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Abstract
Purpose 
[bookmark: _Hlk90383668]Building refurbishment (BR) is promoted as a green alternative to demolition and new build for urban renewal. The construction and demolition (C&D) waste of BR is increasing and recognized as more complex to manage. To address the limitations of the current static and linear life cycle assessment (LCA) method for evaluating the environmental impact of C&D waste, this study decodes the complex process and provides a causal loop model for evaluating the carbon emissions (Greenhouse Gases emissions) of BR C&D waste.
Methods
The study integrates system dynamics (SD) and a LCA approach to produce an integrated and holistic model for evaluating the carbon emissions of BR C&D waste. The environmental assessment system boundary and main factors of evaluating the carbon emissions of BR C&D waste are identified based on a LCA approach. Stakeholders in the life cycle of BR C&D waste are involved in development of the causal loop model. Semi-structured interviews are conducted with key stakeholders to validate the factors and identify the key processes of BR C&D waste management through a case study of Suzhou, China.
Results
[bookmark: _Hlk90383714]Five causal loops are developed in this study: a general model for evaluating the carbon emissions of the life cycle of BR C&D waste, a sub-model for evaluating carbon emissions of BR C&D waste at the dismantlement stage, a sub-model for evaluating carbon emissions of BR C&D waste at the refurbishment material stage, a sub-model for evaluating carbon emissions of  BR C&D waste at the refurbishment construction stage, and a sub-model for evaluating carbon emissions of BR C&D waste at the refurbishment material end of life stage.
Conclusion
[bookmark: _Hlk90383757]The integrated SD-LCA causal loop model developed in this study will help decision makers to more clearly visualize and understand the current problems associated with BR C&D waste management and thereby strategically intervene to reduce the carbon emissions in the life cycle of BR C&D waste.
Graphical abstract
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Statement of Novelty
[bookmark: _Hlk90383742]BR C&D waste is increasing along with the recognition that managing it effectively is a complex problem. To address the limitations of the current static and linear method for evaluating the environmental impact of C&D waste, this study evaluates the carbon emissions of BR C&D waste using a novel integrated SD-LCA approach. This study not only develops a unique non-linear and causal loop evaluation model, but also engages stakeholders in its development.
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1. Introduction
1.1 Background
[bookmark: OLE_LINK3]The building industry contributes more than one third of the world’s greenhouse gases (GHGs) emissions [1]. Accordingly, the mitigation of carbon emissions has become a critical mission for the building sector as the world seeks to reach the carbon neutral goal set in the Paris Agreement [2]. Building refurbishment (BR) has become an effective way to improve the operational energy efficiency of existing buildings and prevent embodied carbon emissions from large-scale demolition and rebuild [3, 4]. The European Commission intends to refurbish at least 80% of existing building stock by 2050 to mitigate Europe’s carbon emissions [5]. BR has been promoted by the Chinese government to achieve its sustainable development goal in building sector. As part of China’s “13th Five-year-plan”, 600 million  of existing buildings were energy refurbished by the end of 2020 [6]. BR activities are expected to continually increase along with urban renewal.
[bookmark: OLE_LINK2]Most of the current BR projects have been conducted without apparent concern for the embodied environmental impact [7]. Significant efforts have been made to reduce the energy consumption in building operations through using passive measures and active techniques, such as improving envelope insolation and using high efficiency HVAC systems [8] but the embodied carbon emissions produced by BR are often neglected [9]. The large amounts of C&D waste generated by the excessive dismantling of existing building envelopes [10] is adding significantly to embodied carbon emissions in the life cycle of BR, which needs to be quantified and assessed to help reduce overall emissions.
1.2 Environmental impact evaluation of C&D waste management
The C&D waste generated in construction, refurbishment and demolition accounts for 10 billion tons each year worldwide [11], which has become a critical global problem due to its negative environmental impact [12]. China alone generates around 2 billion tons of C&D waste each year [13], mainly due to its large scale urbanization and urban revitalization programs [14]. Extensive research has been devoted to evaluate the environmental impact of C&D waste using different methods [15-24]. Life cycle assessment (LCA) and system dynamics (SD) are two methods frequently used for evaluating the environmental performance of C&D waste management [25]. 
The LCA approach is based on life cycle thinking, which quantifies all relevant environmental impacts associated with a product, with its whole life cycle taken into account from resource extraction, production, and transportation, to use and end of life waste disposal [26]. The LCA approach has been extensively adopted for evaluating the environmental impact of C&D waste based on the structured international standard provided by ISO 14040 and 14044 with different system boundaries [27, 28]. From a life cycle perspective, many studies adopted LCA to evaluate the environmental impact of using different recycled waste materials in construction material production. For example, Cuenca-Moyano et al. (2017) evaluated the environmental performance of masonry mortar made of natural vs recycled aggregates [29]; Seco et al. (2018) evaluated blocks manufactured from C&D waste [30]; and Li et al. (2021) evaluated the environmental impact of self-compacting concrete made with demolition concrete waste [31]. Bianco et al. (2021) compared the environmental impact of concrete produced using a waste glass-based silicate activator compared with using commercial chemicals [32], and Sandanayake et al. (2022) performed LCA for shredded coffee cup waste to replace sand in concrete and replace wood chip in particleboard production [33]. Other studies considered the impact of different C&D waste disposal scenarios on landfill and recycling. For example, Penteado et al. (2016) investigated six integrated waste disposal methods including landfill, recycling and using C&D waste for road pavement material through a case study in Brazil [34]; Lockrey et al. (2018) evaluated the environmental performance of a C&D waste recycling system in Vietnam [35]; Jain et al. (2020) evaluated the environmental impact of two C&D waste management alternatives through a case study in urban India [36]; and Liu et al. (2021) analyzed the carbon emissions of three various waste disposal alternatives in Guangzhou, China [37]. Some studies evaluated the environmental impact of C&D waste using a whole LCA approach by considering both the upstream construction material, transportation, and downstream waste disposals. For example, Wang et al. (2019) revealed the importance of considering the environmental impact of C&D waste before and after the waste generation using an LCA approach [21]; and Llatas et al. (2021) analyzed waste management prevention scenarios including the upstream processes of material manufactory and transportation, and the downstream processes of waste disposal [38]. One limitation of LCA is that the analysis is linear and static [39], when in fact the factors influencing the carbon emissions of waste are not always static. The factors are affected by the interventions of many different waste management strategies as well as sophisticated dynamic interactions and multiple feedbacks among each other [40].
SD approach is based on the system thinking theory which holistically views a problem with understanding interrelationships between elements [41]. It has been approved as a powerful problem-solving tool to find optimal solutions to deal with complexity [42]. The dynamic interrelationships of the factors affecting the environmental performance of C&D waste have also been analyzed utilizing a SD approach [43]. Ye et al. (2012) identified major factors and assessed the environmental performance based on various C&D waste management alternatives [44]. Marzouk and Azab (2014) evaluated the environmental and economic impact of C&D waste recycling compared with landfills in Egypt through SD modeling [18]. Ding et al. (2016) assessed the environmental performance of C&D waste reduction management at the construction stage using SD, and one study measured the impact of C&D waste management on environmental factors from a water, air, and land perspective [20]. Ding et al. (2018) developed an environmental evaluation model for C&D waste reduction in the phase of design and construction [45]. By adopting a SD approach, Liu et al. (2020) analyzed the environmental impact of various C&D waste management scenarios, including illegal dumping, landfilling, and waste recycling in Guangzhou, China [46]. One of the limitations of SD is that the system boundary and factors for evaluating environmental performance are subjectively selected without using any standard method [25].
To cope with the limitations of these two methods and to explore an integrated method for evaluating C&D waste, this study integrates SD and LCA as a hybrid SD-LCA approach. This approach integrates life cycle thinking and system dynamics modeling to solve complex environmental problems [47, 48]. The integrated SD-LCA approach has been adopted and demonstrated its effectiveness in other research fields to deepen and broaden the life cycle assessment model. For example, Yao et al. (2018) analyzed mobile phone recycling in China using integrated SD-LCA method [49]; Bixler et al. (2019) integrated SD and LCA to simulate different green infrastructures for stormwater systems [40]; and Ren et al. (2020) integrated SD and LCA to evaluate the carbon footprint, energy, and cost of residential solar photovoltaic systems through a case study in Boston, USA [50]. 
1.3 Carbon emissions evaluation of BR
As mentioned above, the studies on C&D waste management are mainly focused on the new building construction and demolition projects. However, BR waste management is recognized as more complicated compared with new construction and demolition projects, as refurbishment involves partial dismantle and new construction in an integrated process [51]. According to Sustainability of Construction Works BS EN 15978 (2011), the calculation method for the assessment of environmental performance of buildings, the system boundary for calculating the carbon emissions of BR is in the following life cycle processes: the end of life of dismantled building components; new refurbishment material production and transportation; refurbishment construction; and waste management related to refurbishment [52]. 
Greenhouse gases (GHGs) are emitted throughout the whole life cycle of BR. The term carbon emissions is commonly used in studies quantifying climate change impacts, where GHGs emissions are weighted in terms of carbon dioxide () equivalents for aggregating impacts [53, 54]. Extensive studies have investigated the life cycle carbon emissions of BR in recent years. Several studies have investigated the carbon emissions of BR versus demolition and rebuild. For example: Ferreira et al. (2015) compared the environmental impact of the refurbishment and reconstruction for a heritage building in Lisbon, Portugal [55]; Weiler et al. (2017) studied the carbon emissions and energy consumption of building refurbishment compared with demolition and rebuild through an integrated LCA and energy simulation approach [56]; and Hasik et al. (2019) conducted a whole life cycle assessment for BR and new construction [57]. These studies have found that refurbishment produces lower carbon emissions than demolition and rebuild. Other studies focused on the tradeoffs of life cycle carbon emissions and energy consumption of BR through different refurbishment strategies. For example: Beccali et al., (2013) evaluated the environmental impacts on a building’s life cycle based on various refurbishment measures [58]; and Shadram et al. (2020) studied the multi-objective optimization to explore the various refurbishment measures on the trade-off for a building in Sweden through using a LCA approach [59]. These studies reveal that embodied environmental emissions are higher when operational energy performance is improved by energy refurbishment. Increasing attention is being paid to reducing life cycle embodied carbon for BR. For example: Ghose et al. (2017) conducted an environmental assessment of resource and waste management of a BR project in New Zealand that focused on the material and construction stage [60]; Opher et al. (2021) studied embodied carbon emissions from cradle to grave by LCA for a net zero carbon emission refurbishment project in Toronto, Canada [61]; and Ma et al. (2022) evaluated the whole life cycle of carbon emissions of C&D waste of BR from cradle to cradle though a case study in Suzhou, China [62]. These studies reveal that the whole life cycle assessment from cradle to cradle is necessary for evaluating carbon emissions of BR to achieve a circular economy for C&D waste management. According to the above studies, LCA is the most frequently used method for evaluating carbon emissions of building refurbishment.
However, little attempt has been made to evaluate carbon emissions of the whole life cycle of BR C&D waste through an integrated approach. This study therefore aims to develop an integrated SD-LCA causal loop model for evaluating the carbon emissions of BR C&D waste. The main steps in development of the model were as follows: the key factors for evaluating the carbon emissions of BR C&D waste were first identified based on the LCA method; semi-structured interviews with main stakeholders in the life cycle of BR C&D waste management were then conducted to validate the identified factors and find the causal effects between those factors; and finally, the causal-loop model for evaluating the carbon emissions of the life cycle of BR C&D waste was developed. The integrated SD-LCA causal loop model developed in this study could help decision makers to clearly visualize and understand current BR C&D waste management problems, and thereby make more strategic interventions to reduce carbon emissions during the life cycle of BR C&D waste.

2. Methodology
The LCA methodology is increasingly being adopted for assessing the environmental performance of waste management systems [63]. It has been adopted in C&D waste management since the end of the 1990s to evaluate potential environmental impact of alternative C&D waste management scenarios [64]. Current LCA studies follows four phases based on ISO14040 (2006) and ISO14044 (2006): “goal and scope definition”, “life cycle inventory (LCI)”, “life cycle impact assessment (LCIA)”, and “life cycle interpretation” [27, 28].
System dynamics (SD) is an approach of analyzing the dynamic non-linear behavior and pattern of changes over time of complex problems [65]. SD was initially developed in the field of management by Jay Forrester with his colleagues at Massachusetts Institute of Technology in the 1960s [66, 67]. The first step of SD modeling is to identify key factors of a complex problem. Then, the key factors and their interconnections are drawn in a qualitative causal loop model which aids in visualizing and better understanding the complex system [68]. The next step is to convert the causal loop model to a quantified stock and flow model. The key factors are identified as stocks and flows which interconnected with each other by feedback loops. The stock and flow model is numerical simulated in a computer software [69].
This study integrates the system dynamics and LCA approach toward a dynamic and holistic evaluation model for evaluating the carbon emissions of BR C&D waste. The integrated SD-LCA framework is illustrated in Figure 1. The system boundary, factors, and the inventory data of the factors for evaluating the carbon emissions of refurbishment waste are identified within the processes of the system boundary based on the LCA methodology. SD provides a modeling platform for demonstrating non-linear and causal effect characteristics between factors, which also involves stakeholder engagement in model development.
 [image: ]
Figure 1. Integrated SD-LCA causal loop framework
Based on the integrated SD-LCA framework, the causal loop model is developed as shown in Figure 2. The goal and system boundary are first identified based on the standard LCA method and EN15978:2011-Sustainability of construction works [52]. The preliminary factors for evaluating the carbon emissions of BR C&D waste are identified based on the processes within the system boundary. Semi-structured interviews were then conducted to validate the preliminary factors and provide evidence to develop the causal loop model. The causal loop model was developed using the SD development tool: Vensim PLE [70].

Figure 2. SD-LCA causal loop model development steps

3. Integrated SD-LCA causal loop model development
3.1 Goal and system boundary
The goal of this study is to develop a SD-LCA causal loop model to evaluate the carbon emissions of the life cycle of BR C&D waste. LCA methodology is used for identifying the system boundary and main factors.  The system boundary and main factors for evaluating the carbon emissions of C&D waste in the life cycle of BR is based on the standard BS EN15978:2011-Sustainability of construction works [52]. The upstream and downstream impact of the waste generation should be taken into account for evaluating carbon emissions of the whole life cycle of BR waste [62]. This study extends the system boundary to include the benefit of using secondary materials in substitute of raw materials in the material stage, as well as the benefit of reuse, recycle, and recovery of the waste. Therefore, the system boundary of the life cycle of BR C&D waste as illustrated in Figure 3, includes the dismantlement stage, refurbishment material stage, refurbishment construction stage, and refurbishment material at end of life (EOL) stage.
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Figure 3. Life cycle of BR C&D waste (Adapted from BSEN15978:2011)
Dismantlement stage assesses the impact of the waste generated from the old components’ dismantlement and removal from the BR site. The waste management process covers the waste collection (C2), waste reuse/recycle/landfill (C3-C4), and the benefit of reuse/recycle/recovery (D). The dismantlement waste collection includes the impact due to the transportation from site to the waste disposal destination. C3 assesses the impact of waste processing for reuse, recycle, or recovery, while C4 is the impact of waste for landfill. This study includes the environmental benefits of the material being reused or recycled, as well as the recovered energy resulting from C3 that has the potential to be used as resources.
Refurbishment material stage covers the impact of material production (A1-A3) and transportation (A4). A1-A3 covers the process from “cradle to gate” for the refurbishment material used in the BR. Transportation A4 includes the transportation of the refurbishment material from the manufactory gate to the BR site. The reason for including the refurbishment material stage in this study is to assess the impact of BR C&D waste from cradle to cradle, and to assess the impact of the secondary material produced from C&D waste back to the system.
Refurbishment construction stage assesses the impact of the waste generated from the refurbishment construction. The refurbishment construction waste management process covers the waste collection (C2), waste reuse/recycle/landfill (C3-C4), and the benefit of reuse/recycle/recovery (D). The refurbishment construction waste collection includes the impact due to the transportation from site to the waste disposal destination. C3 assesses the impact of waste processing for reuse, recycle, or recovery. C4 is the impact of waste for landfill. This study includes the environmental benefits of the material being reused or recycled, as well as the recovered energy resulting from C3 that has the potential to be used as resources.
Refurbishment material EOL stage assesses the impact of the refurbishment material when is not intended to be used and starts to be treated as waste, thus, this refurbishment material EOL waste must be managed. The waste management process covers the waste collection (C2), waste reuse/recycle/landfill (C3-C4) and the benefit of reuse/recycle/recovery (D). The waste collection includes the impact due to the transportation from site to the waste disposal destination. C3 is to assess the impact of waste processing for reuse, recycle, or recovery. C4 is the impact of waste for landfill. This study includes the environmental benefits of the material being reused or recycled, as well as the recovered energy resulting from C3 that has the potential to be used as resources.

3.2 Identify factors
The main factors for evaluating the carbon emissions of BR C&D waste are identified according to the system boundary outlined in section 3.1. The key factors for evaluating carbon emissions in four life cycle stages of BR C&D waste are identified based on BSEN15978:2011 as shown in Table 1. 
Table 1. Main factors for evaluating carbon emissions of BR C&D waste
	LCA stages
	Factors

	Dismantlement stage 
	Amount of dismantlement waste 

	
	Carbon emissions of dismantlement waste transportation

	
	Carbon emissions of dismantlement waste disposal (landfill/incineration/recycle)

	
	Carbon emission savings of dismantlement waste incineration/recycle 

	Refurbishment material stage
	Amount of raw/secondary material

	
	Carbon emissions of material production 

	
	Carbon emissions of material transportation to site

	Refurbishment construction stage 
	Amount of construction waste

	
	Carbon emissions of construction waste transportation

	
	Carbon emissions of construction waste disposal (landfill/incineration/recycle)

	
	Carbon emission savings of construction waste incineration/recycle

	Refurbishment material EOL stage
 
	Amount of refurbishment material EOL waste

	
	Carbon emissions of refurbishment material EOL waste transportation

	
	Carbon emissions of refurbishment material EOL waste disposal (landfill/incineration/recycle)

	
	Carbon emission savings of refurbishment material EOL waste incineration/recycle



3.3 Causal loop model development
A SD causal loop model is a qualitative tool serving as a fundamental step in solving problems in complex systems. The causal loop develops a model with factors, and causal loops between factors, to understand how individual factors work holistically in a non-linear system [71]. Many recent studies have developed causal loop models to analyze diverse complex systems [72-74]. Local stakeholders are engaged in the causal loop model development in order to confirm the factors and develop a model which better represents the system in as a real phenomenon [74]. Semi-structured interviews have proved effective for stakeholders’ engagement in causal loop development [75, 76]. In this study, the method of stakeholders’ engagement in development of the causal loop model was adapted from Agnew et al. (2018) [75]. Firstly, the stakeholders were selected according to the four life cycle stages of BR C&D waste management. The preliminary factors and pre-set questions were prepared before the interview. The semi-structured interviews with stakeholders related to the life cycle of BR C&D waste management and were conducted either individually or in small groups. There were four categories of stakeholders: four designers from a design company, three construction managers of refurbishment contractors, two managers in a C&D waste treatment company, and a head of the C&D waste management office in Suzhou.
Table 2. Stakeholders engaged in this study
	Interviewee
	Position
	Working experience
	Institution 

	1
	Designer
	5-10
	ARTS Group Co., Ltd.

	2
	Designer
	11-15
	ARTS Group Co., Ltd.

	3
	Designer
	5-10
	ARTS Group Co., Ltd.

	4
	Designer
	5-10
	ARTS Group Co., Ltd.

	5
	Project manager
	5-10
	Suzhou SIP Urban Renewal Development CO., LTD

	6
	Project manager
	5-10
	Jiangsu Yian Construction Co., LTD

	7
	Project manager
	11-15
	Jiangsu Yian Construction Co., LTD

	8
	Technical director
	5-10
	Suzhou Construction Material Recycling application Co., LTD

	9
	General manger
	5-10
	Suzhou Construction Material Recycling Application Co., LTD

	10
	Head of office
	5-10
	Suzhou C&D Waste Management Office



During each of the semi-structured interviews, which lasted between one and two hours, the factors at the four stages of the BR C&D waste life cycle were confirmed with the stakeholders. The following questions were asked to understand the process of BR C&D waste management in Suzhou and to help identify feedback loops and causal relationships.
· What is your role and responsibility in building refurbishment projects?
· Is building refurbishment waste management considered from a life cycle perspective (including planning and design stage, construction stage, dismantlement and waste disposal stage, and waste recycling/recovery stage)?
· Which life cycle stage are you involved with in building refurbishment waste management?
· What is your role in the building refurbishment waste management process?
· Can you describe the building refurbishment waste management process?
· What are the key factors in the process for evaluating the carbon emissions? 

4 Results and discussion
The casual loop model for evaluating the carbon emissions of BR C&D waste is formulated using the Vensim PLE 8.2.1 system dynamics simulation software [70]. In a causal loop model, factors are connected to feedback loops with an arrow and polarity. The positive (+) polarity indicates reinforcing (“R”) loop, which means “when a cause factor increases, the effect factor increases” and vice versa. A negative (-) polarity indicates a balancing (“B”) loop, which means “when a cause factor increases, the effect factor decreases” and vice versa. There are five causal loop models developed: the general model for evaluating the carbon emissions of the life cycle of BR C&D waste, a sub-model for evaluating the carbon emissions of the BR waste at the dismantlement stage, a sub-model for evaluating the carbon emissions of the BR waste at the refurbishment material stage, a sub-model for evaluating the carbon emissions of BR waste at the construction stage, and a sub-model for evaluating the carbon emissions of the BR waste at the refurbishment material EOL stage.
4.1 General model for evaluating the carbon emissions of the BR C&D waste life cycle
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Figure 4. Causal loop model for evaluating the BR C&D waste life cycle

The general model for evaluating the BR C&D waste life cycle is illustrated in Figure 4. As illustrated, when the building owner is not satisfied with the performance of the building, it is likely to be refurbished to improve the performance. The worse the performance, the more refurbishment measures are used to improve the performance. The more refurbishment measures required, the greater the carbon emissions from refurbishment material consumption and C&D waste generation. According to the system boundary of this study, the carbon emissions of BR C&D waste are generated in four life cycle stages: dismantlement waste carbon emissions at the dismantlement stage, refurbishment material carbon emissions at the refurbishment material stage, refurbishment construction waste carbon emissions at the refurbishment construction stage, and refurbished material EOL carbon emissions at the refurbishment EOL stage. The carbon emissions produced in these four stages account for the total carbon emissions of BR C&D waste. When the total carbon emissions are high, it causes carbon emissions reduction pressure to control the increase of the total carbon emissions.

4.2 Sub-model for evaluating carbon emissions of dismantlement waste
[image: ]
Figure 5. Causal loop model for evaluating carbon emissions during dismantlement
The sub-model for evaluating the carbon emissions of dismantlement waste is illustrated in Figure 5. As can be seen, there are 6 feedback loops for evaluating carbon emissions of BR C&D waste at the dismantlement stage. Four loops are balancing (B) loops and two loops are reinforcing (R) loops.
Loop B1: Dismantlement waste → Landfill → Landfill carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
Loop B2: Dismantlement waste → Incineration → Incineration carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
Loop B3: Dismantlement waste → Recycle → Recycle carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
Loop B4: Dismantlement waste → Waste transport carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
Loop R1: Dismantlement waste → Incineration → Incineration carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
Loop R2: Dismantlement waste → Recycle → Recycle carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Dismantlement waste
For B1, B2, B3 an increase in the dismantlement waste increases the amount of waste in landfilling, incinerating, recycling, therefore the carbon emissions of the process of the landfilling, incinerating, and recycling increase, eventually, the total carbon emissions increase. The same with the B4, the increase amount of waste will increase the amount of transportation. Thus, an increase in the transportation carbon emissions will eventually increase the total carbon emissions. An increase in the total carbon emissions has a negative impact, which will lead to carbon emissions reduction pressure. When the pressure is increased, a negative effect is eventually provided to control the total carbon emissions. For R1 and R2, the benefit of waste incineration and recycling will reduce the total carbon emissions of the dismantlement waste. 

4.3 Sub-model for evaluating the carbon emissions of refurbishment materials
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Figure 6. Causal loop model for evaluating carbon emissions of refurbishment materials

As can be seen from Figure 6, there are 4 feedback loops for evaluating carbon emissions of refurbishment materials. Three loops are balancing loops and one loop is a reinforcing loop.
Loop B5: Refurbishment materials → Raw materials → Refurbishment material carbon emissions → Refurbishment material total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment materials
Loop B6: Refurbishment materials → Raw materials → Refurbishment material transport carbon emissions → Refurbishment material total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment materials
Loop B7: Refurbishment materials → Secondary materials → Refurbishment material transport carbon emissions → Refurbishment material total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment materials
Loop R3: Refurbishment materials → Secondary materials → Refurbishment material carbon emissions → Refurbishment material total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment materials
For B5 and B6, an increase in the amount of raw material will increase the carbon emissions of the refurbishment material production and transportation. This in turn increases the total carbon emissions and then the increased carbon emission reduction pressure will control the carbon emissions of the refurbishment materials. For loop R3, an increase in the use of secondary materials will reduce the carbon emissions of refurbishment materials, thus reducing the total carbon emissions.

4.4 Sub-model for evaluating the carbon emissions of refurbishment construction waste
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Figure 7. Causal loop model for evaluating carbon emissions of refurbishment construction waste
The sub-model for evaluating the carbon emissions of refurbishment construction waste is illustrated in Figure 7. As can be seen, there are 6 feedback loops for evaluating dismantlement waste carbon emissions. Four loops are balancing loops and two loops are reinforcing loops. 
Loop B8: Refurbishment construction waste → Landfill → Landfill carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste
Loop B9: Refurbishment construction waste → Incineration → Incineration carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste
Loop B10: Refurbishment construction waste → Recycle → Recycle carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste 
Loop B11: Refurbishment construction waste → Waste transport carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste
Loop R4: Refurbishment construction waste → Incineration → Incineration carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste
Loop R5: Refurbishment construction waste → Recycle → Recycle carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment construction waste
For B8, B9, B10, an increase in refurbishment construction waste increases the amount of waste in landfill, incineration, and recycle, and increases the carbon emissions of those processes and ultimately increasing the waste treatment carbon emissions and the total carbon emissions. The same with B11, an increasing amount of waste will increase the amount of transportation, which will increase the transport carbon emissions and ultimately increase the total carbon emissions. An increase in the total carbon emissions has a negative impact, which will lead to carbon emissions reduction pressure and eventually provide a negative effect to control the total carbon emissions. The loop R4 and R5 will reduce total carbon emissions due to the benefit of carbon savings from the incineration and recycle.

4.5 Sub-model for evaluating the carbon emissions of refurbishment material EOL waste
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Figure 8. Causal loop model for evaluating carbon emissions of refurbishment material EOL waste

There are 6 feedback loops for evaluating refurbishment material EOL waste carbon emissions. Four loops are balancing loops and two loops are reinforcing loops.
Loop B12: Refurbishment material EOL waste → Landfill → Landfill carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste
Loop B13: Refurbishment material EOL waste → Incineration → Incineration carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste
Loop B14: Refurbishment material EOL waste → Recycle → Recycle carbon emissions → Waste treatment total carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste
Loop B15: Refurbishment material EOL waste → Waste transport carbon emissions → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste 
Loop R6: Refurbishment material EOL waste → Incineration → Incineration carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste
Loop R7: Refurbishment material EOL waste → Recycle → Recycle carbon savings → Waste treatment total carbon savings → Total carbon emissions → Carbon emissions reduction pressure → Refurbishment material EOL waste
For B12, B13, B14, an increase in refurbishment material EOL waste increases the amount of waste in landfill, incineration, and recycle, thereby increasing the carbon emissions of those processes and eventually increasing the waste treatment total carbon emissions and total carbon emissions. The same with the B15, the increased amount of the refurbishment material EOL waste will increase the amount of transportation. This will increase the transport carbon emissions and eventually increase the total carbon emissions. The increased total carbon emissions has a negative impact, which will lead to carbon emissions reduction pressure that provides a negative effect to eventually control total carbon emissions. For R6 and R7, the benefit of carbon savings from the waste incineration and recycle will reduce the total carbon emissions of refurbishment material EOL waste.
The above five causal loop models (the general model for evaluating carbon emissions of the life cycle of BR C&D waste, the sub-model for evaluating carbon emissions of the dismantlement waste, the sub-model for evaluating carbon emissions of the refurbishment material, the sub-model for evaluating carbon emissions of the refurbishment construction waste, and the sub-model for evaluating carbon emissions of the refurbishment material EOL waste) have provided findings that are useful for decision makers to clearly visualize and understand the current problems associated with BR C&D waste management and thereby strategically intervene to reduce the carbon emissions in the life cycle of BR C&D waste

5 Conclusion and future work
This paper introduced a novel integrated SD-LCA methodology for reducing the carbon emissions of BR C&D waste. The qualitative integrated SD-LCA causal loop model was developed for visualizing the complexity of the life cycle carbon emissions of BR C&D waste with stakeholders’ involvement through a case study of Suzhou, China. The study has demonstrated the potential of the integrated SD-LCA modeling for evaluating the carbon emissions of the BR C&D waste from cradle to cradle by focusing on the causal loop feedback system and visually presenting four life cycle stages of BR C&D waste management. The main contributions of this research are as follows.
The integrated SD and LCA creates an innovative methodology for evaluating and mitigating carbon emission of BR C&D waste. The LCA provides a clear system boundary and factors which relates to the carbon emissions of BR C&D waste. SD provides a platform for modeling and visualizing complexity of inter-connections between factors in a non-linear BR C&D waste system. The integrated SD-LCA causal loop model developed in this study is useful for decision makers to more clearly visualize and understand the current problems associated with BR C&D waste management and thereby strategically intervene to reduce the carbon emissions in the life cycle of BR C&D waste. The SD-LCA causal loop models developed in this study provides useful findings and insights for the government and practitioner when considering carbon emissions related to urban revitalization, building refurbishment, and C&D waste management. 
The limitation of this study is that the causal-loop model is a qualitative model for visualizing the complexity of the life cycle carbon emissions of the C&D waste in BR. There remains a need to further convert the causal-loop model to a stock and flow simulation model to quantify carbon emissions. In addition, the stakeholders engaged in this study are mainly from Suzhou city, which is a typical developed urban city of China. The life cycle of BR C&D waste management situation may be different in under developed areas in China and other countries. 
Suggestions for future research resulting from this study are as follows. Firstly, the next step in this research is to convert the qualitative SD-LCA causal loop model to a quantitative SD-LCA stock and flow simulation model for evaluating various scenarios for mitigating carbon emissions of BR C&D waste. Secondly, the system boundary could be expanded to include evaluation of social and economic factors in addition to environmental factors. Thirdly, exogenous factors such as stakeholders’ attitudes, behaviors, and policies affecting carbon emissions of BR C&D waste could be investigated.
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