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Overview

The Intergovernmental Panel on Climate Change outlined an ambitious target of zero emission by 2100. Renewables and nuclear energy would play a major role in achieving the target. It is agreed that both renewables and nuclear energy are low carbon source of electricity generation, both renewable and nuclear energy systems receive compliment and criticism in the climate change debate. On the compliment, both renewables and nuclear are applauded as clean  and low carbon energy sources when generating electricity. On the criticism, nuclear is criticized for producing dangerous radiation primarily from the spent fuel, and renewables (especially solar PV and wind) are criticized for high cost, intermittency, land use, and geographical dependency.
In addition to greenhouse gas emissions, environmental pollution is also an important but somewhat neglected concern in the climate change debate, especially for renewable energy system. Therefore, it is important to evaluate the environmental performance of enegy systems through life cycle analysis (LCA). In this paper, two popular renewable energy systems, namely solar photovoltaic (PV) and woody biomass, are selected to compare with nuclear energy system fuelled by uranium. In addition to an evaluation on environmental performance, the cost of electricity from the three energy systems are also computed for comparison. 
Methods

This paper employs the concept of life cycle analysis (LCA) described in [1] for evaluating the environmental impacts of renewable and nuclear energy systems. The PV-nuclear comparison focuses on life cycle carbon emission and waste discharge. The biomass-nuclear comparison only focuses on the life cycle carbon emission. In the literature, the claim of carbon neutral electricity from woody biomass is achieved by assuming all CO2 emission from combustion are absorbed by forest. However, it is found that the life cycle carbon emission of biomass is high when evaluated using the synchronization method described in [2]. For further comparison, a reference ultra-supercritical (USC) coal fired power plant is introduced for evaluation. When comparing the net CO2 emissions from woody biomass and coal, the forest reservoir assumes the same in size.

In terms of cost, the levelized cost of electricity (LCOE) approach is used for evaluating the three energy systems. The technoeconomic data are obtained and averaged for Asia Pacific, North America, and European Union regions. All systems assume to be privately invested projects, and therefore, 15% discount rate is used for the analysis.

Results

In the PV-nuclear comparison, the waste produced by the life cycle of PV manufacturing is many orders of magnitude higher than that from the life cycle of nuclear energy system. In terms of CO2, emission, the environmental performance of PV system is highly dependent on the design parameters assumed in the process chain (supply chain), such as PV manufacturing location, solar insolation, and cell conversion efficiency. In most cases, the life cycle carbon emission of PV system is higher than nuclear energy system.
In the biomass-nuclear comparison, woody biomass system produces many times higher CO2 emission than nuclear system. In the biomass-coal comparison, woody biomass system also produces higher CO2 emissios than USC coal system. This is primarily caused by the assumption that the CO2 emission from the combustion of  power plant fuel (biomass or coal) are absorbed by a forest reservoir of the same size. In comparison, palm kernel shell might be regarded as an alternative biomass for electricity generation with less CO2 emission. However, the productivity of palm kernel shell is very limited. Thus, palm kernel shell is unlikely to make a notable contribution to climate change mitigation.
In terms of cost, the electricity produced from PV and biomass remains more costly than nuclear energy. Although the cost of PV system is projected to further reduce, it is unlikely for PV to become economically competitive than nuclear energy when compared in LCOE. However, the upfront investment of nuclear power plant remains higher than PV and biomass. In terms of safety, nuclear power plant is still perceived as a dangerous source of radiation by the general public.
Conclusions

Woody biomass has been perceived as a carbon neutral source of electricity by some. When a consistent LCA method is applied for examination, the life cycle carbon emission of woody biomass is higher than coal when the same forest reservoir is considered. The environmental sustainability of PV system is highly dependent on the cleanness of the energy input expanded at manufacturing stage. PV manufacturing produces a large amount of wastes. Some the liquid and solid wastes produced by PV manufacturing are highly toxic. In effect, the benefits of carbon and pollution free electricity harvested by PV system users are exploited by heavily polluting the manufacturing country/region. Incomparison, nucelar energy system produces much lower life cycle carbon emission and a much smaller amount of waste, but the waste is highly radioactive. The cost of electricity for nuclear energy is the lowest, but the upfront investment cost of nuclear power plant is the highest among the three systems. Nuclear can supply baseload electricity but PV is subject to intermittency and the possible need for back-up system. Large scale deployment of nuclear power plant is perceived as dangerous by the general public, and large deployment of PV system may seriously impact the electricity grid. If the current considerations in the climate change debate continue, there might not be a clear winner. However, the likelihood for nuclear energy to emerge more strongly than the other energy sources if nuclear safety can be sufficiently addressed by the nuclear industry and properly understood by the general public.
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