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Energy Payback and CO, Gas Emissions from Fusion and Solar Photovoltaic 
Electric Power Plants 

I. Introduction 

A cradle to grave net energy and greenhouse gas emissions analysis of a modem 
photovoltaic facility that produces electricity has been performed and compared to a 
similar analysis on fusion. A summary of the work has been included in a PhD thesis 
entitled “LIFE-CYCLE ASSESSMENT OF ELECTFUCITY GENERATION SYSTEMS 
AND APPLICATIONS FOR CLIMATE CHANGE POLICY ANALYSIS” by Paul J. 
Meier [l] and a synopsis of the work was recently presented [2] at the 19” Topical 
meeting on Fusion Energy held in Washington, DC-November, 2002. In addition, a 
technical note on the effect of the introduction of fusion energy on the greenhouse gas 
emissions in the United States was submitted to the Office of Fusion Energy Sciences 
(OFES). A brief summary of the pertinent information is included here and the reader is 
directed to the original work for more details. 

II. Summary of PhD Thesis “Life-Cycle Assessment of Electricity Generation 
Systems and Applications for Climate Change Policy” [l] 

Minimizing greenhouse gas emissions may prove to be the most significant 
technical and political challenge facing energy decision-makers today. The U.S. electric 
industry contributes over one-third of domestic emissions and is arguably the most 
important component for effective greenhouse gas mitigation. This research uses Life- 
Cycle Assessment (LCA) to better understand the energy and environmental performance 
of electricity generation systems. The results of the LCA are used to provide an effective 
and accurate means for evaluating greenhouse gas emission reduction strategies for U.S. 
electricity generation. 

LCA is performed for two electricity generation systems, a 620 M W  combined- 
cycle natural gas plant, and an 8kW building-integrated photovoltaic system. 
Consideration of life-cycle energy requirements significantly reduces the net energy 
performance of both systems. The modern natural gas plant considered in this work is 
nominally 48% thermally efficient, but it is only 43% energy efficient when evaluated 
across its entire life-cycle, due primarily to energy losses during the natural gas fuel 
cycle. The performance of an 8kW building-integrated photovoltaic system is also 
reduced significantly when evaluated over its life cycle. The module’s sunlight to DC 
electricity conversion efficiency is 5.7%; however, the system’s sunlight to AC 
conversion efficiency is 4.3%, when accounting for life-cycle energy inputs, as well as 
losses due to system wiring, AC inversion, and module degradation. The meaningfulness 
of efficiency comparisons between technologies is discussed and limitations are 
identified which make such comparisons of limited value due to the varying quality and 
availability of energy sources. 
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The LCA results drastically increase the greenhouse gas emission rate for the 
natural gas system. The emission rate for the combined-cycle natural gas plant life-cycle 
(469 tonnes C0,-equivalent per GWA), was 23% higher than the emission rate from 
plant operation alone (382 tonnes CO,-equivalent per GWA). This increase is due mainly 
to fuel-cycle emissions of which methane releases account for oder half. There is a wide 
range of published estimates of fuel-cycle methane releases, with commonly cited 
estimates ranging from 1 to 4% of natural gas production. Because methane is a strong 
global warming agent, this uncertainty leads to a potential range of emission rates 
between 457 to 534 tonnes CO,-equivalent per GW& for the studied plant. 

\ 

The LCA illustrates that the PV system has a low, but not zero, life-cycle 
greenhouse gas emission rate of 39 Tonnes C0,-equivalent per GWA. This value is 
higher than other nuclear and renewable systems studied previously, including nuclear 
fission (15 Tonnes CO,/GW,h), wind (14 Tonnes CO,/GW,h), and future DT fusion (9 
Tonnes CO,/GW$) technologies. The PV emission rate (39 Tonnes C0,-equivalent per 
GW,h) is insignificant in comparison to the natural gas plant (469 Tonnes COdGW,h) or 
a previously studied coal plant (974 Tonnes C02/GW,h). 
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Figure A summary of greenhouse gas emissions from vari us forms of 
generating electricity shows that nucleadrenewables have small, but not zero, emissions 
due to the use of fossil fuels to extract, process, and build the power plants and fuel 
facilities [ 11. 
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In addition to reducing emissions, effective climate change policy must also 
address the growing demand for electricity. This demand will likely be met with diverse 
energy sources, including coal, gas, nuclear, and multiple renewable technologies. 
Evaluating the total greenhouse gas impact from any combined electricity system is 
difficult, as it requires the assimilation of emission factors and generation from each 
technology. A ternary method of evaluation is developed that provides a simple means to 
compare greenhouse gas reduction alternatives. Life-cycle emissions, in particular from 
the natural gas fuel-cycle, are shown to add valuable insight in the evaluation of 
mitigation alternatives. 

Three greenhouse gas mitigation alternatives are evaluated with the ternary method: 1) 
fuel switching from coal to natural gas for Kyoto-based compliance, 2) fuel-switching 
from coal to nuclearhenewable for Kyoto based compliance, and 3) fuel switching to 
meet the White House House’s Global Climate Change Initiative. In a moderate growth 
scenario, fuel-switching from coal to natural gas fails to meet a Kyoto-based emission 
target, while fuel-switching to nuclearhenewable meets the emission objective by 
reducing coal generated electricity 32% below 2000 levels. The White House’s Global 
Climate Change Initiative is shown to allow for a 14% increase in U.S. greenhouse gas 
emissions over 2000 levels and annual greenhouse gas emissions that are 54% higher 
than the proposed U.S. commitment under the Kyoto Protocol. 

References for Section II. 

1. Paul J. Meier, “Life-Cycle Assessment of Electricity Generation Systems and 
Applications for Climate Change Policy Analysis”, PhD Thesis, University of Wisconsin- 
Madison, 2002. 

2. Paul J. Meier, “Nuclear and Renewable Energy Contributions Necessary to Meet 
Greenhouse gas Emission Reduction Goals,” presented at the Annual American Nuclear 
Society Meeting, Washington, DC, November 19,2002 . 

111. 
Power Plants in the United States 

Impact of Fusion Energy on Greenhouse Gas Emission from Electrical 

1 Introduction 

The question of how much can fusion reduce future Greenhouse Gas (GHG) 
emissions from electrical power plants has been asked. This short white paper attempts 
to answer that question by using Life Cycle Analysis (LCA) techniques reported in a 

. series of papers pubiished over the past 7 years. (l-’) It is not the purpose of this short 
review to document the data used for such analyses as that has been done in the 
previously cited references. Rather, after stating the input assumptions used in the 
calculations, the results will be quoted directly. Further detail is availabIe on request. 
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2. Assumptions for this Analysis 

There are 8 key parameters needed to make a first order calculation of 
comparative GHG emissions. 

~ 

1) Time Frame of the comparison-2000 to 2075 

2) Average electricity production growth rate over the period of the 
st~dy-lA% /y 

3) Initial mix of electrical'generation in 2000- 70% fossil fuels, 20% 
nuclear fission, and 10% renewables (mainly hydro) 

4) Mix of generation introduced to satisfy the growth in demand and 
replace retired units if no fusion was introduced - the same % mix as 
that existing in 2000 (70% fossil, 20% fission, and 10% 
renewables) 

5) Date of introduction of the first commercial fusion power plant-2025 

6) Penetration rate of fusion technology into the market- approximately 
equal to the penetration rate of fission into the US market, but 
with additional growth to 50% market share. This growth rate is 
illustrated in Figure 1, compared to the growth rates of nuclear fission 
in the U.S., France, and Japan. 

7)  Greenhouse gas emission rates, tonnes CO, equivalent per GW,y 
-1000 coal, 500 natural gas, 15 fission, 10 renewable (wind, PV, 
hydro), 10 fusion (the justification for these numbers can be found in 
references 1-7) 

8) Scenarios for which fusion would replace existing technologies: 

i) 
ii) Replace fission exclusively 
iii) 

Replace fossil fuel exclusively with fusion 

Replace fossil and fission equally 

With the 8 assumptions above, one can then calculate the GHG emission ra : for a 
business as usual scenario. This will be used as the standard by which fusion 
performance will be measured. Figure 2 illustrates the effect that fusion could have total 
GHG's emanating from the electric utility sector for up to 50 years after the first fusion 
commercial power plant (2025-2075). 

There are 3 key observations from this analysis: 
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1) It would take 15-20 years after the first fusion power plant to see a 
significant effect on U.S. GHG emissions (scenarios i-iii). 

2) The maximum effect is obtained when fusion replaces fossil fuels 
exclusively (Sceriario i). There is an approximately 10% reduction in 
2045 increasing to a 65% reduction in 2075, 50 years after the 
introduction of the first commercial power. By the year 2075, fusion 
could be eliminating over 4 billion tonnes of GHG emissions per year. 

3) If fusion replaces existing and retiring fission power plants first, then 
no observable effect on GHG emissions can be seen until 2055, 30 
years after the introduction of the first power plant. By the year 2075 
fusion could reduce U.S. GHG emissions by over 2 billion tonnes per 
year in scenario ii. 

3. Conclusions 

The good news is that fusion could have a significant effect on the emission of 
GHG's from US electrical generation industry. The bad news is that the earliest that one 
could see a significant reduction in GHG's is 20-30 years from the introduction of the 
first commercial fusion power plant. The maximum impact that could be achieved comes 
from replacing fossil plants exclusively. 

References for Section III. 

1. 
Associated with the UWMAK-I and ARIES-RS DT-Fusion Power Plants," Fusion 
Technology, 34, p 358, (1998). 

S. W. White and G. L. Kulcinski "Energy Payback Ratios and CO, Emissions 

2. S. W. White and G. L. Kulcinski, "Birth to Death Analysis of the Energy Payback 
Ratio and CO, Gas Emission Rates From Coal, Fission, Wind, and DT Fusion Electrical 
Power Plants," Fusion En=. Design, a, 473-481(2000). 

3. 
Greenhouse Gas Emissions," Fusion Technology. Vol. 39, p. 507 (2001). 

4. 
CO, Emission Levels for DT and D3He Fusion Power Plants," p. 320 in 9" International 
-g Energv Svstems, Tel Aviv, Israel, June 28-July 2, 1998. 

5.  P.J. Meier and G.L. Kulcinski Life-Cycle Energy Cost and Greenhouse 
Gas Emissions for Gas Turbine Power. Energy Center of Wisconsin Research Report 
202-1 (2000). 

6. 

P.J. Meier and G.L. Kulcinski, 'The Potential for Fusion Power to Mitigate U.S. 

Scott W. White and Gerald L. Kulcinski, "Energy Payback Ratios and Lifetime 

P.J. Meier and G.L. Kulcinski Life-Cycle Energy Requirements and 
Greenhouse Gas Emissions for Building-Integrated Photovoltaics. Energy Center of 
Wisconsin Research Report 210-1 (2002). 

6 



Y -  

i 

7. 
Wind Generated Electricity in the Midwest,” Energy Center of Wisconsin Research 
Report 180-1 (1999). 

S. W. White and G. L. Kulcinski, “Net Energy Payback and C0,Emissions from 

~~ 

Figure 1. DT Fusion Penetration Rate Assumed to be Comparable to 
Fission Entry Rate for U.S. 
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Figure 2. CO, Emissions from Electrical Power Plants Can 
be Reduced in the Latter Half of the 21st Century by 

Different DT Fusion Replacement Scenarios 
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