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Abstract

:

The power sector plays a significant role in carbon neutrality strategies, and the grid system is a crucial part of the power sector. In particular, with less mitigation potential from technology efficiency, the credit from whole life cycles is critical. This paper describes the investigation of the environmental impacts of various scenarios from the perspective of life cycles. By using the life cycle assessment (LCA) method, various grid systems are examined as a case study, including a traditional, renewable energy, and power storage grid system, as well as a microgrid, in Guangdong. The results highlight the fact that with the systematic improvement of a grid, significant environmental benefits can be achieved. For a grid system, optimization through technology has significant carbon reduction effects even if the power grid structure is not changed. Using renewable energy instead of traditional fuel can reduce the emission of 0.05 kg of CO2-equivalent greenhouse gas per 1 kWh of electricity produced, which is 7.9% of the baseline, and microgrid technology leads to a much greater carbon reduction potential of 23.8% of the baseline. The role of energy storage is undervalued due to the limitations of the data.
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1. Introduction


The power sector plays a significant role in carbon neutrality strategies. At present, there are various carbon reduction technologies emerging for power generation, grids, storage, and demand. These emerging technologies can also be combined to adapt to different situations. Renewable energy is regarded as the most important solution to carbon neutrality strategies, and there are many emerging technologies in this field. However, the utilization of renewable energy relies on the adaptation capacity of a grid. Energy storage can increase the flexibility of a grid, improve the load, frequency modulation, and voltage regulation ability, and optimize the grid tide distribution to improve the reliability of the power grid so that it can improve the adaptive capacity of renewable energy. Therefore, a power grid is the interface of the interaction of various elements in a power system for which either side’s dependence on a novel grid system will not only enable the projection of more renewable electricity and increase stability, but also enhance the efficiency in reducing carbon emissions [1,2,3].



While technological innovation has significantly reduced pollution in the past few decades, the understanding of the environmental impact of the power grid system has long been limited to the narrowly defined power transmission process, including line losses, the ecological environmental impact of power grid projects, solid waste, and the environmental impact of office facilities. In recent years, with the tightening of national environmental protection regulations and standards, the above environmental problems have been improved, especially line losses. At present, some companies have reached the best international level, and the possibility of further reducing their environmental impact is very limited. However, with the requirements of ecological civilization and carbon neutrality, a country will have higher environmental protection and energy conservation requirements for enterprises. Determining how to further tap the potential for this has become a major issue for power grid enterprises [4,5,6].



China is one of the main countries that has committed to achieving carbon neutrality by 2060, for which the grid system is a critical target. As illustrated in Figure 1, for China’s national target towards carbon neutrality, the technology for roadmap highlights, low-carbon electricity, and the grid system are important. Furthermore, with the shrinking carbon mitigation potential, determining how to uncover the mitigation potential via system innovation is critical. As shown in the highlights of Figure 1, the deep electrification model, as well as whole-life grid management including “source, grid, load, and storage,” has a significant second potential for environmental protection and energy conservation [4,7,8,9,10]. However, determining what kind of electrification model the grid companies will choose requires systematic accounting and identification using advanced methods.



Existing environmental impact accounting tools such as ecological designs, cleaner production audits, and ISO14001 are mostly principle-based regulations lacking specificity for different industries that have not been widely promoted. At present, some scholars have carried out research in the field of the comprehensive evaluation of a low-carbon grid. Carbon emission is taken into consideration for grid planning through the method of super-efficiency data envelopment analysis (SE-DEA) [11]. Existing studies with a particular focus on the Chinese context include, but are not limited to, the following: Tan Wei et al. categorized the main methods for a smart grid to reduce carbon emissions in power generation, transmission, distribution, and electricity consumption; they developed the low-carbon index evaluation system for a smart grid and discussed the specific steps to evaluate the low-carbon level of a smart grid [12]. Gu Wenzhao established a low-carbon efficiency evaluation method framework [13]. Sun Yanlong developed a set of comprehensive evaluation index systems based on the life cycle of a grid for planning, construction, operation, and equipment and applied this to the Jiangsu grid and some cities in Shandong [14]. Niu Xinsheng et al. analyzed the low-carbon development of the Shandong grid in terms of the transmission loss, utilization rate, and comprehensive evaluation of the low-carbon benefit [15]. Tan et al. evaluated the carbon dioxide emission coefficient and energy consumption of a regional distributed grid in Jiangxi Province using the life cycle evaluation method [4].



Life Cycle Assessment (simplified as LCA in the following context) is a prevailing analytical tool that quantifies the entire life of a product from design, manufacture, assembly, transportation, use, maintenance, and scrapping to recycling and regeneration, and finally, to disposal. The environmental impacts of energy and raw material consumption, waste discharge, and other indicators in the cycle are evaluated [16,17,18,19,20,21]. The life cycle perspective can fully reflect the environmental impact of the power grid production methods and technical routes, expand the scope of the power grid environmental impact, and highlight the criticality of technology path selection in a diverse technology and market environment. There have been emergent studies that assessed the environmental impacts of grid systems [22,23], storage technologies [24,25,26], and grid management from the life cycle perspective with LCA applied [27,28]. However, these studies were mainly focused on the technology level, e.g., materials for storage technologies, or on the macro level for national or regional grids. Applying LCA as a support tool to analyze and optimize a grid system’s structure and supply chain in a Chinese context is still an emerging field requiring more intensive study.



Based on the above, the aim of this study is to contribute to the following research gaps: (1) The establishment of the existing evaluation system mainly focuses on the identification of low-carbon elements in a grid, and the measurement of the low-carbon potential of structural elements has not been unified. In this study, LCA is conducted to investigate the systematical effects and perform a comparison with traditional technical innovation. (2) Existing studies have paid more attention to traditional grids, and there has been little discussion on energy storage systems, microgrids, and other new technologies. In this study, a comprehensive evaluation of a low-carbon grid is performed with the incorporation of multiple elements, including a micro-grid, structural optimization, and location-oriented renewable energy projection. (3) We collected first-hand data from the power grid enterprise to conduct research within the Chinese 14th Five-Year Plan context.



The remainder of this paper is organized as follows. After this Introduction section, Section 2 presents the methods and data. Section 3 describes the analytical results and provides a discussion of the results. Finally, Section 4 presents the conclusion and policy implications.




2. Methods and Materials


2.1. LCA


LCA is a technique used to quantify the environmental impact of a product (or service) from raw material acquisition through end-of-life disposition (cradle-to-grave). As an environmental management tool and preventive environmental protection method, life cycle assessment is mainly used to assess the environmental load caused by a product, process, or production activity by determining and quantifying the use of energy and materials and the environmental discharge of waste, by evaluating the impact of energy, material utilization, waste discharge, and environmental improvement methods.



In this study, a standard LCA is performed using the steps illustrated in Figure 2:




	(a)

	
Defining the analysis (the scope of the LCA): The purpose and significance of carrying out the life cycle assessment and the expected use purpose of the research results, such as improving the environmental performance of the system itself, using it for environmental declarations, or obtaining environmental labels are explained. The research objects that need to be determined include the functional units, system boundaries, time ranges, impact assessment ranges, and data quality requirements.




	(b)

	
Inventory analysis (Life Cycle Inventory, simplified as LCI in the following context) or logistics inventory (Inventory Analysis): Data are collected, and the calculation program is designed. The purpose is to quantify the relevant input and output variables of the product system. Input and output variables generally include the resource usage related to a system, as well as emissions to air, water, and land. After the data collection is completed, the above data are explained based on the results of the purpose and scope of the LCA.




	(c)

	
Impact Analysis: A product system is reviewed from an environmental perspective by using impact types and type parameters related to the LCI results, and information for the life cycle interpretation stage is provided. The impact analysis consists of four steps: determining the type of impact and the types of parameters, selecting a characterization model, classifying and characterizing the impact, and quantifying the results of the evaluation.




	(d)

	
Life cycle interpretation: The life cycle interpretation is based on the findings of the previous stages of LCA or LCI research. This includes analyzing results, forming conclusions, explaining limitations, making recommendations, and reporting the results for the life cycle interpretation.




	(e)

	
Improvement Analysis: Recommendations are made based on the evaluation results.









In developed countries such as European countries and the United States, due to the relatively complete life cycle databases, life cycle concepts and LCA analysis methods have been widely used in energy system analysis and renewable energy evaluation. The applications mainly involve designing system analysis and evaluation indicators such as carbon emissions, climate change, acid rain, ozone layer holes, land use, economic costs, and the impact on society for the energy system or new energy technology from resource extraction to power generation. Then, the whole life cycle process of waste discharge is examined for comprehensive analysis or evaluation. Although the current international life cycle method can systematically and comprehensively evaluate different renewable energy technologies from multiple angles, because China does not currently have a complete database, it is not yet possible to use this method for the development of new energy systems and sources. In China, the existing research that cannot be used is mostly focused on the elaboration of concepts and the construction of a framework, and quantitative analysis is lacking. One of the key development directions in the future is to improve the construction of life cycle databases related to energy systems and new energy technologies, improve new energy technology information databases, and provide a higher-level information platform for the analysis and evaluation of energy technologies and policies.




2.2. Scenario Design


In this study, a mature comparative LCA analysis is performed based on the design of novel scenarios. Mainstream grid technology and the recent pilot practices of the company are taken into consideration for scenario design. We try to explore the differences between various technology schemes from the perspective of carbon emissions. To answer this, we design four scenarios for analysis. The detailed scenario considerations are illustrated as follows:



Typical life cycles of the grid system are simplified into four aspects, as shown in Figure 3: (1) Source: This refers to power generation, including thermal power, wind power, photovoltaics, hydropower, and nuclear power. (2) Grid: This refers to power transmission and distribution, including through substations, overhead lines, and cable lines. (3) Storage: This refers to electricity storage for electric vehicles and others. (4) Load: This refers to electricity consumption, including by enterprises, users, and electric vehicles, as well as for storage.



It should be noted that the grid system involves the entire process of the source, grid, storage, and load. Therefore, the grid system has various modes based on whether there is energy storage and the location of the energy storage, which can be determined from the situation. The actual production model includes all the components of the whole life cycle process illustrated in Figure 3. The transmission, transformation, and distribution processes are mainly supported by various facilities, equipment, chemicals, and fuels. The facilities and the equipment refer to the primary and secondary equipment such as transmission lines, towers, insulator strings, overhead lines, transformers, reactors, and capacitors. Power refers to the actual power generation structure. For thermal power, efficiency is an indicator of coal consumption. Other energy sources have their own efficiency indicators, and their facilities and equipment are not included in the life cycle of the power grid. Energy storage includes chemical energy storage and physical energy storage. This includes investment in facilities and equipment as well as inputs in materials. The user side mainly includes the level of electrification and efficiency, and its facilities and equipment are generally not included.



Based on the typical life cycles of the grid system, and with consideration of the local situation, the scenarios are designed and summarized, as shown in Figure 4.



The details of the scenarios are as follows:




	
Baseline scenario (Scenario 1): This is the current status (2020), including the current power supply structure and current grid layout.



	
Scenario 2: This contains an optimized power supply structure and introduces renewable energy power generation scenarios.



	
Scenario 3: The power structure in this scenario is the same as that in scenario 2, while energy storage is added and the per kilowatt amount of electricity is transmitted to the user, and the energy storage accounts for 0.023 degrees.



	
Scenario 4: The power supply structure and the energy storage in this scenario are the same as those in scenario 3, but a distributed function mode is added, and 30% of the power supply share is selected.








The basic data for scenario setting are presented in Table 1.




2.3. System Boundary and Functional Unit


Based on the scenario design, the system boundary of this study goes from resource exploitation to product delivery and includes the production stage of the upstream raw materials, as well as that of the auxiliary materials and energy; the power generation stage of thermal power, hydropower, solar power, nuclear power, and wind power; and the transmission and distribution process, energy storage process, and microgrid process, as shown in Figure 4. The system boundary does not include power station construction, transportation of raw materials and auxiliary materials, or the infrastructure of other facilities in the power generation stage. The detailed system boundary for key scenarios is shown in Figure 5, Figure 6 and Figure 7.



According to the system boundary and scenario design, the functional unit is defined as 1 kWh power passing through the regional power grid to end-users.




2.4. Data and Assumptions for Scenarios


According to the scenario design and the baseline data collection in Table 1, the basic data analysis for each scenario for follow-up LCA is presented below:



Scenario 1 is the baseline, and the data are presented in Table 1 (left column). The first scenario is the situation in 2020 for the Guangdong power grid. The data are the real data that are provided by the company. In terms of the total power generated in 2020, 28.95% was purchased from outside Guangdong, while the remainder was generated in Guangdong, of which thermal power, hydropower, nuclear power, wind power, and solar power account for 67.86%, 5.65%, 22.99%, 2.04%, and 1.46%, respectively. Scenario 2 focuses on the optimization of the power supply structure. The second scenario is the planned situation for 2025 for the Guangdong power grid, which is different from the first scenario in terms of the power source. The purchased percentage of power from outside the province falls from 28.92% to 25%, while the other 75% is generated inside the province. The percentage of thermal power falls from 67.86% to 60%, the percentage wind power and solar power rise, and the percentages of hydropower and nuclear power remain unchanged. The data are from the 14th Five-Year Plan of the company.



For scenario 3, the energy storage is added. The third scenario adds the storage component, which is not listed in the 14th Five-Year Plan of the company but is strongly encouraged. The power source is the same as that for the second scenario. According to national policy, any electricity generated from renewable sources should be equipped with a storage capacity of at least 20%. It is calculated that for every 1 kWh of electricity for the user, the power transmitted through the energy storage link is 0.023759 kWh. According to the analysis results given in the literature, some studies have shown that the efficiency of the charger is 95–96%. It is assumed that the charge and discharge efficiency of the lithium iron phosphate battery in the energy storage station in this report is 0.9 (the discharge efficiency refers to the ratio of the energy released by a battery to the energy input during a charge and discharge cycle). The real data for the material consumption of the storage process are from a pilot project in the province.



Scenario 4 is the focus of the research. The fourth scenario is the most recommended, and it represents the future trends of the power system that includes the source, grid, storage, and microgrid. The real data for material consumption are from the Xiangwei station demonstration project in Dongguan city. For the input proportion of the microgrid and the central power, according to the scenario setting, 30% of the microgrid power supply is defined, and the centrally generated power supply accounts for 70% of the energy storage component; that is, for 1 kWh of power for the user, the power transmitted through the storage path is 0.0759 kWh. In terms of central power generation, the proportions of thermal power, hydropower, wind power, solar power, and nuclear power are the same as those for the second and third scenarios.



The assumption of the LCA model of scenarios is summarized in Table 2.




2.5. Data Sources and Software


The data for the scenarios are composed of two parts: (1) The main inventory data come from the China Life Cycle Basic Database (CLCD) and the Ecoinvent 3.6 databases. (2) The scenario-related data, e.g., the engineering data and volume data, come from the firsthand survey based on the project. The data temporal representativeness is 2019, and the geographical representativeness is Guangdong Province.



Due to the large scale of the data, in this study, LCA software is applied to quantify the impact assessment for scenarios comparison. We apply the software to build the scenarios (material and energy input and output relations) based on the scenario design. We also calculate the impact assessment based on the impact coefficients. The built-in database of the software offers the coefficients for the materials and energy, which is applied to calculate the environmental impact such as the global warming potential (GWP). The software will support the calculation on large scale inventory data.



Considering this study applies many first-hand data, the localized database “China Life Cycle Basic Database (CLCD)” is applied. One prevailing online LCA analytical platform, named “eFootprint” (https://www.efootprint.net (accessed on 10 January 2022)) is applied. It is developed by EKE Environmental Technology Co., Ltd., Chengdu, China, which is a major local commercial company for LCA software development. The software system supports full life cycle process analysis and has a built-in mainstream LCA database such as the EU ELCD database and Ecoinvent database, as well as Chinese localized database CLCD. The CLCD database used in the research is an industrial average database developed by EKE based on the core model of the life cycle of China’s basic industrial systems. It includes inventory datasets for major domestic energy, transportation, and basic raw materials.



The eFootprint (Beta version) supports analysis on 14 environmental impacts categories, has the built-in algorithms for material composition and emission factors. The online interface is also user friendly to build scenarios. It also integrates many supply chain data based on the survey to improve the built-in database.





3. Results and Discussions


The inventory analysis and the impact assessment for the indicator according to the scenario design are listed in Table 3, Table 4, Table 5 and Table 6.



The detailed impact assessment is shown in Figure 8a–d. Through the LCA, it can be seen that the environmental impacts of different scenarios are different. When examining the impact of a grid’s entire life cycle, one cannot focus only on carbon emissions. The power structure has a decisive impact on carbon emission reduction. The use of renewable energy instead of traditional fuel can reduce the emission of 0.05 kg of CO2-equivalent greenhouse gas per 1 kWh of electricity produced, which is 7.9% of the baseline. However, for the grid system, optimization through technologies has significant carbon reduction effects even if the power structure is not changed. In scenario three, energy storage stations are added based on clean energy, thus increasing the power grid’s capacity to absorb renewable energy. Theoretically, this optimization on the grid side should further increase the carbon reduction potential of the power grid, but the calculated result for the carbon reduction potential in scenario three is almost the same as that in scenario two. The current energy storage technology is not mature, and phosphoric acid batteries used in the process of adding energy storage stations usually produce more carbon emissions. Although storage can increase the clean energy power proportion and decrease the power loss, which can lead to carbon emission reduction, this potential cannot be calculated due to the lack of data. Scenario four applies microgrid technology to the power grid, showing a good carbon reduction potential. In this case, the production of 1 kWh of electricity can reduce 0.15 kg of CO2-equivalent greenhouse gas emissions, which is 23.8% of the baseline, and the carbon reduction potential is 300% of that of scenario two.



According to the general analytical results, several points are highlighted:




	(1)

	
Although scenario four has the lowest lifetime carbon emissions, its other environmental impacts, including metal resource consumption, ecotoxicity, and eutrophication, are significant compared to the other scenarios. Its metal consumption, water consumption, eutrophication potential, and ecotoxicity per unit yield are 5.07 times, 2.48 times, 4.48 times, and 5.14 times, respectively. These results suggest that the contribution of the microgrid to carbon emission reduction may be accompanied by an increase in other aspects of environmental compliance.




	(2)

	
The above is mainly caused by the following factors. First, a microgrid is a type of distributed model, and compared with a traditional centralized grid, it requires the construction of a larger number of smaller but fully functional sites, including power stations, substations, and transmission lines, which results in more consumption. Second, the construction and use of a microgrid have a scale effect. The larger the power generation is, the lower the environmental cost is. The data used in this study are from the Xiangwei Station project in Guangdong Province, which is only involved in a small part of power transmission as a pilot project at present. Compared with the power transmission in the first three scenarios, the scale of this project is much smaller; so, the materials consumed per unit of power and the impact caused by the project are relatively larger.




	(3)

	
In some cases, the construction of the infrastructure only accounts for a very small percentage of the total impact that is usually not included in the inventory, while in our case, this percentage accounts for a very large proportion of the total impact due to the very small scale.




	(4)

	
The calculation result of the environmental impact is very large. A microgrid and means for energy storage will increase metal consumption, which can be offset by resource recovery. It is suggested that resource recovery or a waste recycling strategy should be implemented to offset metal consumption.










4. Conclusions and Policy Implications


4.1. Conclusions


On 25 February 2021, the National Development and Reform Commission of China issued the development guidance of “promoting the integration of source-grid-load-storage” and “multi-energy complementary” drafted by the National Energy Bureau. This policy put forward the idea of optimization of the local power supply side, the grid side, and the load side, and could foster the advanced technology breakthroughs and innovation of the mechanism of a power system. In this study, we examine the full life cycle of a grid, which is in line with the national policy. The conclusions have implications for the technical improvement and policymaking of a power grid.



This study shows that thermal power is still the main source of carbon emissions on the power generation side. Accelerating the transformation of the energy structure and improving the proportion of renewable electricity such as wind power, photoelectric power, and nuclear power can significantly reduce carbon emissions.



The results of the LCA prove that the structural reform on the power grid side can greatly promote carbon emission reduction. The carbon reduction potential of applying microgrid technology to the grid is three times greater than that of adjusting the energy structure alone. However, in practice, the potential of carbon reduction in the grid has not been fully explored. At the technical level, large capacity storage technology and pumped storage technology are relatively immature. The microgrid scenario has a promising prospect of carbon reduction, but it could lead to a significant increase in resource consumption and environmental pollution, which is not in line with the concept of the coordinated development of pollution reduction and carbon reduction. At the management level, most of the current optimization reforms are in the initial and pilot stages, meaning they cannot provide the full range of the scale effect of new technologies and can easily lead to the waste of construction and operation costs.




4.2. Policy Implications


According to the critical findings, several policy implications are highlighted for further discussion:




	(a)

	
This study uncovers the fact that the second mitigation potential can be achieved via grid system improvement, e.g., incorporating a micro-grid. From the perspective of the implementation of this type of systematic innovation, the fundamental infrastructures will be important. Therefore, we recommend that the policymakers offer the necessary support and an incentive package for the grid infrastructure construction.




	(b)

	
We also highlight the benefits of thinking and managing power systems in terms of the life cycle. In operation, this requires more harmonious collaboration with multiple stakeholders over the complete life cycles (or rather, the complete supply chains). In addition, this calls for attention from policymakers to address novel regulations with consideration of the complete life cycles.




	(c)

	
Finally, we perform an accounting of environmental and low-carbon benefits for the grid system. The LCA is proven to be a powerful and systematic method. Therefore, we recommend the further application of LCA for carbon credit accounting and the relevant databases, particularly the enterprise data reporting schemes for database construction.










4.3. Limitations


Finally, as a preliminary study, there are also several limitations that need to be discussed and resolved in the future. The processes are interconnected with a tree structure, require a wide range of data, and are difficult to collect data for. Additionally, some scenarios in this study are forward-looking. Considering possible scenarios in the future, there is no completely consistent case for research. Only analogous research can be performed. Therefore, this study cannot achieve optimal data integrity, and appropriate adjustments are made. For the energy storage link, the analogy of the car energy storage battery is used. For the power transmission link, the cable insulation shell is not considered. For the power generation link, the grid demand is oriented, and the construction of various power stations is not considered. The role of power storage is not obvious because of the cost. This study takes a power grid as the primary research object and does not consider the consumption and waste of electricity before going online; as a result, the role of energy storage cannot be quantified.



Concerns about future improvements include the following: (1) Calculating the electricity before going online, taking into consideration the electricity wasted because of the loss of the energy storage link, and studying and comparing the environmental impact changes before and after the grid system is added to the energy storage link. (2) Strengthening the integrity and accuracy of the data and trying to add things such as cable insulation shells for research.
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Figure 1. China’s carbon neutralized technologies highlights. * According to “State Council of the Action Plan for Carbon Dioxide Peaking Before 2030”, China aims to develop the new energy storage devices under the installation volume of 30,000 MW by 2025. 






Figure 1. China’s carbon neutralized technologies highlights. * According to “State Council of the Action Plan for Carbon Dioxide Peaking Before 2030”, China aims to develop the new energy storage devices under the installation volume of 30,000 MW by 2025.



[image: Energies 15 04214 g001]







[image: Energies 15 04214 g002 550] 





Figure 2. LCA framework. 
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Figure 3. Life cycle process for the grid system. 
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Figure 4. Scenario design in this study. 






Figure 4. Scenario design in this study.



[image: Energies 15 04214 g004]







[image: Energies 15 04214 g005 550] 





Figure 5. System boundary of the Guangdong Power Grid for users. 
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Figure 6. System boundary of the microgrid. 
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Figure 7. System boundary of thermal power. 
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Figure 8. Results of impact assessment. (a) Results and comparison of global warming potential (GWP). (b) Results and comparison of primary energy demand (PED) and water utilization (WU). (c) Results and comparison of acidification effect (AP) and eutrophication effect (EP). (d) Results and comparison of ecological toxicity (ET). 
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Table 1. Summary of scenario data for energy structure.
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Baseline 2020

	
Renewables 2025




	
Energy Source

	
Amount (108 kWh)

	
Proportion (%)

	
Amount (108 kWh)

	
Proportion (%)






	
Outsourcing

	
2057.5

	
28.95

	
2200

	
25




	
In-province fossil fueled

	
3425.7

	
67.86

	
3960

	
60




	
In-province hydrology

	
285.4

	
5.65

	
372.9

	
5.65




	
In-province nuclear

	
1160.8

	
22.99

	
1517.34

	
22.99




	
In-province wind

	
102.9

	
2.04

	
419.76

	
6.36




	
In-province solar

	
73.7

	
1.46

	
330

	
5




	
Total

	
7106

	

	
8800
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Table 2. Assumptions of the LCA model.
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	Name of Process
	Assumptions





	Storage process
	According to the analysis results given in the literature, some studies have shown that the efficiency of the charger is 95–96%. We assume that the charge and discharge efficiency of the lithium iron phosphate battery in the energy storage station in this report is 0.9 (discharge efficiency refers to the ratio of the energy released by a battery to the energy input during a charge and discharge cycle).



	Electricity transmission (to users)
	For the input proportion of the microgrid and the central power, according to the scenario setting, 30% of the microgrid power supply is defined, and the centrally generated power supply accounts for 70% of the energy storage. In the central power generation, the proportions of thermal power, hydropower, wind power, solar power, and nuclear power are calculated according to the proportion of the new energy generation scenario.



	Distribution process
	According to real-world conditions, the line loss of the Guangdong power grid is defined as 0.4.



	Upstream of the transmission system (power generation)
	In the central power generation, the proportions of thermal power, hydropower, wind power, solar power, and nuclear power are calculated according to the proportion of the new energy generation scenario.
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Table 3. Results for scenario 1.
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	LCA Indicator
	Unit
	LCA Results





	GWP (global warming potential)
	kg CO2 eq
	0.63



	PED (primary energy demand)
	MJ
	9.21



	WU (water usage)
	kg
	1.75



	AP (acidification potential)
	kg SO2 eq
	1.23 × 10−³



	EP (eutrophication potential)
	kg PO43− eq
	9.48 × 10−4



	ET (ecological toxicity)
	CTUe
	0.21



	HT-cancer (human toxicity–cancer)
	CTUh
	1.26 × 10−8



	ADP-minerals and metals
	kg Sb equivalents
	4.02 × 10−6







CTUe: comparative toxic unit for ecosystems, CTUh: comparative toxic unit for humans, eq: equivalent.
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Table 4. Results for scenario 2.
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	LCA Indicator
	Unit
	LCA Results





	GWP
	kg CO2 eq
	0.58



	PED
	MJ
	9.14



	WU
	kg
	1.71



	AP
	kg SO2 eq
	1.14 × 10−³



	EP
	kg PO43− eq
	9.41 × 10−4



	ET
	CTUe
	0.21



	HT-cancer
	CTUh
	1.27 × 10−8



	ADP-minerals and metals
	kg Sb equivalents
	4.02 × 10−6
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Table 5. Results for scenario 3.
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	LCA Indicator
	Unit
	LCA Results





	GWP
	kg CO2 eq
	0.58



	PED
	MJ
	9.18



	WU
	kg
	1.72



	AP
	kg SO2 eq
	1.15 × 10−³



	EP
	kg PO43− eq
	9.49 × 10−4



	ET
	CTUe
	0.21



	HT-cancer
	CTUh
	1.28 × 10−8



	ADP-minerals and metals
	kg Sb equivalents
	4.06 × 10−6
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Table 6. Results for scenario 4.
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	LCA Indicator
	Unit
	LCA Results





	GWP
	kg CO2 eq.
	0.48



	PED
	MJ
	7.64



	WU
	Kg
	4.34



	AP
	kg SO2 eq
	1.09 × 10−³



	EP
	kg PO43− eq
	4.26 × 10−4



	ET
	CTUe
	1.08



	HT-cancer
	CTUh
	6.58 × 10−8



	ADP-minerals and metals
	kg Sb eq.
	2.04 × 10−5
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