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Abstract:



Electricity consumption is often the hotspot of life cycle assessment (LCA) of products, industrial activities, or services. The objective of this paper is to provide a consistent, scientific, region-specific electricity-supply-based inventory of electricity generation technology for national and regional power grids. Marginal electricity generation technology is pivotal in assessing impacts related to additional consumption of electricity. China covers a large geographical area with regional supply grids; these are arguably equally or less integrated. Meanwhile, it is also a country with internal imbalances in regional energy supply and demand. Therefore, we suggest an approach to achieve a geographical subdivision of the Chinese electricity grid, corresponding to the interprovincial regional power grids, namely the North, the Northeast, the East, the Central, the Northwest, and the Southwest China Grids, and the China Southern Power Grid. The approach combines information from the Chinese national plans on for capacity changes in both production and distribution grids, and knowledge of resource availability. The results show that nationally, marginal technology is coal-fired electricity generation, which is the same scenario in the North and Northwest China Grid. In the Northeast, East, and Central China Grid, nuclear power gradually replaces coal-fired electricity and becomes the marginal technology. In the Southwest China Grid and the China Southern Power Grid, the marginal electricity is hydropower towards 2030.
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1. Introduction


China has been becoming the world’s leading manufacturer. The population has exploded and the standard of life has increased over the past decades. All these activities have caused an increase in the energy consumption, especially regarding electricity. In order to meet the rapidly increasing electricity demands in China, the power capacity also has to be increased at a rapid pace. Power capacity changes are aimed at shutting down inefficient and highly polluting power plants and investing in new power plants based on both fossil fuels with high efficiency and renewable resources [1,2]. Fossil fuels, especially coal, are the dominant resource in the energy system and in power generation, which accounted for around 67% of total power capacity in 2014. Fossil fuels play a major role not only in the existing power generation but also in the newly installed power technology. In the meantime, national supports for renewable energies have also grown since the Renewable Energy Law was implemented in 2006 [3]. The Chinese Central Government intends to convert energy systems into sustainable systems due to climate change, and international and national environmental pressure. In 2016, the Chinese government signed the Paris Agreement with the goal to cut its carbon emissions per unit of Gross domestic product (GDP) by 60%–65% by 2030 from its 2005 levels, and was set for 40%–45% in 2020. It also aimed to increase non-fossil fuel sources in primary energy consumption to about 20% and peak its carbon emissions by 2030. The high CO2 emissions in China are mainly due to its huge dependency on fossil fuel. One major factor for substantial CO2 reductions is to shift from fossil fuel power generation to renewable energy sources. The Chinese government shut down coal power plants and now promotes renewable energy investment to meet the target for the end of the decade [4,5]. Hydropower represents the second largest power technology invested in from 2010 to 2014. The total capacity of hydropower was 201.37 GW [6,7]. After the Fukushima Daiichi nuclear disaster, the Chinese central government put off nuclear power projects. However, under the pressure of its emissions goal for 2020, nuclear power has been considered to be crucial in China’s strategy to decrease its reliance on fossil fuel after 2014. Not only were the suspended nuclear power projects restarted, but new nuclear projects have also been approved [8,9,10]. Wind power, another sustainable energy source, has been the fastest-growing power technology over the past years in China, which has increased from 51.94 GW in 2010 to 86.82 GW in 2014.



Local electricity consumption is mainly supplied by power generated from the regional power grids, namely (1) the North China Grid; (2) the Northeast China Grid; (3) the Central China Grid; (4) the East China Grid; (5) the Northwest China Grid; (6) the Southwest China Grid; and (7) the Southern China Power Grid. Owing to the large regional variation, potential resources for energy production, and variations in electricity consumption, renewable energy development has been given different roles and investments in different regions (Figure 1). Figure 1 shows the regional power generational trends from 2010 to 2014, which differ from the national generation trend. In the region of the North China Grid and Northeast China Grid, wind power and thermal power were the two main newly installed technologies. In the region of the Southwest China Grid and Southern China Grid, hydropower was almost twice as high as thermal power in terms of newly installed technology. Therefore, the national power demand changes do not reflect changes or impacts of power consumption in the regional power grids.


Figure 1. Power capacity in the regional grids in China in 2010 and 2014; unit: GW. Source: Reproduced with permission from [6,11].
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Energy consumption, especially electricity, is often identified as a hotspot for the outcomes of life cycle assessment (LCA) studies of different products, industrial activities, or services both inside and outside of China [12,13,14,15,16]. The electricity consumption is so important that many studies have conducted an LCA to address the CO2 emissions from electricity production itself [17,18,19,20]. The problem is not just the lack in knowledge of the electricity consumption, but also how electricity information in used in LCA models. In most of the LCA studies in China, the average electricity from the national grids or the electricity generated from coal is employed to analyze the environmental impacts [14,16]. It is a very inaccurate and arbitrary conclusion that China’s power and the energy consumption will be based on coal. Therefore, this paper aims to capture the electricity sources in the seven regions of China and provide a picture of consequences arising from increasing or decreasing electricity demands in these regions.



The main purpose of this paper is to identify the affected power technology when increasing or decreasing electricity consumption in different regions of China between now and 2030. The affected technology can be employed to conduct future LCA studies. The following six sections will attempt to achieve the objective. In the first section, the importance of this paper and the development of electricity generation are introduced. In the second section, the methodology for identifying marginal electricity technology is elaborated on and the national marginal electricity technology is reviewed and discussed. In the third section, current developments and achievements of the power generation are analyzed. The developments of the power grid in the next 10 years are discussed in this section too. In the fourth section, the marginal supply of electricity generation technology is identified in two scenarios considering grid capacity assumptions. In the fifth section, the uncertainty of identifying marginal power technology process is discussed. In the last section, the results and discussion of the fourth and fifth sections are concluded upon.




2. Method


2.1. Life Cycle Assessment


LCA examines environmental impacts throughout a product’s life cycle from cradle to grave, from raw material acquisition through production, use, and disposal [21]. The methodologies originated in the late 1960s, focusing on process use of energy and raw materials, but in the beginning of the 1990s, it took a great leap forward that led to standardization and development of many competing methods that now cover many different impact categories. The International Reference Life Cycle Data System (ILCD) handbook, which was developed by European Commission Joint Research Centre (EC-JRC), provides guidance for conducting an LCA [22]. Four mandatory phases and two optional phases are defined, which are the goal and scope definition, inventory analysis, impact assessment, interpretation, normalization, and weighting. These phases are also in consonance with the international standards on LCA [21,23].



“Electricity consumed” data used in LCA studies is a critical factor in modeling LCA and comparing LCA studies from different practitioners. The major task is to trace the power source from a power grid, which is normally mixed with different power generation technologies. The results of LCA analysis might have a big difference in choices of power technologies [19]. The methods for assessing the impacts of electricity consumed in the life cycle of a product have been, and remain to be, a highly debated question [24,25,26,27]. Two main approaches of modeling LCA try to address this question, named (1) attributional approach and (2) consequential approach [25]. The differences between the two methods are the result of the choice of goal and scope definition, and system modeling [25,27,28]. Attributional LCA addresses the physical material flows to and from a product or a process, while consequential LCA describes changes of environmental flows in response to potential demand changes or policy decisions. Average data and marginal data are used that correspond to attributional and consequential LCA studies.




2.2. Marginal Technology


In consequential LCA, in order to analyze changes, the technology, which is affected by a small change in demand, needs to be identified. This affected technology is called marginal technology. Thus, marginal technology is the technology that can respond to changes in demand on the market. The approach to identifying long-term marginal power technology is mainly based on the current and future power generation, energy regulation, and energy system development. In this paper, the marginal electricity will be identified considering both national power strategy, and regional electricity demand and energy resource availability. The process can be organized into five steps [29,30]. The functional unit of the analysis is 1 KWh electricity.

	
What time horizon does the study apply to?



	
Do the changes in production volume only affect specific processes or is a market affected?



	
What is the trend in the volume of the affected market? If a market is affected, we must determine the relevant market segment.



	
Does this technology have a potential to provide the desired capacity adjustment?



	
Is this technology the preferred object of the desired capacity adjustment?








According to the methodology, step 1 is to define the time perspective. Based on the national planning and available data, the marginal electricity technology applies to 2030 for this paper. This methodology is also applied to verify the historical marginal electricity since 2000. With statistics of the historical electricity capacity with different technologies, the actual marginal technology is identified. Step 2 is to define the market boundary. Boundary conditions are important in LCA studies and energy system analyses and must be adequately taken into account. The system boundary is developed based not only on the physical product flow but also market information, i.e., information on alternative energy substitution in different market segments and regional markets, and market reaction to these choices. In this paper, both national and regional electricity markets are under analysis. Step 3 is to define the volume changes of the electricity markets. The trend of power capacity will be elaborated on and analyzed in Section 3. Step 4 is to define the technology with the capacity of providing demand adjustment. The proposed marginal technology should not be constrained, i.e., by resource available and political restraints. Step 5 is to define the technology that is the preferred technology based on the demand.



Marginal electricity is the most affected electricity generation technology if the demand for electricity changes either for long-term marginal technology or for short-term marginal technology. The short-term marginal technology is the effect of short-term electricity demand changes. It is the existing technology which responds to a small change in demand. The long-term marginal technology is the technology responding to the long-term electricity demand changes or planning. Long-term marginal technology compared with short-term marginal technology involves replacement of power generation equipment [29]. In the power sector, long-term technology was identified by the 2.0 report at the national perspective both in China and a number of other countries [31]. Short-term marginal power technology has been identified in Demark. The authors argued that long-term marginal power technologies need to be a part of the energy system in the end. In the energy system, marginal electricity production is based not only on the marginal change in power capacity, but also on the energy system [32,33]. Long-term marginal power technology does not have a direct relationship with short-term technology. For example, if electricity demands are increasing in one region, and it is decided that all future investment is to be in wind power, then the long-term marginal power technology will be wind power. After the wind power has gone into operation, the energy system would balance the electricity production from different energy resources. This is if we assume that the existing coal power plants with low efficiency are turned off during off-peak load electricity demand and turned on during peak load electricity demand. In this case, even though wind power is the long-term marginal technology for the current energy system, the short-term marginal technology will not be wind power; it will be the old coal power plants with low efficiency that still exist in a new energy system.



The increased power demand requires that the marginal technology has the ability to meet this increased demand. It should exclude constrained technology and resources. The constrained technologies include those subject to natural, political, or market constraints. The natural constrained technology cannot meet the demand adjustment due to technology limitations or constrained resources. The politically constrained technology is not the preferred technology that meets the demand adjustment by policy strategy. Renewables are politically preferred energy sources to meet electricity demands. The renewable power technologies are hydropower, wind power, biomass and waste power generation, solar energy, and other renewable energy. Biomass is mainly the byproduct of agricultural, forestry, or human activities. Biomass is therefore constrained by resources that do not have the potential to provide the desired electricity capacity adjustment. Wind power and solar energy are constrained by resources and the transmission capacity to the power grid for at least the next 10 years. Wind power and solar energy have the potential to become the marginal technologies with the development of energy storage technology and grid transmission capacity in the future. Therefore, the potential marginal power technology includes technologies that are coal power technology, hydropower, and nuclear power. Since some technologies cannot be adjusted to the potential demands, they are excluded marginal technologies, like wind power and solar power.





3. Power System


3.1. National Power Generation Technology and Planning


In China, the demand and consumption of energy and electricity have been increasing since the beginning of 20th century. The energy investments shifted from only fossil fuels in the beginning to both fossil fuels and renewable energies in the past 20 years. Even though fossil fuels, mainly coal, will continue to be the main energy source of China’s power generation, the increased energy resources are becoming more diverse than ever. Electricity production based on oil, gas, and geothermal are too small compared to other energy resources, as natural gas and oil are consumed mainly by transportation in China. By the end of 2014, among the coal power plants in operation, more than 70% of the coal-fired generators employed subcritical technology with the capacity of 300 MW [6]. Statistics and planning for the power productions from the Chinese energy authority are the main data source of electricity production. According to the National Energy Technology 12th Five-Year Planning, the total power capacity was planned to be 1437 GW by 2015. The actual installed power capacity is 15038 GW, which is higher than the planned power investment [11]. Thermal power capacity was planned to be 933 GW by 2015, which was actually 990.21 GW in 2015. The installed capacity was approximately the planned capacity. The planned thermal power capacity will reach 1160 GW by 2020. The capacity of hydropower was planned to be 284 GW, and was 319.37 GW in 2015. The total annual theoretical amount of energy output is 6082.9 TWh based on possible water resources within the limitations of current technology in China. The total gross theoretical capacity is 694.4 MW, and the technically exploitable capacity is 541.64 MW. Based on the water resources, the capacity of hydropower can reach about 350 GW by 2020 [34]. By 2030, the expected capacity would be 52 GW, and the remaining investment of hydropower is in the branches of the rivers situated in Sichuan and Yunnan (35.5 GW). By 2020, hydropower capacity would be 330 GW. By 2030, all water resources, except for those of Tibet, will be developed. The aim of promoting renewable power is to reduce the dependency on fossil fuels, because the electricity demand was expected to increase steeply. As the construction process of nuclear power plants might take decades, the capacity of nuclear power is predicted based on the nuclear plants which are currently being constructed or approved to build between 2020 and 2030. In 2010, electricity production was double or even triple compared to that in 2000. Wind power and nuclear power, as the new energy sources, began to come into the market between 2000 and 2010. In order to estimate power production, the average operation hours in 2015 was taken as the operation hours. The annual operation hours of thermal power was 4329 h, which decreased to 410 h compared with that in 2014. The annual operation hours for hydropower was 3429 h, which decreased to 48 h compared with that in 2014; the annual operation hours of nuclear power was 7350 h, and the annual wind power operation hours was 1728 h. The reason the operation hours of power generation decreased in 2015 is that Chinese economic growth slowed down, which was also the reason for lower electricity demand than expected. Electricity production from different technologies from 2000 to 2030 are shown in Table 1.



Table 1. Electricity production in China in 2000, 2010, 2020, and 2030.







	
Technology

	
Electricity Production TWh

	
Consequential Change TWh




	
2000

	
2010

	
2020

	
2030

	
2000–2010

	
2010–2020

	
2020–2030






	
Thermal power 1

	
1018

	
2670

	
5022

	
5641

	
1652

	
2352

	
619




	
Hydropower 2

	
234

	
675

	
1246

	
1643

	
439

	
571

	
397




	
Wind power 3

	
0

	
52

	
188

	
588

	
52

	
136

	
400




	
Nuclear power 4

	
0

	
75

	
452

	
849

	
75

	
377

	
397




	
Biomass energy and others

	
11

	
2

	

	

	
−8

	

	








The electricity productions in the years 2000 and 2010 are mainly from the Chinese national energy statistics [2,11,35]. 1 The capacities of thermal technology for years of 2020 and 2030 are compared with Chinese data from International Energy Agency (IEA) 2015 [1,2] and the operation hours are according to historical data in 2015. 2 The capacities of hydropower in 2020 and 2030 are calculated based on the potential hydropower resource in China and China’s hydropower development planning [34]. The operation hours are according to historical data in 2010. 3 The capacities of wind power in 2020 and 2030 are calculated based on China’s wind power outlook for 2030 [36]. The operation hours are according to historical data in 2015. 4 The capacities of nuclear power are calculated based on current and planned installed nuclear power in 2015 [10].








Table 1 shows that the changes among power technologies in China from 2000 to 2030. The largest increased power productions are expected during the period between 2010 and 2020, which is calculated as 3434 TWh in total. The electricity generated from thermal power plants accounts for the largest share of both power production and increased power productions since 2000 until 2030. The shares of electricity from thermal power are decreased from around 73% to 65% for the period of 2020 to 2030. On the contrary, the shares of renewable-based electricity are increased dramatically, especially wind power and nuclear power. With such data, the actual national marginal electricity is identified, which is coal, which means the electricity generated based on coal is employed in the LCA studies.




3.2. Regional Power Generation Technology and Planning


The demand determines the investments; however, the national electricity demand cannot represent the regional situation. National energy planning and power regulations are formulated by the central government. Regional energy planning, especially power generation planning following national planning, is created by local authorities based on the local potential energy resources. The power demand is not equal in different regions; normally the demand is higher in the east than in the west. This unequal power demand causes the reallocation of electricity generation investment. Due to the energy resource allocation, renewable energies are expanding both in terms of capacity and geographical spread. The most likely energy scenario in China is more diverse than before, and because economic development is slowing, the energy demand is getting lower than expected.



In order to increase coal utilization efficiency and cut the transportation distance, large coal-fired power plant bases are planned to be built up in the areas rich in coal resources, which can combine coal mining and coal power in the closest area. Coal is mainly located in the provinces of Inner Mongolia, Shaanxi, and Shanxi. These three provinces are situated in the North China Grid and Northwest China Grid, respectively. China still has great potential for hydropower in the next 10–20 years, as there are large hydropower resources in the western regions, where hydropower has not yet been explored. Therefore, hydropower is not a constrained technology, according to marginal technology methodology. The development of hydropower will be more focused in the regions of southwestern and central China in the next 10 years. By 2020, the hydropower resources in the eastern and central regions of China will be explored more than 95%; the hydropower resources in the western region will be explored more than 60% [11]. After 2020, the main hydropower development will be located in southwestern China. The national nuclear power projects and planning were postponed after Fukushima accident. However, due to the increasing concern about air quality and depletion of energy resources, the national central government approved new nuclear power projects and planning [8,9,10]. The new planned installations for nuclear power generation are mainly located in the East China Grid and China Southern Power Grid.



Nationally, coal-based power generation technology took the largest share of newly installed electricity generation from 2000 to 2010. The hydropower investment took the second place for power generation investment in China during that time period. When coming to the regional power grid market, it is a different picture compared to the national investment (Figure 2). From 2000 to 2010, coal-based electricity technology was the largest power investment technology in China’s regional power grid except for the Southwest China Grid; hydropower had been the main power technology in the Southwest China Grid since 2000. Hydropower power had been installed in the southwest region, where water resources are mainly located. The objective of this regional power grid is to increase the efficiency of hydropower utilization and transmission to the North China Grid and East China Grid. In the North and Northwest China Grids, coal-based electricity takes the largest share of newly installed electricity generation from 2000 to 2030, especially in the Northwest China Grid. These two regions are rich in coal reserves, but low energy consumption. In the Northwest China Grid, coal-based electricity technology accounts for 95% of the new investments from 2010 to 2020, which decreases to 70% between 2020 and 2030. In the North China Grid, coal-based electricity technology contributes around 50% of the increased power generation from 2000 to 2030. In the Northeast China Grid, the shares of newly coal–based power generation decrease gradually from 85% in 2000 to 24% in 2030. Wind power has the largest increase in electricity technology from 2020 to 2030. In the East China Grid, the investment mainly focuses on nuclear power and wind power after 2010. In the Central China Grid, nuclear power, replacing thermal power and hydropower, becomes the largest newly installed power technology after 2010. In the Southern China Power Grid, increased electricity generation is a mix of these three power technologies, which are coal-based power generation, hydropower, and nuclear power. The shares of nuclear power and hydropower increase gradually.


Figure 2. The share of newly installed power generation in the regional grids in China from 2000 to 2030.
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3.3. Power Grid Structure and Development


After years of development and reformation, the power industry established two large state-owned grid companies in 2002, namely the State Grid Corporation of China and the China Southern Power Grid Corporation. The State Grid Corporation of China included five regional power grids, which were the Northeast, North, Central, East, and Northwest China Grid at that time. The objective of the power reformation was to build a fair competitive electricity market and power grid connections. The two main reasons for grid connections are energy resource distribution and power demand differences in China. The coal mines are located mostly in the Northwest China Grid and the hydro potential mostly in the southwest, where the electricity load centers are in the coastal areas of eastern China. Thus, the long distance transmissions and interconnection between regional grids are needed. Since the reforms in the power sector, the National Grid Company has connected the provincial grids to the inter-regional grid [37]. The interconnection with the regional power grid started with the connection between the North China Grid and the Northeast China Grid in 2001. After the Three Gorges Dam started operation, the Central China Grid—where the biggest hydropower was located—became the main electricity deliverer to other regional power grids. In 2003, the Central China Grid was connected to the China Southern Power Grid and the East China Grid. The Central China Grid completed the nationwide grid interconnection after being connected to the Northwest Power Grid [38]. Later, with the completion of the Three Gorges Dam and transmission system, the Central China and Northwest China Grids were connected in June 2005 [39]. Considering the distribution of the energy resources of the country and the development strategy and analysis of the power demands, a new regional power grid, named the Southwest China Grid, was established in 2015, which covers Sichuan, Chongqing, and Tibet. These three provinces have the largest potential hydro resource. The main purpose of the new regional power grid is to transfer hydroelectricity to the neighbor grids more efficiently.



The main electricity receiver is the East China Grid, which gets electricity from the regional grids close to the region. In order to balance energy resources and energy consumption, the ideal development of the power grid is to build a large national power grid [39]. The Chinese government has increased investment in the regional transmission of various generation resources into the power grid with a long distance. The power grid interconnections in China become nationwide, but the inter-regional/province-connected power grid is still weak and the capacity of interconnection transmission is low (Figure 3). The electricity from the Northeast China Grid, mainly generated from coal and wind power plants, was transmitted to consumers in the North China Grid. Electricity generated from hydropower in the Central China Grid was transmitted to consumers in the South China Grid and East China Grid. Electricity generated from coal power plants in the Northwest China Grid was transmitted to meet the electricity demands of the regions in the Central and North China Grids. The electricity transmission was also carried between hydropower in the Central and Southwest China Grids, and thermal power in the Northwest and North China Grids. Based on the current grid transmission capacity, China has not built a strong nationally connected grid. In 2014, the total electricity transferred between regional grids was 270.76 TWh, which accounted for less than 4.8% of total electricity consumption (Figure 3). The largest electricity receiver is the East China Grid in 2014, which received 148.4 TWh from the North, Central, and Southwest China Grids. The power grid utilizations of the interconnection between regional grids were more than 50% of their design capacity, except the ultra-high voltage (UHV) power grid between the North and Central Grids. The power grid utilization between the Northeast China and North China Grids was 90% of the design capacity, which was 80% from the Northwest China Grid to the North China and Central China Grid. In order to manage the regional power grid, the Southwest China Grid was established in order to transfer green electricity to the East China Grid. The data showed that the transmission capacity between regional grids was lower compared to the electricity demand. Based on the current grid transmission capability between regional grids, it is unrealistic that the increased demand for electricity in one region relies on transmission from another region. The electricity transmission capability between inter-regional grids highly relies on the grid infrastructure.


Figure 3. The transmitted electricity between regional grids in 2014. Source: Reproduced with permission from [6].
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3.4. Interconnections Power Grid Transmission Planning


Besides the exploitation of the huge potential hydropower mostly in the southwest, most coal deposits and large-capacity wind farms are located in the northwest of China. The energy consumption is concentrated in the more urbanized and highly populated eastern and southern regions of China. The unbalanced distribution of energy resource supply and demand requires regional power interconnection and a great amount of transmission. Electricity, generated from coal-rich regions in northern and western China is transmitted to developed regions in eastern and southern China, which is more efficient than physically transporting coal. The strength of transmitting electricity, instead of energy resources, can easily be seen from hydropower and wind power, where the energy resource cannot be transported. The UHV technology can overcome the mismatch between the geographic locations of major energy resources and the country’s main electricity load centers.



Based on the planning of the power grid network in China, China plans to build the seven regional power grids interconnecting with the UHV power transmission grid. The State Grid Corporation has focused its efforts on building up a UHV network to serve as the backbone for a system that will incorporate large-scale, intermittent, renewable power from remote sources [6]. The long-distance transmission networks and active power distribution networks can fully link the hydropower as well as wind and coal energy resource bases in western China with main electricity load centers in the east and south of the country. By 2020, China plans to build a strong power grid with UHV AC and UHV DC technology that joins the North, East, and Central Grids as the receiving electricity sides, and the Southwest and Northwest Grids as main sides for delivering electricity [40]. The plan of UHV AC line includes at least three “west–east” transmission lines and three “north–south” long-distance lines across the country (Figure 4). Accordingly, huge power flows are delivered from thermal power plants in the north and northwest and from hydropower plants from the southwest to the electricity load centers in the east and center of China, as shown in Figure 4. With significant enough installed capacity in a new coal-fired power plant, the North and Northwest China Grid would be in a position to export electricity to the East China Grid via existing UHV lines. Along with huge hydropower investment in the southwest of China, electricity generated from hydropower station in the Southwest China Grid would be transmitted to consumers in the South and East China Grid. If the smart grid with UHV technology can transmit electricity without obstacles among regional and local grids, this means these regional power grids will be connected completely.


Figure 4. China’s national power grid plan for 2020. Source: Reproduced with permission from [41].
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4. Results


Even though the transmission capacity will continue to be expanded according to market demand, the current boundaries between regional power grids in China will continue to exist for a very long time. Under this situation, the power grids do not have the capacity to transmit all of the demanded electricity, and the electricity exchanges within regional power markets are furthermore dependent on the price level and differences in electricity prices in the Chinese market, which makes it necessary to make two scenarios of electricity market boundary to identify marginal electricity technology according to the methodology of identifying marginal technology.



One scenario is based on the assumption that the UHV power grid and smart grid strategy can make the Chinese power grid highly connected. This means that electricity demands in one region of China can be supplied and transmitted from any other regions. In this scenario, the electricity market is a fully connected national market. Another scenario is based on the current electricity market and grid transmission capacity. After the power sector reforms, the principal management of electricity transmission is the unified dispatch and hierarchical management in China. The inter-regional/province connected power grid is still weak. In this scenario, the electricity market is based on the regional markets. The connection of the regional grids is just a way to use energy resources and optimize the electricity transmission system. Based on the resource ability in regional grids and energy resources distribution, the marginal power technology in the regional grid is presented in Table 2.



Table 2. Marginal technology in China’s power generation sector towards 2030.







	
Regions

	
North China Grid

	
Northeast China Grid

	
Central China Grid

	
East China Grid

	
Northwest China Grid

	
Southwest China Grid

	
China Southern Power Grid

	
China






	
2000–2010

	
Coal Hydropower

	
Coal

	
Coal

	
Coal

	
Coal

	
hydropower

	
Coal

	
Coal




	
2010–2020

	
Coal

	
Coal

	
Nuclear power Coal

	
Coal Nuclear power

	
Coal

	
Hydropower

	
Coal

	
Coal




	
2020–2030

	
Coal

	
Nuclear power Coal

	
Nuclear power

	
Nuclear power Coal

	
Coal

	
hydropower

	
Hydropower

	
Coal










In the first scenario, the marginal electricity technology will be coal-fired electrical technology, which is the major power investment until 2030 (Table 2). The data of electricity consumption based on coal-fired technology can be employed to conduct consequential LCA of products. This is also how most of LCA studies collect data of electricity consumption in China. In the second scenario, the marginal technology is identified in the regional grids. The marginal technology is shown in Table 2. Coal-fired technology accounts for the major share of the newly installed electricity generation in the North, Northeast, Northwest, and East China Grids from 2000 to 2020, which defines coal-fired technology as the marginal technology in these regions for this period of time. From 2020 to 2030, nuclear power will replace coal-fired generation technology and become the marginal technology in the Northeast and East China Grids. In the Central China Grid, coal-fired technology was the marginal technology from 2000 to 2010. Marginal electricity technology shifts from coal-fired technology to nuclear power in the period from 2010 to 2030. In the Southwest China Grid, marginal electricity technology is hydropower from 2000 to 2030. In the China Southern Power Grid, marginal electricity technology shifts from coal-fired technology from 2000 to 2020 to hydropower of the period from 2020 to 2030. For the new investment of coal-fired technology, marginal supply technology would be cleaner coal technology (CCT). CCT would be a large capacity employing ultra-supercritical technology.




5. Discussion


Electricity consumptions are important and unique for LCA studies. However, it is impossible to trace the electricity generated in a given power plant through the transmission and distribution system to a specific electricity consumer. The consequence of increasing/decreasing electricity demands is to install new power capacity or to shut down the less efficient power plant in the long term. The newly installed power technology from increasing electricity demand scenario and the closed power technology from decreasing electricity demand scenario is identified as marginal technology. The Chinese energy demand is predicted (by International Energy Agency (IEA)) to peak around 2030 [2], so the marginal electricity technology is supposed to be the newly installed power technology, which is likely the most competitive technology. The national marginal technology is identified as coal-fired technology. The marginal technology in regional power grids is identified as the newly invested technology response to the increased electricity demands and green energy transition. Hydropower, which would normally be regarded as “constrained” from a resource availability point of view, could actually be regarded as the capacity installed in order to meet electricity demands until 2030. So, hydropower is identified as the marginal technology in the Southwest China Grid and the China Southern Power Grid. Nuclear power is also an alternative of power technology in the central and eastern regions, where there is lack of fossil fuels. In the North and East China Grids, the largest investment of power technologies is wind power from 2020 to 2030, but wind energy is not identified as the marginal technology because of technology constraints, as discussed in the methodology. Nowadays, the pressure of wind power curtailment is still the constrained factor for wind electricity to meet the electricity demand. In the future, the wind power curtailment situation will be improved with the strengthening of the power grid technology improvement in the two regions of China, particularly the completion of the UHV line as the main channel of wind power transmission [42,43,44]. In the long term prognosis of the power system, electricity generated based on renewables may meet the entire electricity demand ultimately.



It is still unpredictable how the power generation market is going to develop in the future. The uncertainty of identifying marginal electricity technology will be dominated from forecasting regarding the market trends, market constraints, and technology development. The changes in the market volume result from the accumulation of a large amount of individual power investment. The individual power investment is typically a continuous process influenced by several parameters, e.g., energy policy, prices of different energy sources, and technology development. The cost determines the competitiveness of electricity technology. In general, the depletion of fossil fuels will cause the cost increase. On the contrary, the cost of renewable energies will continue to fall because of technology development. However, the cost itself, like a black box, holds high uncertainty, especially referring to future energy resources cost, environmental costs, social costs, and other additional costs. The longer time horizon included, the higher the uncertainty introduced in the determination of market trends and cost.



Marginal changes cannot be isolated to a single regional or national market, since the electricity market is highly influenced by the national and international policy. Quotas, taxes, or subsidies that are exclusively politically motivated, and not reflecting an underlying resource constraint, are often temporary and may in some situations be influenced by changes in demand. The decision to increase nuclear power and renewable energies has already been made and is being implemented. The ultimate goal of energy development would be that the entire power demand is met by renewable energies. Not all plans and policies presented in the publications are implemented or the policies may turn out not to have the planned effect. External factors, such as future fuel prices and CO2 quota prices, also may affect the marginal capacity to be installed. The situation is complicated by the fact that the various phases frequently give way to each other within just a short time and above all the transitions are not entirely predictable. It is therefore recommended to apply a sensitivity analysis to constraints based on such political regulation.




6. Conclusions


This paper has addressed the marginal technology on the basis of consequential LCA methodology towards 2030. The objective of consequential LCA studies is to address the consequence of a possible decision or policy planning. Employing data based on marginal technology instead of average technology can help LCA studies to assess the impacts of the marginal changes. China covers a large geographical area with a supply grid, that is arguably equally or less integrated. Therefore, we suggest an approach to achieve a geographical subdivision of the Chinese electricity grid, corresponding to the seven interprovincial regional power grids, namely the Northeast, North, East, Central, Northwest, and Southwest China Grids and the South China Power Grid. The results from our analysis can help with data collection regarding the electricity consumed in the LCA studies in different regions of China. In this paper, the arguments for choosing coal as the national marginal technology is based on either the fact that coal is often the cheapest solution when new capacity is built or the fact that coal is the easiest energy source to obtain and convert compared to others.



The current situation is that the power transmission grid capacity is very limited compared to the national electricity demand. Due to the imbalanced economic development and energy resources from these regions, consequences of increasing electricity demands are not the same. Even more importantly, the technologies and energy sources used (fossil fuels, hydro, nuclear, etc.) are different on the different grids. Hydropower has been identified as a potential marginal electricity technology in the Southwest Power Grid since 2000, and therefore the increased electricity demand has been met by hydropower. In the Northeast, East, and Central China Grids, nuclear power will gradually become marginal technology by replacing coal between 2010 and 2030. In the Northwest and North China Grids, where main coal bases are located, coal will be the new power technology investment in response to electricity demand.



The methodology of identifying the marginal technology is based on current information to predict future planning. The challenge of future studies is the uncertainty both from policy and technology development. In any case, the sensitivity analyses are recommended in the future studies.
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