: the calculation by first principles [30], the calculation by using empirical formulas and reference values [31], measurement [32,33], the hybrid method by using measured values and previous formulas [25,34,35], and modeling and simulation [36]. Each method has its own set of limitations. However, the German Association of Engineers (VDI) 4707-1:2009 and the International Organization for Standardization (ISO) 25745-2:2015, on the other hand, recommend the hybrid method for calculating the energy consumption of elevators [7,37]. As a result, the hybrid method was used to compute the energy consumption of the elevator in this study.



Despite the advantages of the LCA, the life cycle inventory analysis (LCIA) of the elevator is derived from the total amount of resources and energy consumed at various stages of the life cycle, which is prone to a lot of uncertainties during the collection [38,39]. For example, product design, use methods, and service life in time and space can all result in variability [40]. Particularly, those brought on by operational scenarios and implicit carbon can result in environmental impact assessments from life cycle carbon dioxide emissions that are not entirely reliable. The ISO 14040:2006 standard [41] recommends introducing various sources to the system in order to assess the uncertainty. Probability density distribution functions are frequently used for quantitative statistical uncertainty analysis [42]. For instance, lifetime data is handled via a normal probability density function [43]. Considering the uncertainty in the parameters of the probabilistic approach, ISO 15686-8 proposes the introduction of distributions to factors of the factor method [44]. Sensitivity analyses, which are based on the premise of carefully specifying the range of uncertainty or the selection of a distribution function, test the reliability of model assumptions and data for evaluating outcomes [45]. Lu investigated the environmental impacts of the entire structural framework of a residential apartment based on the life cycle theory, which performs a local sensitivity analysis of the multi-influence factors (variations between −10% and +10%) and an environmental performance analysis with uncertainty based on a Monte Carlo simulation [46]. The sensitivity analysis was undertaken by introducing a 20% increase in the dominant distinguished parameters to measure the environmental and economic assessment results of the life cycle CO2 [47]. At present, the data analysis of the carbon emission assessment results primarily focuses on local sensitivity analysis, while global sensitivity analysis is less commonly applied in this field.



The environmental impact of elevators was primarily evaluated in terms of energy consumption in the aforementioned research. Few studies have addressed the carbon dioxide emissions of elevators. However, it is a fundamental evaluation indicator for the environmental impact assessment since it is a greenhouse gas. Therefore, CO2 emissions are regarded as the environmental impact assessment index of high-energy elevators. In this study, the accounting scope of the elevators was well defined by constructing an LCA framework. An accounting inventory of the life cycle of an elevator was analyzed to measure the carbon dioxide emissions from production to disposal. Most importantly, a new assessment indicator, namely, annual carbon dioxide emissions per ton·kilometer, is proposed to evaluate the carbon dioxide emissions for different types of elevators. The carbon dioxide emissions in the four stages of manufacturing, installation, operational and maintenance, and demolition and scraping contributed 41.31%, 0.92%, 57.32% and 0.44%, respectively. In addition, the primary impact factors of the elevator were confirmed via the sensitivity of LCA. The coefficients of variation of their probability distribution were all below 2.1%. A series of effective measures were provided to reduce energy and carbon emissions of elevators using the life cycle impact assessment (LCIA). Therefore, the LCIA can provide a robust data source for assessing the environmental impact of the elevator.




2. Goal and Scope Definition


2.1. Elevator System Goal


The primary purpose of this study was to quantify the environmental impact of carbon emissions in elevator systems and to provide a certain theoretical basis for carbon emissions research in the green elevator industry. It also proposed corresponding energy-saving and sustainable strategies for different life stages and guides enterprises in elevator product design, raw material selection, manufacturing, transportation, and use at the same time in order to achieve better emissions reduction effects and sustainable elevators.




2.2. Functional Unit of Elevator System


It is important to pay attention to different types or sizes of elevators. The carbon emissions of an elevator are positively correlated with its size. In other words, the larger the elevator, the more material and energy will be consumed in the manufacturing process. Conversely, the smaller the elevator size and the more energy-efficient the configuration, the smaller the carbon footprint during manufacture and use. If the life cycle of an elevator is considered, the operation and use processes occupy the largest share of time. That is to say, the total amount of carbon emissions increases with the service life of the elevator. Therefore, it is not consistent and comparable to only measure the total carbon emissions of various elevators over their life cycles. The functional unit was defined as annual carbon dioxide emissions systems per ton·kilometer (kgCO2/t·km) to realize the comparison of the carbon emissions between different elevators on the same benchmark in the study. At the same time, the functionalization of carbon emissions provides a quantitative basis for the sustainable application of elevators.




2.3. Elevator System Boundary


Provision 3.1 of ISO 14044:2006 and ISO 14040:2006 states a life cycle is the consecutive and interlinked stages of a product system from raw material acquisition or generation from natural resources to final disposal [41,48]. It not only provides the definition of the carbon dioxide emission boundaries but also the carbon dioxide emissions accounting scheme of the elevator. The scientific definition of the boundaries is essential to ensuring that the LCIA is reliable. The primary function of the elevators is to transport passengers or cargo from different floors of a high-rise building to the destination floor set by the user. The elevator mainly consists of a traction system, guidance system, car, door system, weight compensation system, electric dragging system, electronic control system and safety protection system. Elevators are regarded as a system whose carbon emissions boundaries should consider the inputs and output in each stage. Manufacturing, installation, operation and maintenance, and dismantling and scrapping are the four stages that make up the life cycle of an elevator. The CO2 emissions of elevators are primarily examined according to the four stages of the life cycle in the study. The life cycle of the carbon emissions calculation for the elevator was 25 years in this study.



Figure 1 depicts the carbon dioxide emissions framework of an elevator at different stages. The acquisition of the raw materials, production, processing, and transport of the necessary parts all generate CO2 emissions in the production and manufacturing stages. It was not ignored that carbon dioxide emissions are produced by the low-alloy steel and chrome steel used in elevator parts. Then, the processing of raw materials involves the use of energy, fuel and water, all of which generate carbon dioxide emissions. In addition, carbon dioxide emissions must also be taken into account with regard to the packaging, transportation and waste recycling of elevator parts. Since the use of various raw materials and the energy consumed in the processing and manufacturing of the elevator account for a relatively large portion of the carbon emissions, this study mainly considered the use of raw materials, energy consumption during processing and manufacturing, and the disposal of waste as the three main sources of carbon emissions during this stage.



The carbon dioxide emissions of the product installation are shown in the second stage of Figure 1. It is essential to estimate the carbon dioxide emissions from the transportation of elevator parts before the installation phase. The waste of materials and electrical energy is mostly considered during the elevator equipment assembly. The carbon dioxide emissions from recycling and waste disposal should also be calculated. Waste disposal also refers to the carbon dioxide emissions from transport. Therefore, the carbon dioxide emissions from both transportation parts need to be calculated in the installation phase.



The carbon dioxide emissions of the elevator operation are shown in the third stage of Figure 1. There are primarily two sources of carbon dioxide emissions during this stage. First, energy is consumed by various equipment operations. The carbon dioxide emissions caused by electricity consumption need to be considered. Second, elevator equipment may wear out or deteriorate with operating time, resulting in carbon dioxide emissions caused by replacing parts.



The dismantling and scrapping stage is the last stage in the life cycle of an elevator, as shown in the fourth stage of Figure 1. Considering the environmental impact of waste parts and resources, parts removed from elevators, such as steel, controllers and electronics, can be recycled to lessen environmental pollution and promote resource recycling. A strong foundation for lowering carbon dioxide emissions and developing green elevators has been established with the construction of a carbon accounting framework for the life cycle.





3. Methodology


The carbon dioxide emissions are calculated using three methods: the sampling or direct measurements, the input–output method and the emissions factors [49]. Typically, a field monitoring system or sample collection is used to quantify carbon dioxide emissions through sampling or direct measurement. It is more expensive and generally applicable to the operation stage or specific production processes, but not to the life cycle. The input–output method based on the material balance involves calculating carbon dioxide emissions transforming carbon-containing substances in production, trade and transportation. When the primary technical data, such as the composition and consumption quota of raw materials, auxiliary materials and fuels, are fully grasped throughout the product life cycle, the input–output method applies to the carbon dioxide emission calculation [41]. However, it is difficult to obtain all technical data accurately, resulting in an inaccurate carbon dioxide emissions assessment. The U.S. Environmental Protection Agency (EPA) and the Intergovernmental Panel on Climate Change (IPCC) have both recommended emissions factors. Currently, it is widely used for LCA. Its core concept is that carbon dioxide emissions are computed by multiplying the activity data and the emissions factor with the carbon dioxide emission inventory [50,51]. This approach is used to compute the carbon dioxide emissions of an elevator because it is straightforward to grasp and has a sophisticated accounting system, with a database of activity data and emissions factors. According to this method and the Ecoinvent 3.4 carbon emissions factor database, the carbon accounting framework discussed in the preceding section serves to define the carbon footprint of the elevator, and the carbon dioxide emissions model of the elevator was established as follows:


  C =  C  s c   +  C  c a   +  C  y s   +  C  c b    



(1)




where C is the total carbon dioxide emissions of the life cycle of the elevator and Csc, Cca, Cys and Ccb are the carbon dioxide emissions generated in the manufacturing, installation, operation and maintenance, and dismantling and scrapping stages, respectively.



The carbon dioxide emissions of an elevator are directly correlated with its size. In other words, the larger the elevator size, the greater the materials and energy consumed in manufacturing. Conversely, the smaller the elevator size and the more energy-efficient the configuration, the lower the carbon dioxide emissions during manufacturing and use. When the life cycle of the elevator is considered, the operational process occupies the largest share of time. The carbon dioxide emissions increase with the age of the equipment. Therefore, the environmental impacts of various elevators cannot be compared using their total carbon dioxide emissions alone. In this study, the functional unit was defined as kgCO2/t·km to enable a similar parameters comparison between different products using the same benchmark. It provides a data reference standard for quantifying green elevators and sustainable elevator applications. The annual carbon dioxide emissions of elevator systems per ton·kilometer were determined as follows:


  E =  C     S  r c   × x ×  n d  ×  d  o p     1000   × Y × Q    



(2)




where E represents the annual carbon dioxide emission per ton and kilometer of an elevator, C is the total carbon dioxide emissions during the life cycle of the elevator, Src is the height traveled by the elevator, x is the percentage (%) of the average running distance of the elevator, Q is the rated load percentage, nd is the number of runs per day, dop is the total number of days the elevator runs in a year and Y is the service life of the elevator.



3.1. Carbon Dioxide Emissions Model for Each Stage


It is challenging to directly calculate the total carbon dioxide emissions of an elevator. It can be determined by independently calculating the carbon dioxide emissions of the elevator for each stage, including raw material acquisition, processing, manufacture, transportation and use up until the end of the elevator’s life cycle. In this study, the total carbon dioxide emissions of the elevator system were calculated using the following four components: (1) carbon dioxide emissions from production and manufacturing, (2) carbon dioxide emissions from the installation stage, (3) carbon dioxide emissions from operation and maintenance, and (4) carbon dioxide emissions from dismantling and scrapping.



3.1.1. Production and Manufacturing Stage


The activity data of elevators should be consistent with the relevant data of the elevator, which mostly refers to energy consumption, resource usage and other aspects throughout the manufacturing stage. The carbon dioxide emissions in the manufacturing stage mainly come from raw materials of the elevator parts, manufacturing parts and waste disposal, which was calculated based on the following equation from the IPCC:


   C  s c   =   ∑  i = 1  n    (   M  m i   × E  F  m i    )    +   ∑  i = 1  n    (   M  e i   × E  F  e i    )    +   ∑  i = 1  n    (   M  s i   × E  F  s i    )     



(3)




where Mmi is the total amount of type i material required in the elevator processing, EFmi is the carbon dioxide emission factor of type i material, Mei is the total amount of type i energy consumed during production, EFei is the carbon dioxide emission factor of type i energy consumed in the elevator, Msi is the total amount of type i waste and EFsi is the carbon dioxide emission factor of type i waste.




3.1.2. Product Installation Stage


Since the uncertainty of the origin of elevator raw materials, this section mainly considers the carbon dioxide emissions emitted during the transportation of the elevator components. The elevator components were divided into ten elevator modules for transportation in order to facilitate unified installation management. These modules included a mechanical module, guiding device, shaft equipment, hanger and safety system, pit, carriage, electrical system, signal system, elevator hall door and door operating system. The carbon dioxide emissions of the transportation were computed using the following equation:


   C  y s   =   ∑  i = 1  n     ∑  j = 1  n    (   M  t i   ×  D  t i j   × E  F  t i j    )       



(4)




where Mti represents the total mass of the elevator module I, Dtij represents the transportation distance of the elevator module i in the transportation mode j and EFtij is the carbon dioxide emission factor of the elevator module i in the corresponding transport mode j.



The carbon dioxide emissions from waste recycling were counted negatively in all carbon dioxide emissions at the installation stage. The carbon dioxide emissions in the process were calculated using


   C  a z   =   ∑  i = 1  n    (   M  b i   × E  F  b i    )    +   ∑  i = 1  n    (   M  e i   × E  F  e i    )    +   ∑  i = 1  n    (   M  s i   × E  F  s i    )     



(5)




where Mbi is the total amount of material i required for packaging during the transportation of the elevator, EFbi is the carbon dioxide emission factor of material i required for packaging and transportation of the elevator, Mei is the total amount of energy i consumed during the installation of the elevator, EFei is the carbon dioxide emission factor of energy i during the installation of the elevator, Msi is the total amount of waste i generated after installation of the elevator and EFsi is the carbon dioxide emission factor of waste i generated after the installation of the elevator.



The carbon dioxide emissions of elevators in the installation phase mainly come from the transportation of elevator parts and packaging, the installation materials and the energy consumption, which was calculated using the following equation:


   C  c a   =  C  y s   +  C  a z    



(6)




where Cys is the carbon dioxide emissions generated in the transportation process and Caz is the carbon dioxide emissions generated in the elevator installation process.




3.1.3. Operational and Maintenance Stage


Since the carbon dioxide emissions for the elevator mostly come from electricity consumption, the focus was on the carbon dioxide emissions from the electric energy in this process. The carbon dioxide emissions were calculated as follows:


   C  s y   =  M e  ×  EF e  × Y  



(7)




where Me is the total amount of electric energy, EFe is the carbon dioxide emission factor of electric energy and Y is the service life of the elevator.



The primary contributors to the carbon dioxide emissions from maintaining elevator components are the raw materials and energy consumption in the fabrication, delivery of replacement parts and waste disposal.



The carbon dioxide emissions are primarily from maintaining the elevator in regular operation to satisfy essential functions in the operation and maintenance stage. The renovation of the elevator might require 20~30 years. The carbon dioxide emissions of the elevator were calculated based on a service life of 25 years. Elevator components require regular maintenance, inspection and replacement, particularly the replacement of ropes, which need to be updated every 8 years. The carbon dioxide emissions computing formula for this stage is shown as follows:


   C  y s   =  C  s y   +  C  w h    



(8)




where Csy is the total operation carbon dioxide emissions from elevator operation and Cwh is the total carbon dioxide emissions from elevator maintenance.




3.1.4. Demolition and Scrapping Stage


According to the previous analysis of the carbon sources in the demolition and scrapping stage, the formula was as follows:


   C  c b   =  M e  × E  F e  +   ∑  i = 1  n     ∑  j = 1  n    (   M  t i   ×  D  t i j   × E  F  t i j    )      +   ∑  i = 1  n    (   M  s i   × E  F  s i    )     



(9)




where Me is the electricity consumption in the dismantling process, EFe is the carbon dioxide emission factor corresponding to the electricity consumption, Mti is the total mass of type i waste transportation, Dtij is the transport distance of type i waste in transport mode j and EFtij is the carbon dioxide emission factor corresponding to the transport of type i waste in transport mode j.





3.2. Sensitivity Analysis


Sensitivity analysis is a methodology for analyzing uncertainty, namely, it studies the quantitative effects of a specific change in relevant factors on a key indicator or a group of critical indicators. The two types of sensitivity analysis are generally global sensitivity analysis (GSA) and local sensitivity analysis (LSA). The former investigates the sensitivity of the entire parameter space within a predefined range of feasible parameters. It can be performed through various methods, such as stepwise regression analysis, mutual information analysis, classification tree analysis and the meta-modeling method [52]. The latter is an objective function for reference that fixes some parameters and studies how conventional methods perturb each parameter. The full description of the GSA increases the risk of over-parameterization, which may pose significant limitations in computational power and parameter uncertainty [45]. LSA has the advantage of simplicity and fewer computation requirements. Therefore, an LSA was used to analyze the effects of changes in various inputs on the total life cycle CO2 emissions of an elevator in this study. The main idea is to change only one factor at a time and keep other factors constant so that the degree of change of the influencing factor on the outcome variable can be analyzed. The model was assumed to be expressed as y = f(x1, x2, …, xn) (x is an influential factor) and was calculated as follows [43]:


  s =     y (   x 1  , ⋯ ,  x i  + ∆  x i  , ⋯  x n   ) − y (   x 1  , ⋯ ,  x i  , ⋯  x n   )   y (  x 1  , ⋯ ,  x i  , ⋯  x n  )      ∆  x i     x i      



(10)




where xi is the ith influential factor and Δxi is the change value of the ith influential factor.



When the input variables are changed individually, the sensitivity is defined as the change value in the output relative to the original scenario. The original values of each influencing factor were floated separately by ±10% and ±20%, and the other parameters were constant. The total carbon dioxide emissions of the elevator were recalculated to analyze the sensitivity magnitude of the crucial variables. The sensitivity parameters were determined by ranking the sensitivity values of the carbon dioxide emissions. The Monte Carlo simulation method was used to analyze how critical the uncertainty of important sensitivity parameters affects the credibility of evaluation results [53]. The explicit steps were as follows:



(1) The computation model for the life cycle carbon dioxide emissions was established using the Crystal Ball software, v. 11.1.2.4.



(2) The independent variables xi were assumed to be the characterization factors, and statistical analysis and sensitivity analysis were used to determine the main input parameters of the Monte Carlo analysis model.



(3) The probability distribution function of each independent variable xi, such as the normal distribution and triangular distribution, was determined based on empirical and survey data.



(4) A separate number for each independent variable was generated successively by the computer to form a set of experimental data X1(x11, x21, …, xi1) in accordance with the provided probability distribution function. This process was repeated j times (j = 1, 2, …) to obtain j sets of experimental data Xj(x1j, x2j, …, xij).



(5) The generated experimental data of each group Xj(x1j, x2j, …, xij) was substituted into the calculation model of the life cycle carbon dioxide emissions, which recorded the total carbon dioxide emissions yj from each calculation.



(6) A statistical analysis of the total carbon dioxide emissions y(y1, y2, …, yj) was performed to obtain the probability distribution. There were similar statistical characteristics of the total CO2 emissions between both the simulation and the actual situation. Figure 2 depicts the Monte Carlo simulation method.





4. Life Cycle Inventory Analysis


This section gives the results of an analysis of the carbon dioxide emission performance of the traction elevator with energy-saving feedback mechanism manufactured by T Elevator Company, which is one of the top ten firms worldwide.



The carbon dioxide emissions of the life cycle for the traction elevator are calculated by the above model. The technical parameters of the traction elevator are shown in Appendix A. The elevator was used in the Kunshan area of Jiangsu Province, China. According to the standard ISO 25745 Part 2 [54], it can be known that the number of elevator operations is 300 times a day based on the application category of the elevator. The percentage of average running distance and the percentage of the rated load of elevators are 49% and 4.5%, respectively. The service life of the elevator is 25 years.



The data acquisition of each stage of the elevator followed the manufacturer’s information, design documents, and site research in order to ensure data quality requirements. Furthermore, the data selection followed the international standards ISO 14040:2006 [41] and ISO 14044:2006 [48] and the Chinese national standard GB/T24041-2000 [55], which meets the actual situation in China.



4.1. Production and Manufacturing Stage


4.1.1. Production Stage


Raw material data was sourced from the suppliers and manufacturers, which was obtained through design documentation. The bulk of the raw materials were transported to the manufacturing facilities in nearby cities, which had a lower carbon footprint and consumption. As a result, this was not taken into consideration in this study. The quantities of various raw materials were obtained from design documents and actual investigation. The carbon emission factors for the raw materials of the elevator in the first stages were obtained from the Ecoinvent 3.4 carbon emissions factor database [56]. The carbon dioxide emission factors and quantity of the raw materials are shown in Table 1.




4.1.2. Manufacturing Stage


The carbon dioxide emissions were analyzed using the inputs and outputs of Figure 1 in the manufacturing stage. In addition to the raw materials, the inputs included electricity consumption, transportation and carbon dioxide emissions from auxiliary materials in this process. The carbon dioxide emissions of raw materials were calculated in the production stage. Besides the auxiliary materials, such as lubricating oil and welding, other auxiliary materials were used in low volumes and numbers, and thus, their carbon emissions were not considered for this stage. The activity level information was used for the estimation of the carbon dioxide emissions from auxiliary materials and electricity consumption. The data for the level of activities in this stage were obtained from the actual statistics of the factory. Their carbon emission factors were obtained from the Ecoinvent 3.4 carbon emission factor database. The carbon dioxide emissions on the output side of the manufacturing stage mostly came from the disposal of waste. However, the carbon dioxide emissions generated during the recycling process of copper, iron and aluminum needed to be subtracted. Therefore, the quantity of the recyclable material is shown as a negative value. The specific quantity is shown in Appendix B.





4.2. Installation Stage


The CO2 emissions of the installation stage derive from the consumption of packaging materials, transportation of components and waste generated after completion of the installation. The carbon dioxide emission factors and quantity of packaging materials in the installation stage stem from plywood, cardboard, plastic and so on. Each component/module of the elevator needs to be transported to a designated distribution center for final uniform distribution. The carbon dioxide emissions factor of electricity consumption was 0.5839 kgCO2/(kW·h). The carbon dioxide emissions factor for transportation by a freight truck with a 32-ton rated load was 0.0904 kgCO2/(t·km). Their carbon emission factors were obtained from the Ecoinvent 3.4 carbon emission factor database. The horizontal activity data, such as the transport weight and range of the elevator modules, were obtained from the designated distribution center to the installation site, the Refer datas to Appendix C. The level activity data for average power consumption was 45 kW·h using the electricity meter in the installation stage. As the distance of material transportation is unpredictable, it is challenging to compute the carbon dioxide emissions. In addition, its carbon dioxide emissions have little impact on the environment. Therefore, the carbon dioxide emissions were not considered. Most discarded packaging material was incinerated. Since among the packaging material, only steel is recycled, the quantity of steel was also expressed by the negative value. In other words, CO2 emissions from recycled steel should be subtracted. The quantity, carbon dioxide emission factors and treatment methods of packaging waste are shown in Table 2.




4.3. Operational and Maintenance Stage


The operation energy consumption of the elevator was calculated using the hybrid method, which was monitored on-site using the FLUKE-1735 power recorder. The annual energy consumption was calculated using the standard (ISO) 25745-2:2015 [54]. The operating energy consumption included the energy consumed by both the reference route and the short route. To determine the operating energy consumption of the reference route, it must be tested at least 10 times. The total measured energy was then divided by the number of cycles to obtain an average value for one cycle on the reference route. The short-route energy consumption could be directly measured. The total energy of the measured short route was divided by the number of cycles to obtain the short route energy consumption. The energy consumption of the elevator was considered under no-load conditions. As the length of the traction wire rope on both sides (car side and counterweight side) changed during lifting and lowering movements, it had some influence on the elevator load. Therefore, it was necessary to correct the operation consumption of the elevator using a correction coefficient. The correction coefficient was 0.6 or 0.7. Annual energy consumption was 2867.12 KW·h after the correction. The carbon dioxide emission factor of electric energy was still 0.5839 kgCO2/KW·h according to the Ecoinvent 3.4 carbon emissions factor database.



The traction wire rope must be maintained every six months and replaced with new ones every eight years. Therefore, the carbon emissions during maintenance primarily derive from the energy consumption of the replacement ropes. The carbon emissions of the maintenance stage were calculated in the same manner as those of the manufacturing and installation stage. For the carbon dioxide emissions factor of replacement, one can refer to the above study. The total carbon dioxide emissions were 450.46 kgCO2.




4.4. Demolition and Scrapping Stage


Since the end-of-life data for elevators is not readily available, the uncertainty parameters involved in the carbon dioxide emissions calculation were assumed as follows:




	
Assume the distance of waste transportation to the waste treatment plant was 200 km;



	
A total of 90% of the materials used in the products can be recycled.








According to the actual investigation, the level activity data of electricity consumption of dismantling equipment was about 45 kW·h. The carbon dioxide emissions were 26.28 kgCO2. The transportation of abandoned elevators and the replacement of rope were also included in the calculation of carbon dioxide emissions during disposal.



The total weight of the elevator and the rope were 7927.3 kg and 150 kg, respectively. The carbon dioxide emissions factor of transportation was consistent with what was previously stated. The quantity of waste and recyclable waste was obtained from the statistical data of the field survey and the survey document of the KONE company. Table 3 displays the inputs for the carbon dioxide emission calculation of waste treatment. The quantity of the material that was recycled is shown as a negative quantity at the manufacturing stage. As above, the quantity of the material that was recycled is shown by the negative quantity at the end of the life cycle.





5. Life Cycle Carbon Dioxide Emissions Assessment


5.1. Carbon Dioxide Emissions Composition in the Manufacturing Stage


Figure 3 displays the percentage of carbon dioxide emissions during the production process. It shows that the total carbon dioxide emissions of the printed circuit board and low-alloy steel were greater than 64% of the carbon footprint of all consumables. The sum of carbon dioxide emissions from three types of consumables, namely, printed circuit boards, low-alloy steel and chromium steel, reached 88.45%, while the carbon dioxide emissions from consumables, such as aluminum and electricity consumption, only accounted for 3.6% and 1.34% of carbon dioxide emissions, respectively, during this stage. After conversion to the functional unit, the carbon emissions of low alloy steel, chromium steel and printed circuit boards were 3.48 kgCO2/t·km, 2.63 kgCO2/t·km and 3.63 kgCO2/t·km, respectively. Therefore, the carbon dioxide emissions during this stage focused on these three raw materials.




5.2. Carbon Dioxide Emissions Composition in Product Installation Stage


Figure 4 depicts the carbon dioxide emission percentage of the product installation stage. It was found that the carbon dioxide emissions from the transportation part of the elevator accounted for a larger share of the carbon dioxide emissions, which was 62.83%. The guiding device of the elevator and the parts module of the pit contributed significantly to the carbon emissions during transportation, which produced carbon emissions of 206.15 kgCO2 and 138.63 kgCO2, respectively. The largest percentage of carbon dioxide emissions from transportation was due to the heavier weight of the elevator modules and longer transportation distances. Plywood was a close second in terms of the percentage of carbon dioxide emissions during this stage.




5.3. Composition of Carbon Dioxide Emissions in the Operation and Maintenance Stage


Based on the energy consumption of the experimental test, the final annual energy consumption of the elevators was 2867.12 9 kW·h/year, which emitted 42303.23 kgCO2. The baseline carbon emissions of the operational stage were 15.41 kgCO2/t·km. The carbon dioxide emissions accounted for 98.91% of the total carbon dioxide emissions during this stage. Moreover, carbon dioxide emissions in the maintenance stage only accounted for 1.09%. Figure 5 depicts the carbon dioxide emissions and their proportion of all carbon sources at the maintenance stage. It shows that the replacement parts in the maintenance process caused unavoidable carbon dioxide emissions from the raw materials, manufacturing, installation and transportation. The carbon dioxide emissions of low-alloy steel in the process accounted for 58.63%, about 288.13 kgCO2, whereas waste and auxiliary materials, such as lubricants and plywood, had lower carbon footprints




5.4. Composition of Carbon Dioxide Emissions during the Demolition and Scrapping Stage


Figure 6 depicts percentage of the carbon dioxide emissions in the demolition and scrapping stage. Recycling metal material resulted in a reduction of 195.21 kgCO2 in carbon dioxide emissions, or −58.58% of the total emissions. Waste transport produced 145.5 kgCO2, which accounted for 43.66%. The carbon dioxide emissions from plastic, rubber and wood incineration were 345.17 kgCO2. The carbon dioxide emissions from inert and hazardous waste landfills only accounted for 19.03%. Thus, this shows that the carbon reduction from recycling waste was extremely low. Improving waste recycling provides a critical idea to effectively reduce carbon dioxide emissions throughout the life cycle of the elevators.




5.5. Life Cycle Carbon Dioxide Emissions Assessment Analysis


The total carbon dioxide emissions and the carbon dioxide emissions per unit ton·kilometer (kgCO2/t·km) were used to assess the carbon dioxide emissions of the life cycle for the elevator. According to Equation (1), the overall carbon dioxide emissions of the life cycle were about 73,812.01 kgCO2. The annual carbon dioxide emissions per ton·kilometer were about 27.18 kgCO2/t·km, which was calculated using Equation (2). The annual carbon dioxide emissions per ton·kilometer over the life cycle of the elevator may be used to assess the potential for sustainable application of the elevator. Global warming is a composite indicator for life cycle impact assessment. The primary gas that affects global warming is carbon dioxide. Therefore, the carbon dioxide emission of elevators was able to evaluate the life cycle environment or sustainability impact assessment of elevators to a certain extent. All calculation results are shown in Table 4.



The operation and maintenance stage had the highest carbon emissions in the life cycle, accounting for 57.32%. This was followed by 41.32% during the production and manufacturing stage. The installation stage and dismantling and scrapping stage had negligible impacts, at only 0.92% and 0.45%, respectively. In the operation and maintenance stage, the largest carbon emissions were derived from the electricity consumption during the operation stage at 15.41 kgCO2/t·km, accounting for 98.91% of emissions in this stage. During the production and manufacturing stage, the carbon emissions from raw material acquisition was 11.07kgCO2/t·km, accounting for 98.58% of the carbon emission during this stage. Therefore, the strongest measures that can be used involve reducing the energy consumption of the operation and optimizing the production process or reducing the carbon emissions of raw materials so that the environmental impact of elevators is greatly reduced.





6. Life Cycle Sensitivity Analysis and Carbon Reduction Strategy


6.1. Life Cycle Sensitivity Analysis


The uncertainty of the characteristic parameters in the inventory analysis may have an impact on the results of the LCIA. The carbon dioxide emissions composition of the life cycle of the elevator was detailed in the previous section. The sensitivity of the characteristic parameters that account for a large share of carbon emissions should be paid attention to because of their uncertainty. Therefore, a sensitivity analysis of characterization factors was conducted in this study to properly propose energy-saving and carbon emission reduction measures.



The key characteristic parameters are listed in Table 5. As indicated in Table 5, when the characterization factors of the elevator were separately floated by ±10% and ±20%, all the carbon dioxide emissions of the life cycle were obtained in the new scenario. When comparing them with the life cycle carbon dioxide emissions of the original scenario, the results indicate that there was no significant change after and before floating the wood and alkyd paint variables. The eight variables polyvinyl chloride, copper, synthetic rubber, PC plastic, concrete, cast iron, aluminum and jute fiber had very little effect on the carbon dioxide emissions and the sensitivity after floating. The fluctuation of transportation distance also has little impact on carbon dioxide emissions in the life cycle. The reason was that the transportation distance was relatively short. Moreover, parts transportation and waste disposal of elevator equipment were all completed in the city or the neighboring cities. The cumulative carbon dioxide emissions of the life cycle changed significantly after the floating because the electric energy had the largest sensitivity coefficient, which was 0.5732. Great floating changes also took place in the three variables printed circuit boards, low-alloy steel and chromium steel. The order of the influence was electricity > printed circuit boards > low-alloy steel > chrome steel > aluminum > transportation, etc.



According to the above local sensitivity analysis, the changes in the four input parameters, namely, the quantity of low-alloy steel, printed circuit board, chromium steel and the power consumption, had significant impacts on the carbon dioxide emissions assessment of the life cycle. In contrast, the findings of the assessment were only slightly impacted by the sensitivity of the other parameters. The uncertainty in these four crucial sensitive parameters on the carbon dioxide emission assessment was further analyzed to assess the credibility of these findings. The uncertainties of these four parameters were determined based on the reliability of the activity level data sources, the errors arising from the model calculation and the literature, as shown in Table 6. The uncertainty analysis was simulated by the Monte Carlo method based on Crystal Ball software 10,000 times. The probability distribution of all essential sensitive parameters obeyed the triangular or uniform distribution. Finally, all the carbon dioxide emission distribution of the life cycle under each characteristic was determined.



Figure 7 depicts the uncertainty analysis result of the triangular distribution. The result indicates that the cumulative carbon dioxide emissions of the life cycle were 73,812.01 kgCO2. The 95% confidence interval was essentially distributed between 71,736.55 kgCO2 and 75,881.74 kgCO2 when the distribution of critical sensitivity parameters was characterized by a triangular distribution. The median confidence interval was 73,797.37 kgCO2. The coefficient of variation was 1.45%. Figure 8 depicts a uniform distribution uncertainty analysis result. When the distribution characteristics of the critical sensitivity parameters were uniformly distributed, the calculation results reveal that the 95% confidence interval was distributed between 70,962.36 kgCO2 and 76,718.93 kgCO2 with a median of 73,838.44 kgCO2 and a coefficient of variation of 2.04%. Therefore, the inventory data for low-alloy steel, printed circuit boards, chrome steel and electricity consumption could correctly evaluate the LCIA carbon dioxide emission results.




6.2. Carbon Reduction Strategy


Resources and energy were consumed during each stage of the elevator. As the production and operation stages accounted for the largest contribution of carbon dioxide emissions, they have the greatest potential for emission reduction accordingly energy conservation and sustainable application strategies should start from these two stages.



The materials consumed in the production stage accounted for more than 40% of the total carbon emissions during the life cycle. Furthermore, the carbon emissions of low-alloy steel, chromium steel, printed circuit boards and aluminum exceeded 90% of the total carbon emissions during this stage. Therefore, the consumption of materials had a significant impact on carbon emissions. Therefore, the consumption of materials had a greater impact on carbon emissions and should be regarded as a key breakthrough in reducing carbon emissions and improving sustainable application potential. Maximizing the recyclability of materials from a life cycle perspective saves resources and reduces environmental impacts. In addition, the development of new production technologies and processes for materials should be strengthened to reduce the production loss rate and the carbon emission factor of materials.



According to the previous analysis of CO2 emissions composition, it is clear that power consumption in the operation stage is the key focus of energy savings and carbon reduction in elevators. It is a good choice for an elevator to have an energy feedback device to reduce its energy consumption. Furthermore, the use of energy-efficient traction motors improves the power factor, thereby greatly increasing energy utilization. In addition, the carbon emissions factor of electricity can be lowered by applying renewable energy sources, which, in turn, reduces the CO2 emissions. Finally, the scheduling mode of the elevator can be optimized to reduce the number of starting and braking operations, which greatly improves the operating efficiency of the elevator, and thus, reduces its energy consumption.





7. Conclusions


The life cycle of an elevator has an influence on the environment. The scope of the elevator system should consider greenhouse gas emissions from the inputs and outputs of each stage. The inventory of the carbon dioxide emissions of the elevator was constructed for each stage based on an LCA. This systematic approach measures and mitigates the environmental impact of elevators and promotes sustainable development. A new benchmark assessment indicator, namely, annual carbon dioxide emission per unit ton·kilometer, was proposed to evaluate the environmental impact of elevators of different types and sizes within the elevator industry.



The total carbon dioxide emission of the traction elevator was 73,812.01 kgCO2. The carbon dioxide emission per ton·kilometer was 27.18 kgCO2/t·km. Among the four stages of life, the largest amount of CO2 was emitted during the operation and maintenance stage of the elevator, which accounted for 57.31%. This was followed by the manufacturing stage, which accounted for 41.31%. The largest CO2 emissions were 15.58kgCO2/t·km, which occurred during the operation and maintenance stage. The second largest CO2 emissions from raw material was 11.23 kgCO2/t·km, which was during the production and manufacturing stage.



The results of the sensitivity analysis of elevator carbon dioxide emissions show that the energy and the material (printed circuit boards, low-alloy steel, chrome steel) had the greatest impact on the carbon dioxide emissions. The impact of these crucial sensitivity variables was in the following order: electricity > printed circuit board > low-alloy steel > chrome steel > aluminum > transportation. Based on the LCIA and sensitivity analysis, a series of measures were proposed to reduce carbon emissions, such as improving the material recycling rate, reducing the carbon emission factor of materials, applying energy feedback devices, utilizing renewable energy sources, and optimizing the scheduling mode during the production and operation stages. The calculation methodology of the carbon emissions and the scope of the elevator system can provide a theoretical reference for further sustainability research. Furthermore, the LCI and LCIA of the case elevator in this study provide practical insights for carbon reduction and sustainable application throughout the life cycle. Although the global warming of CO2 emissions was evaluated in the study, some indicators of life cycle impact assessment have not yet been realized. Therefore, the evaluation of other indicators will be further improved in future research.
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Table A1. Elevator technical specifications.






Table A1. Elevator technical specifications.





	Category
	Reference Value





	Main purpose
	Passenger transportation



	Drive type
	Gearless traction



	Rated load capacity
	1000 kg



	Rated speed
	1.6 m/s



	Number of stops
	15 floors



	Travel height
	45 m



	Internal dimensions of the elevator car
	2.1 m × 1.6 m × 1.4 m



	Days of operation per year
	365 days



	Category of application
	4



	Service life
	25 years



	Recommended applications
	Residential buildings, offices, hospitals, hotels, airports, shopping centers, etc.
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Table A2. Carbon dioxide emissions factors from auxiliary materials and electric power in the production and manufacturing stage.






Table A2. Carbon dioxide emissions factors from auxiliary materials and electric power in the production and manufacturing stage.





	Material Name
	Quantity
	Carbon Dioxide Emissions Factor
	Material Name
	Quantity
	Carbon Dioxide Emissions Factor





	Acetylene
	0.004 kg
	6.47 kgCO2/kg
	Liquid argon
	0.55
	2.69 kgCO2/kg



	Lubricants
	0.731 kg
	1.43 kgCO2/kg
	Liquid nitrogen
	10.14
	0.48 kgCO2/kg



	Organic material
	0.48 kg
	1.89 kgCO2/kg
	Liquid oxygen
	0.36
	1.2 kgCO2/kg



	Solder paste
	0.12 kg
	39.48 kgCO2/kg
	Electric power
	686.64 kW·h
	0.5839 kgCO2/kW·h










 





Table A3. Carbon dioxide emissions factors from manufacturing phase waste in the production and manufacturing stage.






Table A3. Carbon dioxide emissions factors from manufacturing phase waste in the production and manufacturing stage.





	Material Name
	Quantity (kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)
	Processing Method





	Plastic
	10.03
	2.38
	Incineration



	Wood
	0.70
	0.0977
	Incineration



	Cu
	−2.02
	2.48
	Recycle



	Fe
	−313.19
	0.0304
	Recycle



	Inert gases
	60.54
	0.0053
	Landfill



	Al
	−2.59
	0.53
	Recycle



	Municipal solid waste
	6.82
	0.52
	Incineration



	Electronic devices
	3.08
	0.055
	Dismantling










 





Table A4. Quantity and carbon dioxide emissions factors of major packaging materials in the installation stage.






Table A4. Quantity and carbon dioxide emissions factors of major packaging materials in the installation stage.





	Material Name
	Quantity

(kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)
	Material Name
	Quantity

(kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)





	Plywood
	512.208
	0.22
	Cardboard
	10.45
	0.61



	Wood
	238
	0.0977
	Plastic
	6.92
	2.92



	Metal
	20.92
	0.061
	Others
	0.37
	——
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Table A5. Carbon dioxide emissions from the transportation of the elevator modules.






Table A5. Carbon dioxide emissions from the transportation of the elevator modules.





	Elevator Module
	Weight

(kg)
	Transport Location
	Transport Distance

(km)





	Mechanical modules
	464
	Suzhou–Kunshan Distribution Center
	332



	Guiding device
	1892.5
	Tianjin–Kunshan Distribution Center
	1205



	Shaft equipment
	847.7
	Suzhou–Kunshan Distribution Center
	37



	Hanger and safety system
	521.68
	Shanghai–Kunshan Distribution Center
	80



	Pit
	1247.82
	Tianjin–Kunshan Distribution Center
	1229



	Carriage
	1601.03
	Suzhou–Kunshan Distribution Center
	30



	Electrical system
	22.69
	Nantong–Kunshan Distribution Center
	196



	Signal system
	157.98
	Nantong–Kunshan Distribution Center
	201



	Elevator hall door
	1617.314
	Suzhou–Kunshan Distribution Center
	37



	Door operating system
	357.88
	Suzhou–Kunshan Distribution Center
	37



	Transportation to installation site
	8930.23
	Kunshan Distribution Center—installation locations
	60
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Figure 1. Carbon dioxide emissions framework of the elevator in different stages. 
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Figure 2. Monte Carlo simulation method. 






Figure 2. Monte Carlo simulation method.
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Figure 3. The percentages of carbon dioxide emissions in the manufacturing stage. 
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Figure 4. The percentage of the carbon dioxide emissions at the product installation stage. 
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Figure 5. Carbon dioxide emissions and shares during the maintenance stage. 
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Figure 6. Percentage of the carbon dioxide emissions during the demolition and scrapping stage. 
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Figure 7. Uncertainty analysis of the triangular distribution. 
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Figure 8. Uncertainty analysis of the uniform distribution. 
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Table 1. Carbon dioxide emission factors of the raw materials.
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	Material Name
	Quantity

(kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)
	Material Name
	Quantity (kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)





	SrCO3
	0.375
	1.51
	Glass fiber
	1.141
	2.58



	Low alloy steel
	4631.549
	2.04
	Electric wires
	29.87
	4.06



	Polyvinyl chloride
	97.1
	1.99
	Control switches
	0.18
	18.46



	Cu
	40.708
	4.15
	Silicone resin
	10
	3.25



	Epoxy resin
	1.719
	4.14
	Reactive silicon
	0.006
	1.81



	Printed circuit board
	28.083
	351.02
	Plastic extruded board
	2.794
	9.98



	Synthetic rubber
	71.533
	2.82
	PP plastic
	8.57
	2.06



	Chrome steel
	1421.18
	5.03
	Paint coating
	31.34
	8.09



	Mg
	1.4
	30.79
	PC plastic
	12.621
	7.87



	Electron device
	12.88
	35.64
	Acrylic
	0.88
	8.49



	Al
	51.943
	20.74
	Polyester resin
	0.6
	3.12



	Concrete
	1210
	0.0912
	Permanent magnets
	4
	46.23



	Cast iron
	211.13
	1.89
	White Kraft paper
	0.65
	1.67



	Plywood
	0.006
	411.75
	Nylon 6
	1.95
	8.1



	Jute fiber
	70.62
	0. 7
	Nylon 66
	0.05
	9.37



	Lubricants
	7.07
	1.43
	Iron ore
	0.8
	0.12



	Battery leads
	1.1
	1.26
	H2SO4
	0.807
	0.16



	Bronze
	0.006
	5.2
	CaCO3
	0.907
	1.69



	Adhesive tape
	2.132
	4.69
	ABS plastic
	0.407
	4.55



	Ethylene-vinyl acetate copolymer
	0.1
	2.17
	
	
	










 





Table 2. Carbon dioxide emissions factors and treatment methods of packaging material waste.
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	Material Name
	Quantity (kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)
	Processing Method





	Steel
	−20.92
	0.0113
	Recycle



	Wood
	750.2
	0.015
	Incineration



	Plastic
	6.92
	2.38
	Incineration



	Cardboard
	10.45
	0.0322
	Incineration










 





Table 3. Carbon dioxide emissions from waste and recyclable waste.
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	Material Name
	Quantity (kg)
	Carbon Dioxide Emissions Factor

(kgCO2/kg)
	Processing Method





	Steel
	−5637.4
	0.0304
	Recycle



	Al
	−46.75
	0.32
	Recycle



	Cu
	−20.16
	0.44
	Recycle



	Plastic
	59.47
	2.38
	Incineration



	Rubber
	64.38
	3.16
	Incineration



	Wood
	12.68
	0.015
	Incineration



	Concrete
	−1089
	0.004
	Recycle



	Electronic device
	−110.94
	0.32
	Recycle



	Printed circuit boards
	−3.78
	0.0315
	Recycle



	Control devices
	−11.59
	1.06
	Recycle



	Municipal solid waste
	103.18
	0.52
	Incineration



	Inert waste
	795.51
	0.0053
	Landfill



	Hazardous waste
	25.24
	0.22
	Landfill










 





Table 4. Elevator carbon dioxide emissions from each stage of the whole life cycle (25 years).
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	Stage
	Carbon Dioxide Emissions (kgCO2)
	Carbon Dioxide Emissions per Ton-Kilometer (kgCO2/t·km)





	Production and manufacturing stage
	30,494.14
	11.23



	installation stage
	679.18
	0.25



	Operation and maintenance stage
	42,303.23
	15.58



	Dismantling and scrapping stage
	333.24
	0.12



	Total carbon dioxide emissions
	73,812.01
	27.18










 





Table 5. Life cycle resource/energy key input variables for ±10% and ±20% floating results.
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Parameter Name (Unit)

	
Carbon Dioxide Emissions after Floating (kgCO2)

	
Sensitivity Factor




	
−20%

	
−10%

	
0

	
10%

	
20%






	
Wood (kg)

	
73,807.36

	
73,809.69

	
73,812.01

	
73,814.34

	
73,816.66

	
0.0003




	
PC plastic (kg)

	
73,792.15

	
73,802.15

	
73,812.01

	
73,822.01

	
73,831.88

	
0.0013




	
Printed circuit boards (kg)

	
71,840.47

	
72,826.31

	
73,812.01

	
74,797.85

	
75,783.55

	
0.1336




	
Alkyd paint (kg)

	
73,793.05

	
73,802.60

	
73,812.01

	
73,821.56

	
73,830.97

	
0.0013




	
Low-alloy steel (kg)

	
71,922.34

	
72,867.24

	
73,812.01

	
74,756.92

	
75,701.68

	
0.1280




	
Jute fiber

	
73,782.35

	
73,797.18

	
73,812.01

	
73,826.84

	
73,841.67

	
0.0020




	
Aluminum (kg)

	
73,596.55

	
73,704.35

	
73,812.01

	
73,919.81

	
74,027.47

	
0.0146




	
Cast iron (kg)

	
73,732.20

	
73,772.18

	
73,812.01

	
73,851.98

	
73,891.82

	
0.0054




	
Concrete (kg)

	
73,789.94

	
73,801.04

	
73,812.01

	
73,823.11

	
73,834.08

	
0.0015




	
Synthetic rubber (kg)

	
73,771.67

	
73,791.91

	
73,812.01

	
73,832.25

	
73,852.36

	
0.0027




	
Chrome steel (kg)

	
72,382.30

	
73,097.23

	
73,812.01

	
74,526.93

	
75,241.72

	
0.0968




	
Copper (kg)

	
73,778.22

	
73,795.19

	
73,812.01

	
73,828.97

	
73,845.80

	
0.0023




	
Polyvinyl chloride (kg)

	
73,773.36

	
73,792.76

	
73,812.01

	
73,831.40

	
73,850.66

	
0.0026




	
Transportation (km)

	
73,696.72

	
73,754.37

	
73,812.01

	
73,869.65

	
73,927.30

	
0.0078




	
Electricity (kW·h)

	
65,349.59

	
69,580.80

	
73,812.01

	
78,043.22

	
82,274.43

	
0.5732











 





Table 6. Uncertainty-analysis-related data.
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	Parameter Name
	Value
	Uncertainty





	Low-alloy steel
	4631.55
	±10%



	Printed circuit boards
	28.08
	±10%



	Chrome steel
	1421.18
	±10%



	Electricity
	72,464.64
	±5%
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