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Nuclear power plays a crucial role in achieving the target of carbon neutrality to build a sustainable society. However, it is not “carbon-free” when considering its entire life cycle. Therefore, accurate accounting and monitoring of its generated carbon emissions are required to avoid miscalculations of nuclear energy as a clean energy source. In this study, the life-cycle carbon emissions of nuclear power plants (NPPs) with different reactor types are reviewed. In addition to the characteristic differences among different reactors, disparities in the review results originate from the varying emissions at the respective stages of the nuclear fuel cycle, technology choices at each stage and accounting methods and boundaries. The carbon emissions resulting from NPP construction and operation are underestimated due to the limited data and methods, which creates uncertainty in the evaluation of NPP carbon emissions. An integrated framework for carbon emissions accounting considering the construction and operation of NPPs (CACO-NPP) is proposed. This integrated framework aims to improve the accounting accuracy for carbon emissions originating from NPPs. An emerging Generation III NPP with the latest technology, HPR1000 (an advanced pressurized water reactor), was adopted as a case study. The results show that the total emissions resulting from vegetation loss, equipment manufacturing and labor input during construction and operation are 1232.91 Gg CO2 with a carbon intensity of 1.31 g CO2/kWh, indicating the notable mitigation capability of Generation III NPPs. By combining the maturity of HPR1000 technology with successive design improvements, the carbon emissions of such reactor types could be further reduced. This development is very important for realizing China’s carbon neutrality target.
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1 INTRODUCTION
China has pledged to realize CO2 emission peaking by 2030 and achieve carbon neutrality by 2060, which is referred to as the carbon peaking and neutrality targets (Yan et al., 2022). The required speed and scale of China’s emission reduction efforts are unique relative to other countries because the time is limited for China to reach the above targets (Guan et al., 2021). Since the power sector is the major source of carbon emissions during electricity generation and consumption, clean energy is an ideal choice to curb emissions (Li et al., 2018; Naimoğlu, 2022). Reportedly, to achieve the 1.5°C target, clean energy should account for 50% of the total energy sources by 2050 (IEA, 2019).
Nuclear energy supplies high base-load electricity, which is more reliable, sustainable and economic than other clean energy sources, such as hydropower, solar power and wind power (Rawat et al., 2017). Moreover, pursuing nuclear energy has become prominent to reach the Sustainable Development Goals (SDGs) including SDG 13 (climate action), SDG 7 (affordable, reliable and modern energy sources), SDG 12 (sustainable consumption and production modes) and SDG 11 (sustainable cities and communities) (Acheampong et al., 2017; Gunnarsdottir et al., 2021; Wang et al., 2023a). As a result of the SDG agenda adopted in 2015, countries are more eager than ever to deploy nuclear power aiming to pursue a sustainable environment and economic growth (Wang et al., 2023a).
Nuclear energy contributes to energy security and hence secures economic progress and social wellbeing in populous countries (Wu et al., 2022a). At the end of 2020, the world’s total nuclear power capacity reached 392.6 GW(e), generated by 442 operational nuclear power reactors in 32 countries, accounting for 10% of the world’s total electricity generation (IAEA, 2021). China has been committed to developing nuclear power in an active, safe and orderly way (Xi, 2022), witnessing a steady increase in electricity generation by nuclear power since 2010 (Gungor and Sari, 2022). China’s nuclear power generation in 2021 amounted to 407.14 billion kWh, increasing 11% over 2020 levels (Zhang et al., 2021). Generation III nuclear power plants (NPPs), represented by the latest technology (HPR1000), could have a promising future development potential, with 6–8 units constructed annually (Zhang et al., 2021).
Although no carbon is directly generated or released in the fission reaction due to the lack of fossil fuel consumption during nuclear electricity production, indirect carbon emissions are generated from the extraction and conversion of raw materials, construction of power plants and other process steps in the entire nuclear fuel cycle (Beerten et al., 2009). The nuclear fuel cycle is generally classified into two types: the once-through cycle (OTC) and the twice-through cycle (TTC). Spent fuels are directly discharged in the former mode, while unused fissionable materials are recycled through reprocessing in the latter mode. Both the OTC and TTC modes involve complex stages, including the front end (uranium mining and milling, conversion, enrichment and fuel fabrication), construction and operation of NPPs, back end (interim storage, conditioning, and reprocessing) and a final stage involving plant decommissioning (Atz and Fratoni, 2023). Varying estimates have focused on the carbon emissions of the nuclear fuel cycle (expressed in g CO2/kWh) for a specific reactor type or fuel cycle mode. However, few studies have compared carbon emissions originating from different reactor types and fuel cycle modes. Moreover, the critical stages and technological factors influencing carbon emissions from NPPs must be determined. Since carbon accounting is relevant in terms of reaching the Chinese carbon peaking and neutrality targets and is also the foundation of establishing a cap-and-trade system for carbon emissions (Xi, 2022), it is important to clarify the carbon emissions originating from different nuclear reactor types and formulate suggestions to reduce emissions of NPPs.
In this study, we aimed to provide a comprehensive and critical review of carbon emissions originating from NPPs with different reactor types, including pressurized water reactors (PWRs), light water reactors (LWRs), heavy water reactors (HWRs), boiling water reactors (BWRs), fusion reactors (FRs), fast breeding reactors (FBRs) and gas-cooled reactors (GCRs). The disparity of the review results was analyzed in terms of the various stages involved in the nuclear fuel cycle and process selection at each stage. Moreover, method-related factors, including accounting methods and accounting boundaries, were investigated to clarify the source of discrepancy in the review results. Furthermore, viable pathways were proposed to curb these carbon emissions within the context of the whole nuclear fuel cycle. Based on the abovementioned review and analysis, we established an integrated methodological framework to improve the accuracy of NPP emissions accounting. Based on the proposed framework, we analyzed the mitigation capability of a Generation III NPP using the latest technology (HPR1000) in China and elucidated the techno-economic aspects of this nuclear reactor type to provide a greater understanding. Finally, conclusions and implications were outlined, aiming to improve the sustainable development of the nuclear power industry toward achieving carbon neutrality.
2 REVIEW OF THE CARBON ACCOUNTING RESULTS FOR NPPS BASED ON DIFFERENT NUCLEAR REACTORS
Traditionally, estimates of carbon emissions of NPPs are based on the nuclear fuel cycle, focusing on the carbon emissions resulting from respective stages including mining, milling, refinery, conversion, enrichment and fuel fabrication in the front end, construction and operation of NPPs as well as interim storage, reprocessing, mixed oxide (MOX) fuel fabrication and final disposal in the back end. Moreover, the transportation of spent fuels and radioactive wastes is included. Table 1 provides an overview of the reviewed studies on carbon emissions based on the nuclear fuel cycle. The carbon emission results are reported as g CO2/kWh. Different studies show a wide disparity due to the diverse reactor types, various technological processes at each stage of the nuclear fuel cycle, applied accounting methods and considered accounting boundaries (Pomponi and Hart, 2021).
TABLE 1 | Reviewed carbon emissions of NPPs.
[image: Table 1]Figure 1 shows the carbon emissions in the respective studies for different nuclear reactor types. The number of case studies for LWRs, PWRs, BWRs, HWRs, FRs, FBRs, and GCRs are 10, 15, 6, 2, 4, 2, and 1, respectively (Table 1). The carbon emissions of LWRs, PWRs, BWRs, HWRs, FRs, FBRs and GCRs reach 6∼60, 2∼337.42, 11∼24.2, 3.2∼66, 9∼46.52, 2.33∼6.26 and 8.35 gCO2/kWh, respectively. Notably, the disparity of the results is larger for PWRs than for the other reactor types because the number of PWR-related studies is the largest with varying NPP locations and operational periods, as well as distinct accounting methods and research boundaries. The average carbon emissions of LWRs, PWRs, BWRs, HWRs, FRs and FBRs are 17.88, 42.94, 19.68, 37.40, 25.05, and 4.30 g CO2/kWh, respectively. The average emissions of PWRs are higher than those of HWRs because HWRs can be fueled with natural uranium or slightly enriched uranium (below 2%) (Wu et al., 2022b). Compared to PWRs, HWRs provide the advantage of not requiring an enrichment process for fuel fabrication, resulting in reduced energy consumption and carbon emissions. Compared to those of the other reactor types, FBRs produce the lowest carbon emissions on average because the uranium resource consumption and corresponding energy use in the front end and the volume of high-level radioactive waste are reduced due to the higher levels of uranium and plutonium recycling (Bodi et al., 2022). This result is consistent with the studies of Kadiyala et al. (2016) and Poinssot and Bourg (2021). The median carbon intensity of FRs is the highest due to its complex design and construction based on current conditions. Because the number of studies on GCR emissions is small, the objective results for these reactors and a comparison to other types of reactors should be further investigated in the future.
[image: Figure 1]FIGURE 1 | Quartile boxes figure of carbon emissions originating from the different types of nuclear reactors (PWR, pressurized water reactor; BWR, boiling water reactor; FR, fusion reactor; FBR, fast breeding reactor; GCR, gas cooled reactor).
3 REVIEW OF THE CARBON ACCOUNTING RESULTS FOR NPPS BASED ON THE DIFFERENT STAGES IN THE NUCLEAR FUEL CYCLE
To clarify the disparity among the reviewed studies, it is necessary to expand our focus and consider the whole nuclear fuel cycle, involving the front end, construction and operation of NPPs and back end. The considerable variability of carbon emissions at the respective stages is due to the differences in energy and material inputs. Moreover, the technology choices at each stage of the nuclear fuel cycle influence the carbon emissions of NPPs. Therefore, studying the carbon emissions at each stage of the nuclear fuel cycle and identifying the main factors influencing these emissions could be conducive to a comprehensive understanding of the disparity mentioned in Section 2.
3.1 Carbon emissions at the front end
The carbon emissions of the nuclear fuel cycle are related to the technology applied at each stage of the front-end nuclear fuel cycle. The carbon emissions produced in the front end, especially uranium mining, milling and enrichment, dominate the whole nuclear fuel cycle (Fthenakis and Kim, 2007; Sovacool, 2008).
3.1.1 Mining and milling
The carbon emissions resulting from mining and milling vary mainly due to the differences in mine type and ore grade. Uranium is mined via either open pit, underground excavation or in situ leaching methods. Compared to those of the latter two processes, open pits release higher carbon emissions due to the higher energy and material inputs (Lenzen, 2008; Sovacool, 2008). In contrast, in situ leaching involves the lowest energy and material consumption as milling is avoided. However, carbon emissions could also be generated due to the use of acid and lime in the process of uranium leaching and neutralization of leached tailings (Krūmiņš and Kļaviņš, 2023).
Ore grade is another factor affecting carbon emissions resulting from mining and milling. Emissions increase with decreasing uranium ore quality due to the higher energy and material consumption levels in mining and milling. When the uranium ore grade declines by a factor of ten, the energy inputs to mining and milling increase by at least a factor of ten (Mark and Peter, 2006). Parker et al. (2016) estimated carbon emissions resulting from uranium mining and milling in Canada, reporting that emissions increased from 0.9 to 2.2 g CO2e/kWh when the ore grade declined from 4.53% to 0.74%. Compared to other estimates, the highest carbon emissions resulting from mining and milling (24.73 g CO2e/kWh) were reported by van Leeuwen and Smith (2007), where the uranium ore grade reached only 0.06%, while the lowest emissions (0.1 g CO2e/kWh) were reported by Fthenakis and Kim (2007), where the uranium ore grade was 12.7%.
3.1.2 Enrichment
Enrichment is an indispensable stage in the front end of the nuclear fuel cycle involving uranium enrichment from the natural concentration to approximately 3% (typical for LWRs). Generally, the adopted enrichment methods mainly include gas diffusion and gas centrifugation. Gas diffusion is a much more energy-intensive technique and emits more carbon than gas centrifugation (Dones et al., 2005). Lenzen (2008) reviewed the energy requirements (in units of kWh/kg separative work unit (SWU)) for gas diffusion and gas centrifugation. The energy input of gas diffusion (2,400∼3,100 kWh/kg SWU) was significantly higher than that of gas centrifugation (40∼282 kWh/kg SWU) (Lenzen, 2008). Correspondingly, the carbon emissions resulting from gas diffusion could also be significantly higher than those resulting from gas centrifugation (Lenzen, 2008). The emissions resulting from gas diffusion (80 g CO2e/kWh) were approximately 10 times higher than those resulting from gas centrifugation (9 g CO2e/kWh), in which the electricity supplied for the former process is obtained from fossil fuels, while the electricity supplied for the latter process is obtained from renewable energy sources (Dones et al., 2004a). Moreover, the carbon emissions resulting from enrichment are prominent throughout the whole nuclear fuel cycle, accounting for 61.9% and 55.8% of the total emissions of the nuclear fuel cycle in the OTC and TTC strategies, respectively. The amount of carbon emissions resulting from enrichment is directly related to the source of the electricity supply (Hondo, 2005). Similarly, Lenzen (2008) reported that the emissions resulting from enrichment dominate the nuclear fuel cycle, accounting for approximately 37%∼65% of the total emissions. The contribution varied due to the different sources of the electricity supply. Adopting gas centrifugation and using renewable sources for electricity generation are effective measures to curb the carbon emissions resulting from enrichment and thus reduce the emissions of NPPs.
3.2 Carbon emissions resulting from the NPP construction and operation
The carbon emissions generated during the construction of NPPs result from the use of bulk materials and fossil fuels. Estimates of the carbon emissions resulting from construction and operation vary widely due to the methods adopted (IO or process chain analysis (PCA)), studied reactor type, input data and estimates and assumptions (Lenzen, 2008; Beerten et al., 2009). Sovacool et al. (2008) demonstrated that, compared to front-end emissions, the emissions originating from the construction phase are lower, accounting for approximately 12% of the total emissions of the nuclear fuel cycle. However, Poinssot et al. (2014) published contradictory findings, revealing that the contribution of the emissions resulting from construction is approximately the same as that of the front-end emissions. Similar results were also reported by van Leeuwen and Smith (2007) and Jiang et al. (2015). Compared to those of the commonly adopted PWRs and BWRs, the emissions resulting from the construction of advanced reactors, namely, FBRs and HWRs, are higher due to their more complex design and additional components (Bodi et al., 2022).
The carbon emissions stemming from the construction phase are currently underestimated. Studies on s NPP construction emissions are mainly based on approximate accounting of the emissions resulting from the consumption of steel, concrete, copper and cement (Ma et al., 2001; Fthenakis and Kim, 2007). However, detailed information on the input data is lacking, and accurate emissions accounting cannot be realized solely based on rough material consumption estimates (Beerten et al., 2009). Moreover, the construction of NPPs, especially nuclear islands, involves equipment with a large gross mass using advanced stainless steel for safety reasons. For instance, the total weights of the reactor pressured vessel and steam generator are approximately 418 and 365 tons, respectively, using 16MnD5 (the designation of carbon steel plates used specifically in nuclear power construction) as the main material, which is carbon intensive (Xing and Wu, 2020; Ju et al., 2022). The omission of carbon emissions resulting from equipment manufacturing could result in the underestimation of carbon emissions stemming from NPP construction. In addition to equipment manufacturing, there are other factors influencing carbon emissions during the construction phase that should be further investigated.
Similar to the construction stage, the carbon emissions resulting from the operation of NPPs vary widely. The reported emissions at this stage are low, accounting for approximately 6%∼17% of the total carbon emissions of the nuclear fuel cycle (Lenzen et al., 2006; Sovacool, 2008; Pomponi and Hart, 2021). In current studies, the emissions at this stage are underestimated because the emissions resulting from the manufacturing of equipment and replacement nuclear fuels and fossil fuel consumption for material transportation are generally omitted. Moreover, detailed input data for carbon accounting, such as the consumption of chemicals, electricity and diesel used during operation and maintenance, are difficult to obtain and analyze (Pomponi and Hart, 2021). Therefore, a systematic approach for accurate accounting of the emissions at the operation stage is needed.
3.3 Carbon emissions at the back end
The carbon emissions at the back end mainly result from the final disposal (in the OTC case) and reprocessing of spent fuels (in the TTC case). Sovacool (2008) estimated that the emissions at the back end only accounted for approximately 13% of the total carbon emissions of the nuclear fuel cycle. Similarly, Hondo (2005) reported that the OTC- and TTC-based emissions at the back end accounted for 3.4% and 6% of the total emissions of the nuclear fuel cycle, respectively. Poinssot et al. (2014) also found that back-end emissions only accounted for 7% or even less of the total cycle emissions. Although the reported emissions seem low relative to the total emissions of the nuclear fuel cycle, the results exhibit high uncertainty. The input data for back-end facilities are very limited because projects involving final repositories and reprocessing are generally confidential, and relevant input data are difficult to acquire. Therefore, back-end emissions are difficult to accurately estimate, and the present results may exhibit high uncertainty.
4 REVIEW OF THE ACCOUNTING METHODS FOR NPP CARBON EMISSIONS
4.1 Development of methods
Life-cycle assessment (LCA) is a widely utilized methodology to determine the environmental impacts of a given product or system on a life-cycle basis (Nitschelm et al., 2021). LCA has been used to evaluate the life-cycle carbon emissions of NPPs (Anshassi et al., 2021; Pomponi and Hart, 2021). The accounting methods for carbon emissions of the nuclear fuel cycle broadly involve bottom-up and top-down approaches (Pomponi and Hart, 2021).
PCA is a bottom-up approach that enables carbon accounting at the process level with high granularity (Nian et al., 2014). In PCA, process steps are systematically itemized and decomposed into subprocesses, where input factors relevant to carbon emissions are itemized, such as materials and energy (Ehmsen et al., 2021). PCA provides high granularity in accounting for carbon emissions resulting from each stage of the nuclear fuel cycle because it considers the materials and energy consumption of each engineering process (Liu et al., 2019). This method could provide useful insights given specific research objectives (products and processes) and when detailed inventory data are available (Pomponi et al., 2022). However, it is often difficult to acquire extensive and highly accurate data. Moreover, due to inconsistent and incomplete research boundaries, the PCA method fails to capture carbon emissions associated with auxiliary processes, services and supply chains (Xiong et al., 2021; Yu et al., 2021). For instance, some processes cannot be expressed as materials or energy used, and thus, corresponding emissions are impossible to determine via this approach (Voorspools et al., 2000). For instance, in large construction projects, it is very difficult to obtain detailed process-based carbon emission factors for equipment manufacturing with only monetary data (Li et al., 2021).
The top-down approach mainly includes the input-output (IO) method, which is a robust method for evaluating energy systems at the macroeconomic level by formulating IO tables. Embedded carbon emissions in end-products or services can be determined based on the average carbon emission intensity of each economic sector (Zhang et al., 2022). Regional IO and multiregional input-output (MRIO) models are two approaches to the IO method (Ali et al., 2018). The IO approach considers sectoral interactions and facilitates the quantification of complex linkages, providing a useful tool to clarify the embedded emissions in the whole production chain (Zhang et al., 2022). Generally, the IO method can be employed to effectively estimate and analyze direct and indirect sectoral carbon emissions (Li et al., 2023; Liu et al., 2023). However, some stages cannot be applied to all economic sectors, and thus, their emissions cannot be evaluated via the IO method. In addition, this approach imposes a time lag effect on carbon emission analysis (Zhou et al., 2023), lacks granularity at the engineering process level and fails to provide specific results for products and processes (Xiong et al., 2021).
White and Kulcinski (2000) compared the IO and PCA methods, demonstrating that the former approach could exhibit overestimation of the results because costs not directly relevant to carbon emissions originating from materials are involved as input. Moreover, the PCA method probably underestimates carbon emissions due to the neglect of embodied emissions in the supply chain. Previous work has shown that carbon emissions accounted for by the IO method are higher than those accounted for by the PCA method (Pomponi and Hart, 2021; Pomponi et al., 2022).
Considering the advantages and drawbacks of each method, a hybrid LCA approach combining both the IO and PCA methods has been widely applied, denoted as a hybrid LCA (HLCA) model (Xiong et al., 2021). The HLCA model provides a holistic perspective for carbon emissions accounting, and it has been reported that this hybrid method can yield more accurate results (Pomponi and Lenzen, 2018).
The materials used in the nuclear industry are normally expensive, labor intensive and energy intensive. The material cost generally integrates the costs of instrumentation- and control-related energy, extra energy for manufacturing and specification and labor use. These extra consumption aspects and corresponding indirect emissions are not involved in PCA (Fthenakis and Kim, 2007; Tang et al., 2022). Thus, the HLCA method has been applied in a series of studies to account for the carbon emissions of NPPs, combining the use of the IO and PCA methods (White, 2000; Lenzen et al., 2006; van Leeuwen and Smith, 2007; Lenzen, 2008; Warner and Heath, 2012; Pomponi and Hart, 2021). When possible, the PCA method can be employed, while the IO method can be adopted for carbon accounting of nonmaterial processes and complex equipment.
In addition to the LCA methodology, the average energy intensity (AEI) method has been applied to calculate the carbon emissions resulting from NPP construction (Pomponi and Hart, 2021). In the AEI method, the total cost is multiplied by the national AEI value. This method is easy to use but can suffer overestimation, with approximately 10 and 5 times higher emissions than those obtained using the PCA and IO methods, respectively (Lenzen et al., 2008).
4.2 Research boundary
In 21 of the 24 studies reviewed in this paper, the carbon emissions of NPPs were estimated based on the whole nuclear fuel cycle (Table 2), involving the front end, construction and operation of NPPs and back end. Voorspools et al. (2000) estimated carbon emissions resulting from the construction, maintenance and demolition of PWR-type NPPs. The estimated emissions were 2 and 4 g CO2/kWh based on the PCA and IOA methods, respectively, which are on the lower end of the range of estimates for PWRs (2∼337.42 g CO2/kWh). This finding can be explained by the narrower accounting boundary relative to other studies. Similarly, Pomponi (2021) investigated carbon emissions resulting from the construction and operation of a European pressurized reactor (EPR) based on the PCA and IOA methods. However, the results obtained with the PCA (16.55∼17.69 g CO2/kWh) and IOA (18.82∼35.15 g CO2/kWh) methods were higher than previous results. The reactor studied by Voorspools et al. (2000) is a Generation II PWR, while the EPR is a Generation III PWR, which is a more energy- and material-intensive reactor type during its construction and operation phase and more expensive than the former reactor type (Pomponi and Hart, 2021). Parker et al. (2016) comprehensively assessed the carbon emissions resulting from the mining and milling of uranium, aiming to improve the data accuracy for the accounting of carbon emissions of NPPs. Other studies covered the whole nuclear fuel cycle. All the phases of the front end of the cycle were considered in these studies, but the stages of the back end were considered in different ways among the various studies. The reason lies in the type of nuclear fuel cycle (OTC or TTC) studied.
TABLE 2 | Research boundaries of the different studies.
[image: Table 2]Since PWRs are the most common nuclear power reactors, the breakdown of carbon emissions among the front end, construction and operation of NPPs and back end of the nuclear fuel cycle was analyzed (Figure 2; Supplementary Materials). The average carbon emissions at the front end, construction and operation and the back end were 11.45, 7.82 and 3.07 g CO2/kWh, respectively. The front-end emissions comprised the largest component, accounting for approximately half of the total emissions of the nuclear fuel cycle, followed by the emissions resulting from the construction and operation of NPPs and the back end. The carbon emissions at the front end were mainly generated from mining and milling as well as enrichment. However, different studies have reported contradictory results regarding the composition of front-end emissions. Poinssot et al. (2014), Jiang et al. (2015) and Serp et al. (2017) revealed that emissions resulting from mining and milling were the most prominent component, accounting for approximately 62%–78% of the total front-end emissions. However, Ma et al. (2001), Hondo (2005), Fthenakis and Kim (2007) and Nian et al. (2014) demonstrated the opposite findings whereby the enrichment emissions constituted the largest part, accounting for approximately 75%∼88% of the total front-end emissions. Such conflicting results can be attributed to the different technology choices and sources of consumed energy at each stage of the front end within the respective studies (Section 3.1).
[image: Figure 2]FIGURE 2 | Breakdown of the carbon emissions of the nuclear fuel cycle of PWRs.
5 PATHWAY TO CURB CARBON EMISSIONS BASED ON THE NUCLEAR FUEL CYCLE
The nuclear fuel cycle involves both the OTC and TTC strategies. In the OTC mode, spent nuclear fuels are regarded as highly radioactive waste materials to be finally disposed, which is also called the open cycle (Figure 3). In contrast, in the TTC mode, spent nuclear fuels are reprocessed to recycle U and Pu and fabricate MOX fuels, also called the closed cycle (Yang, 2016) (Figure 4). Compared to the OTC mode, the TTC mode is more environmentally friendly with less disturbance to the ecological environment. Among the 24 studies, 10 considered the TTC strategy, and thus, the carbon emissions stemming from reprocessing were involved in the fuel cycle (Table 2). The carbon emissions in the OTC mode (5.45 g CO2/kWh) were higher than those in the TTC mode (5.29 g CO2/kWh). This agrees with the study of Poinssot and Bourg (2021), who estimated that the carbon emissions resulting from the TTC strategy were approximately 3% lower than those resulting from the OTC strategy. When shifting from the TTC to OTC mode, the carbon emissions resulting from mining, conversion and enrichment could significantly increase due to the increased natural uranium consumption as well as energy consumption in the front end (Poinssot et al., 2014; Poinssot and Bourg, 2021). Although the TTC mode involves reprocessing of nuclear spent fuels, the contribution of emissions resulting from reprocessing to the whole cycle emissions is low (lower than 7%) (Poinssot et al., 2014). Moreover, the carbon emissions resulting from the disposal of the large volume of high-level radioactive waste produced in the OTC strategy could be two times higher than those produced in the TTC strategy (Poinssot et al., 2014).
[image: Figure 3]FIGURE 3 | Schematic diagram of the once-through cycle (OTC).
[image: Figure 4]FIGURE 4 | Schematic diagram of the twice-through cycle (TTC).
Under the same discount rate, there was no apparent discrepancy in the unit cost of the back end between the OTC and TTC strategies, even considering the external cost (The Boston Consulting Group for AREVA, 2006; Tang, 2021; Kim et al., 2022). Based on the whole nuclear fuel cycle, Taylor et al. (2022) verified the approximate economics of the OTC and TTC strategies regarding the levelized cost of electricity (LCOE) attributed to the minor component of back-end costs. Moreover, compared to the TTC mode, the higher volume of high-level radioactive waste in the OTC mode necessitates the construction and operation of a deep geologic repository, resulting in higher carbon emissions and financial input over a long timescale (Taylor, 2022).
Therefore, the TTC strategy is advantageous in terms of the efficient use of natural resources, reduction in the waste volume and radiotoxicity and carbon mitigation without exerting unfavorable impacts on the total cost of nuclear power generation. In particular, with the expansion of China’s nuclear power, the external dependence on uranium resources has increased, posing great risks to nuclear power development (Guo et al., 2023). Within the context of advocating the circular economy in China, implementing the TTC strategy could be a viable pathway to enhance the mitigation capability of NPPs.
6 DISCUSSION
6.1 Modified framework for carbon emissions accounting for the construction and operation of NPPs (CACO-NPP)
In the nuclear fuel cycle, front-end emissions have been extensively studied relative to the back end and the construction and operation phase. Moreover, back-end emissions account for only 14% of the total emissions of the nuclear fuel cycle, and the input data are difficult to acquire due to the confidentiality of reprocessing projects. As mentioned in Section 3, the estimated carbon emissions resulting from construction and operation are highly contradictory among the different studies, accounting for an average of 35% of the total carbon emissions of the nuclear fuel cycle, and these emissions are currently underestimated due to the limited input data and incomplete methodologies. Such uncertainty in the carbon emissions stemming from construction and operation could hinder the objective and comprehensive evaluation of the carbon emissions of the nuclear fuel cycle, impeding the accurate estimation of the emission mitigation capability of NPPs. Since the construction sector contributes almost 30% to the global carbon emissions, it plays a significant role in achieving SDGs and carbon neutrality (Alawneh et al., 2018; Opoku et al., 2022).
Developing an appropriate model to comprehensively and accurately identify emissions resulting from NPP construction and operation is urgent. The Intergovernmental Panel on Climate Change (IPCC) 2006 Guidelines for National Greenhouse Gas Inventories and the updated 2019 document proposed three tiers for carbon emission estimation (IPCC, 2006; IPCC, 2019). Tier 3 is the highest level of carbon accounting with more complex models and higher resolution input data, and it can better capture variability in local conditions (Sperow, 2020). This is especially necessary for China, where HPR1000, a Generation III nuclear power reactor, will be the dominant reactor type in the future, and the emissions of such emerging reactors are still unclear due to the new design concepts and system components.
Constructed NPPs and their surrounding environments could be regarded as social-economic-natural complex ecosystems (Wang and Ouyang, 2012). Emissions accounting should also be comprehensive, not only involving energy and material consumption, as was considered in previous studies, but also involving the influence of NPP construction and operation on the ecological system as well as emissions resulting from human activities. Figure 5 shows a schematic framework of the proposed CACO-NPP methodology, by which emissions can be determined within the context of social-economic-natural complex ecosystems.
[image: Figure 5]FIGURE 5 | Integrated framework for carbon emissions accounting for the construction and operation of NPPs (CACO-NPP) PCA, Process chain analysis; IO, Input‒output analysis; RS, Remote sensing.
Human activities are the most active element in the social-economic-natural complex ecosystem and dominate the NPP construction and operation stage (Ma and Wang, 1984). Moreover, the construction and operation of NPPs could influence the natural ecosystem by altering the land use type from vegetative land to industrial land. Such transformation could result in the loss of on-site vegetation and biomass carbon. Equipment is of paramount importance to NPP operation. Numerous equipment types occur at NPPs distributed across nuclear island, balance of plant and conventional island. Equipment manufacturing exhibits the characteristics of a strong foundation and high industrial linkages, which provides important support to promote industrial and economic development. Equipment manufacturing not only consumes many raw materials and much energy but also promotes the development of downstream service industries. It has the industrial characteristics of connecting the preceding and the following. Equipment manufacturing depends on input obtained from other national economic sectors.
Estimation of the carbon emissions resulting from vegetation loss, human activities and equipment manufacturing is essential to quantify the impact of NPPs on the social-economic-natural complex ecosystem as well as to bridge the gap in regard to the current underestimation of carbon emissions resulting from NPP construction and operation. In this study, relevant data for Zhangzhou NPP Units 1 and 2, an emerging Generation III NPP with the latest technology (HPR1000), were acquired to quantitatively estimate emissions originating from the abovementioned sources.
6.2 Carbon emissions from vegetation deterioration
The construction of NPPs could cause vegetation deterioration in the ecosystem, resulting in corresponding biomass carbon loss. NPPs in China generally occur in the coastal area of southeastern China, where the forest carbon density is the highest (2.88 t C/hm2) (Liu Z. et al., 2022). An NPP, normally comprising 6 units, covers approximately 200 ha of land, indicating that NPP construction could lead to the immediate loss of 2,112 t CO2 (Peng, 2021). Cui et al. (2016) used remote sensing data to model the carbon sequestration rate of vegetation from 2001 to 2010 and reported that the carbon sequestration rate in southeastern China reached over 600 g/(m2·a). Thus, the vegetation lost due to NPP construction could have sequestered 78,000 t C given the life period of 65 years for both the construction and operation of Generation III NPPs.
Remote sensing is a feasible vegetation monitoring means, which is vital for the sustainability of NPPs (Lu et al., 2018). NPP construction and operation could result in vegetation carbon loss at the construction site and in the proximity of the plant. Such carbon loss should be evaluated using remote sensing techniques (Figure 5). At the construction stage, remote sensing contributes to the siting and site evaluation process, aiming to identify the land use type and avoid unacceptable environmental impacts (Baskurt and Aydin, 2018). During the operation period, medium-resolution satellite remote sensing sources could be used via continuous monitoring to compare the vegetation biomass and biomass carbon sink around the plant to past conditions at the same location (Chen et al., 2019). The application of remote sensing as a supplement to the methodology of carbon accounting for NPPs is essential to comprehensively evaluate the effects of NPPs on the regional carbon budget.
According to the land use data for Zhangzhou NPP Units 1 and 2 retrieved from the preliminary project research report and the carbon stock of respective ecosystems, including forestlands, grasslands, croplands, gardens and wetlands in Fujian Province 2015, the carbon emissions due to vegetation loss resulting from NPP construction were estimated (Table 3) (National Development and Reform Commission NDRC and National Bureau of Statistics of China NBSC, 2022). The direct carbon loss results from vegetation deterioration during preliminary NPP construction, while the potential carbon loss is the carbon sequestration potential of the destroyed vegetation during the operation period of NPPs (60 years). The total carbon emissions resulting from vegetation loss during NPP construction and operation reached 842.6 t CO2, 84.91% of which was the potential carbon loss during the operation period.
TABLE 3 | Vegetation carbon loss due to NPP construction.
[image: Table 3]6.3 Embodied carbon emissions from equipment manufacturing
In this section, we investigate the embodied carbon emissions in equipment manufacturing based on a whole life-cycle perspective and quantitatively assess the embodied carbon emissions by constructing a top-down IO-LCA model. This method can achieve comprehensive assessment of carbon emissions accounting. Previous studies of carbon emissions of NPPs did not involve emissions resulting from equipment manufacturing, which should also be considered. Adopting China’s Zhangzhou NPP Units 1 and 2 as an example, the number of process equipment and valves in the nuclear island reaches over 1,600 and 8,500, respectively. Moreover, much utility equipment is required for instrumentation and control (I&C), ventilation, power supply, communication and fire production. It is difficult to count the detailed energy and material consumption levels for each equipment manufacturing process. Therefore, it is unreasonable to use the PCA method in this case. As mentioned in Section 4, the IO method can be adopted to estimate the carbon emissions resulting from equipment manufacturing. The emissions resulting from equipment manufacturing can be calculated via the equipment procurement expenses and the carbon emission coefficient values of the corresponding sectors (Liu et al., 2020; Li et al., 2021).
The IO-LCA model requires data derived from national or regional IO tables, which greatly reduces the difficulty of data acquisition over the bottom-up life-cycle method (PCA) (Wang et al., 2022). To ensure consistency with China’s 42-sector classification of the national IO table in 2017 (National Bureau of Statistics of China, 2018; National Bureau of Statistics of China, 2020), we used the 42-sector IO table for Fujian Province in the calculation process. According to the 2017 IO table of Fujian Province, the equipment used in NPPs can be categorized into 5 corresponding sectors, namely, the manufacture of ordinary machinery, equipment for special purposes, electric equipment and machinery, electronic and telecommunications equipment, and instruments and meters. Detailed formulas of the model are presented in the Supplementary Materials.
Figure 6 shows our estimated embodied carbon emissions of equipment manufacturing in the respective sectors based on the nuclear island (NI), balance of plant (BOP), conventional island (CI) and preliminary engineering (PE) categories. The total embodied carbon emissions resulting from equipment manufacturing of Zhangzhou NPP Units 1 and 2 reached 1,048.18 Gg CO2 of which the NI, BOP, CI and PE emissions accounted for 59.26%, 13.09%, 27.13% and 0.53%, respectively. NI is the core part of NPPs and embodies important systems, including nuclear reactors, reactor cooling systems, reactor fuel storage systems, specialized safety systems and nuclear auxiliary systems (Zhou, 2012). Further focusing on the NI emission mix, the emissions of equipment for special purposes accounted for 72.16% of the total NI emissions (Figure 6). The equipment for special use in the NI category normally involves the use of specialized steel (for instance, the material of the reactor pressure vessel is 16MND5) with high safety standards, leading to energy-intensive properties (Zhu et al., 2022). The manufacturing of such special equipment in NI involves higher energy, material and labor inputs, and thus, the emission intensity of equipment for special purposes is approximately 70.1 kg CO2/103 RMB.
[image: Figure 6]FIGURE 6 | Embodied carbon emissions of equipment manufacturing in each sector (Gg CO2).
Regarding the whole NPP, the emissions of equipment for special purposes and ordinary machinery constitute the two largest parts, accounting for 49% and 31%, respectively, of the total emissions (Figure 7), followed by the emissions originating from electric equipment and machinery, I & C and electronic and telecommunications equipment.
[image: Figure 7]FIGURE 7 | Emission composition of equipment manufacturing.
6.4 Embodied carbon emissions from labor
During NPP construction and operation, a portion of the resources and materials is consumed to sustain workers and staff. Thus, the emissions resulting from labor should also be considered. The annual carbon emissions of China’s labor use are 3.63 tons CO2/capita (Liu et al., 2020). More specifically, Qu et al. (2018) reported annual carbon emissions in different regions of China. The yearly emissions of labor use in southeastern China, where most Chinese NPPs are located, reached 3.2 tons CO2/capita.
Labor use at NPPs mainly includes four parts: personnel of the owner of the NPP for the preparation of operations and startups, staff of general contractors supplying support for NPP construction, workers of the construction unit and staff of the owner of the NPP for its operation. According to the construction experience of Zhangzhou NPP Units 1 and 2, the total labor inputs of the NPP owner for the preparation of operations and startups were 1,941 and 522 individuals, respectively (Xu, 2020a; 2020b). The number of personnel contributed by the general contractor during NPP construction was 1,094 individuals (Xu, 2020c). Construction of NPPs is labor intensive, and the total labor input for civil engineering and installation is 14,000 individuals (Wang, 2016; Xu, 2020c). The number of staff members committing to operation is 800 individuals (Xing, 2020). Figure 8 shows the embodied carbon emissions of the labor input at the different stages for NPP construction and operation. The total personnel emissions reached 183,882 t CO2 and the emissions during the operation period were prominent, accounting for 83.53% of the total labor emissions due to the continuous labor input during 60 years of operation. The personnel emissions resulting from the other phases were minor relative to the operation phase.
[image: Figure 8]FIGURE 8 | Embodied labor emissions at the respective stages for the construction and operation of NPPs.
6.5 Mitigation capability and economic competitiveness of HPR1000
The life-cycle power generation of Zhangzhou NPP Units 1 and 2 is 947 × 103 GWh, and the emission intensity of the abovementioned emissions during construction and operation is 1.31 g CO2/kWh. Compared to the reviewed studies of PWR emissions resulting from construction and operation, our result is lower, indicating the notable mitigation capability of China’s Generation III NPPs.
The unit capital cost of Zhangzhou NPP Units 1 and 2 ranges from 16,000 to 17,000 RMB/kW (2,247∼2,388 $/kW), which is 10%∼18% lower than that of other Generation III NPPs, including AP1000 reactors and EPRs (Liang, 2017). The economic competitiveness and notable mitigation capability of this nuclear technology could promote the popularity of HPR1000, especially the export of such technology to regional developing countries under major international initiatives (Kocak et al., 2023). Cárdenas et al. (2023) revealed that the current high cost of nuclear electricity generation over wind power is disadvantageous for nuclear power grid penetration. Research and development of new equipment as well as redundancy design concepts for first-of-a-kind (FOAK) units could result in high equipment procurement costs, accounting for 40–50% of the total construction cost of Zhangzhou NPP Units 1 and 2 (Liu et al., 2022). With the design optimization and technological maturity of nth-of-a-kind (NOAK) units, the investment of HPR1000 could be lowered. As China’s dominant reactor type in the future with competitive economics, the increased participation of HPR1000 could play a very significant role in reducing carbon emissions resulting from electricity generation (Pereira and Posen, 2020).
7 CONCLUSIONS AND IMPLICATIONS
In this paper, we critically reviewed carbon emissions of NPPs. The results showed that the carbon emissions of LWRs, PWRs, BWRs, HWRs, FRs, FBRs, and GCRs are 6∼60, 2∼337.42, 11∼24.2, 3.2∼66, 9∼46.52, 2.33∼6.26, and 8.35 g CO2/kWh, respectively. The disparity of the review results originates from the varying emissions at the respective stages of the nuclear fuel cycle, technology choices at each stage and adopted accounting methods and boundaries. Within the nuclear fuel cycle, the emissions at the front end, including mining, milling and enrichment, are prominent. Implementing the TTC strategy is advantageous in carbon mitigation in the front end without exerting unfavorable impacts on the total cost of nuclear power generation. Emissions resulting from NPP construction and operation are underestimated due to the limited accounting methods and lack of detailed input data. An integrated CACO-NPP framework was proposed to comprehensively evaluate carbon emissions resulting from NPP construction and operation. Adopting China’s Generation III NPP with the latest technology HPR1000 as a case study, we applied the CACO-NPP framework to estimate the emissions resulting from vegetation deterioration, equipment manufacturing and labor input, which were not considered in previous studies. The total emissions of these sources reached 1,232.91 Gg CO2 with a carbon intensity of 1.31 gCO2/kWh. Considering its competitive techno-economic characteristics over other mainstream Generation III NPPs, HPR1000 is both affordable in supplying base-load electricity and conducive to reducing China’s carbon emissions. As China’s future dominant nuclear power reactor, with its technological maturity and successive design improvements, the carbon emissions of HPR1000 reactors could be further reduced, playing a more vital role in realizing China’s dual carbon goal.
It is imperative to adopt measures in the nuclear fuel cycle to decrease emissions and improve the true emission reduction capability of NPPs. Underground excavation or in situ leaching is advocated for uranium mining and milling, while gas centrifugation is more “carbon friendly” than gas diffusion in the enrichment process. Moreover, the source of electricity for NPPs is very important, especially for energy-intensive processes, including mining, milling and enrichment. Furthermore, as mentioned in Section 6, much materials, energy and personnel are needed in NPP construction and operation, and the mitigation capability of NPPs could be elevated by implementing measures in the NPP construction and operation process. During the preconstruction period, the potential vegetation carbon loss should be considered during site selection, while during the construction period, the amount of materials and energy used could be lowered by reducing design redundancy, conducting design optimization, and narrowing the construction period. Moreover, during the operation period, 5G technology and artificial intelligence (AI) are recommended to empower the digital transformation of NPPs so that they can be operated much smarter with lower personnel dependence and emissions accordingly.
The TTC mode is ecologically friendlier than the OTC mode due to the lower energy consumption and corresponding carbon emissions in the front end. Moreover, although reprocessing is involved, there are no unfavorable economic impacts on the power generation costs in the TTC strategy. Since global nuclear power development could result in an increasing uranium resource demand (Gao and Ko, 2014), adopting the TTC strategy could contribute to both nuclear and ecological sustainability, which is also a feasible path for nuclear development in China within the context of its commitment to emission mitigation and promoting nuclear power generation.
China has committed itself to achieving the carbon peaking and neutrality targets through electricity and clean substitution efforts. Nuclear power is a viable option for China to pursue such ambitions with notable disincentive effects on carbon emissions and without negative impacts on the national economy (Liu et al., 2022b; Wang et al., 2023b). As of the end of 2021, China was home to 53 NPPs with a total electricity generation of 407.14 billion kWh (Department of Energy Statistics and National Bureau of Statistics, 2021), accounting for approximately 15% of the total non-fossil fuel power generation (The State Council Information Office of the People’s Republic of China, 2021; Zhang et al., 2021). It is expected that nuclear power generation will reach 970∼1,000 billion kWh in 2030 (Wen and Diao, 2022). Since PWRs will remain the dominant nuclear power reactor type in China for the foreseeable future, according to the reviewed average carbon emissions originating from PWRs (42.94 g CO2/kWh) as well as the carbon emissions resulting from fossil energy use in China (900∼1,000 g CO2/kWh) (Xuan, 2020), the substitution of nuclear power with fossil electricity could reduce emissions by approximately 349∼390 Tg CO2 and 831∼957 Tg CO2 at present and by 2030, respectively. Based on the latest report of China’s National Greenhouse Gas Inventory, the total carbon emissions reached 12.3 billion tons CO2 (Wei et al., 2015). The mitigation capability of NPPs could counteract 3% of China’s total carbon emissions in 2021, which could increase to 8% in 2030. Therefore, nuclear power has a very high potential for emission reduction and could contribute to the realization of China’s carbon peaking and neutrality targets.
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