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ABSTRACT 
 
 This study set out to address whether nuclear energy would be a better bridge fuel than 
natural gas for the United States to address emissions reductions more quickly. However, this study 
also analyzed whether a bridge fuel was necessary at all, rather, were renewable energy sources 
readily deployable now. The study looked at eight different metrics of the energy sector across 
three energy sources: natural gas, nuclear energy, and renewables (combined onshore wind and 
utility solar photovoltaics). The eight metrics analyzed were broken down further into quantitative 
metrics: cost, implementation speed, and CO2 emissions and qualitative metrics: public opinion, 
available capacity, environmental impact, reliability, and needed policy. A meta-analysis was 
performed and the data from which was used to evaluate the impact of each metric on each energy 
source. The impacts were normalized within each metric. Finally, a multi-criterion decision 
analysis tool was developed using the normalized data so that scientists, policymakers, academics, 
etc. may use it to determine the best-case-scenario energy source given different input weights of 
each metric. When all metrics are weighted/valued the same, nuclear energy does prove to be a 
better bridge fuel than natural gas. However, renewable energy performs even better, proving that 
the United States does not need a bridge fuel. 
 
Keywords: meta-analysis, multi-criterion decision analysis, natural gas, methane, nuclear 

energy, nuclear, solar, wind, renewables, renewable energy, cost, implementation 
speed, CO2 emissions, carbon dioxide, greenhouse gas emissions, public opinion, 
available capacity, environmental impact, reliability, needed policy, bridge fuel, 
climate change 
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EXECUTIVE SUMMARY 
 
 Anthropogenic climate change is quickly becoming the largest threat to humanity as it 

exists today. Both the Intergovernmental Panel on Climate Change and the National Climate 

Assessment released reports in fall 2018 stating that rapid, overarching changes are needed both 

in the United States (U.S.) and around the world to combat climate change (Intergovernmental 

Panel on Climate Change, n.d.; U.S. Global Change Research Program 2018). Increased 

greenhouse gas emissions have been identified as the greatest contributor to global warming. In 

the U.S., the energy sector represents the largest source of emissions (U.S. Environmental 

Protection Agency 2018). It has been suggested that renewable energy is not yet ready to replace 

fossil fuels, but instead, that the U.S. should transition from high-emitting fossil fuel sources, 

like coal, to lower-emitting sources, like natural gas (Pierce Jr. 2012). 

 And yet, given the reports showing that the consequences of climate change are already 

bearing down, this study hypothesizes that a low-carbon energy source is needed immediately – 

and that nuclear energy would be a better bridge fuel to a renewable future than natural gas. This 

study looks at eight metrics impacting America’s choice of energy sources: cost, implementation 

speed, CO2 emissions, public opinion, available capacity, environmental impact, reliability, and 

policies needed to determine the best bridge fuel, and whether one is even necessary. Natural 

gas, nuclear energy, and renewables (here combined onshore wind and utility-scale solar 

photovoltaics) were analyzed and compared across each of these eight metrics.  

 A multi-criterion decision analysis tool was developed to compare the results of each of 

the eight metrics across each energy source. When all metrics are weighted with equal value, 

renewables score better than both natural gas and nuclear energy, illustrating that the U.S. does 

not, in fact, need a bridge fuel and that low-carbon renewables are readily deployable now. 
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INTRODUCTION 
 
 Regardless of remaining speculation, consensus shows that, “97 percent or more of 

actively publishing climate scientists agree: climate-warming trends over the past century are 

extremely likely due to human activities,” (Shaftel 2018). Anthropogenic climate change is 

indeed happening, and greenhouse gas emissions are the primary cause (Shaftel 2018). In order 

to address this immense problem, scientists, policymakers, and academics alike have begun 

looking at a number of ways to reduce greenhouse gas emissions in America and around the 

world (U.S. Global Change Research Program 2018; Intergovernmental Panel on Climate 

Change, n.d.). According to the United States Environmental Protection Agency (EPA), “the 

largest source of greenhouse gas emissions from human activities in the United States is from 

burning fossil fuels for electricity, heat, and transportation,” (U.S. Environmental Protection 

Agency 2018). So, reducing the burning of fossil fuels for energy has the greatest potential for 

reducing greenhouse gas emissions and therefore mitigating the impact of climate change. 

 In order to do this, the United States (U.S.) has begun, albeit slowly and with much 

regional opposition, to retire old fossil-fuel-burning plants and replace them (U.S. Energy 

Information Administration 2018a). But this then begs the question, replace them with what? 

First, let it be clear that the U.S. is closing and replacing fossil-fuel-burning plants for a number 

of reasons including outdated technology, modern environmental standards, access to source 

material, and increasing automation, not solely to combat climate change (Tabuchi 2017). 

However, the issue remains. After a plant closes, for whatever reason, so long as demand has not 

drastically changed, the energy it produced still needs to be replaced. This then returns to the 

original question: replaced with what? While the ideal answer is an economical fuel source that 
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produces no greenhouse gas emissions, the U.S. has struggled to transition from fossil fuels to 

carbon-free energy sources (U.S. Global Change Research Program 2018).  

The transition is difficult for a variety of reasons. U.S. energy infrastructure was built 

around fossil-fuel energy sources and retrofitting the energy infrastructure of an entire country 

overnight just is not possible (Walton 2018). Additionally, regional opposition to the phase-out 

of fossil fuel sources, such as coal, has proven to be a complex situation both economically and 

politically, particularly in regions where coal is mined (Tabuchi 2017). However, some 

academics have suggested an alternative solution, the use of a bridge fuel. The concept of a 

bridge fuel is, that while the U.S. may not be able to transition to a carbon-free energy system 

immediately, replacing high-emitting sources, like coal, with lower emitting sources, like natural 

gas, will create a ‘bridge’ allowing the U.S. to slowly transition to a carbon-free energy sector 

(Rapier 2018). 

 Frequently, natural gas has been promoted as the bridge fuel of choice (Pierce Jr. 2012). 

It emits relatively less carbon dioxide (CO2) than coal does for the equivalent energy unit. 

Additionally, the energy infrastructure in the U.S. is suited to natural gas, so in many regions it 

would be a drop-in ready fuel source (Rapier 2018). Over the last decade natural gas prices have 

dropped significantly due to new technologies such as hydraulic fracturing (fracking) and 

horizontal drilling, that have increased its available supply (Kerr 2010; Wang and Krupnick 

2013). While these reasons make a good case for natural gas as a bridge fuel, it is worth 

considering whether implementing increased use of natural gas would reduce greenhouse gas 

emissions quickly enough to combat climate change. A special report titled, Global Warming of 

1.5 °C, was released by the Intergovernmental Panel on Climate Change (IPCC) in October 

2018. In it, climate scientists from around the world reported, “on the impacts of global warming 
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of 1.5 °C above pre-industrial levels and related global greenhouse gas emission pathways,” 

(Intergovernmental Panel on Climate Change, n.d.). According to the report, anthropogenic 

climate change has already increased the average global temperature by 1.0 °C and without, 

“rapid, far-reaching and unprecedented changes in all aspects of society” the world is unlikely to 

limit the increase to only 1.5 °C above pre-industrial levels (Intergovernmental Panel on Climate 

Change 2018).  

 In fact, according to the IPCC, “worsening food shortages and wildfires, and a mass die-

off of coral reefs [may be seen] as soon as 2040 — a period well within the lifetime of much of 

the global population,” (Davenport 2018). These changes will increase in severity as the average 

global temperature continues to rise. These findings are also corroborated in the congressionally-

mandated National Climate Assessment released in November 2018 (U.S. Global Change 

Research Program 2018). So, while it is important for the U.S., and the world, to make an 

economically and politically responsible transition from fossil fuel energy sources to carbon-free 

energy sources, there is a limited amount of time to make this transition. So, is natural gas the 

best bridge fuel? Are there alternative energy sources that could reduce carbon emissions even 

faster? Does the U.S. even need a bridge fuel, or are renewable, low-carbon energy sources 

readily deployable now? These questions are the focus of the current study.  

 It is hypothesized that natural gas will not reduce carbon emissions fast enough, and that 

in order to combat climate change, the U.S. will need to transition to a carbon-free energy source 

now (Hausfather 2016; U.S. Global Change Research Program 2018; Intergovernmental Panel on 

Climate Change, n.d.). Therefore, this study hypothesizes that nuclear energy would be a better 

bridge fuel. Nuclear energy has supplied roughly 20% of the U.S.’s electricity needs since 1990 

while operating approximately 100 reactors (Holt 2014). The Nuclear Regulatory Commission 
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(NRC) has also begun issuing renewed operating licenses for the current nuclear reactor fleet. 

Initial 40-year licenses were “based on economic and antitrust considerations - not on limitations 

of nuclear technology,” so if active reactors are still able to meet the NRC’s updated 

requirements, they are able to receive a license for continuing operation (U.S. Nuclear 

Regulatory Commission 2015). Even so, the Tennessee Valley Authority’s Watts Bar II reactor 

that began operation in 2016 is likely the last Generation II reactor the U.S. fleet will see built 

(Safer and Barczak 2015). Generation III and IV nuclear reactors boast a number of benefits over 

second generation reactors including designs that cut-down on licensing and construction time, 

capital cost, and waste produced (World Nuclear Association 2018a). They are also much easier 

to operate and contain fail-safe mechanisms that make them less vulnerable to operator error and 

external security threats (World Nuclear Association 2018a). Finally, and perhaps most pertinent, 

is the fact that nuclear reactors do not produce carbon emissions while generating energy (U.S. 

Energy Information Administration 2018g).  

 Nuclear energy technology is readily deployable now and replacing fossil fuel sources 

with nuclear energy will drastically reduce U.S. carbon emissions. On top of that, advanced 

nuclear reactor technology will be able to provide additional benefits in the very near future 

(World Nuclear Association 2018a). Given the extreme consequences of climate change reported 

on by the IPCC and NCA and the immediacy of their impact, the U.S. must transition away from 

fossil fuel energy sources to carbon-free sources as soon as possible. Nuclear energy is here and 

readily deployable to do just that. Should the U.S. truly need a bridge fuel in order to transition 

to a renewable energy future, this study hypothesizes that nuclear energy would be the best 

bridge fuel.  
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METHODS 

 This study was performed as a meta-analysis to examine how eight chosen metrics 

impacted three energy sources both independently and in aggregate. Natural gas, nuclear energy, 

and renewables (combined utility-scale solar photovoltaics and onshore wind energy) were 

chosen as the three energy sources. This was done in order to first, compare natural gas to 

nuclear energy as a bridge fuel and to second, determine whether a bridge fuel is actually 

necessary. The eight metrics of comparison that were chosen for analysis include: cost, 

implementation speed, CO2 emissions, public opinion, available capacity, environmental impact, 

reliability, and needed policy.  

 Data was gathered by searching both academic databases and grey-literature for articles 

pertaining to the three chosen energy sources and eight chosen metrics. The first ten pages of 

searches using the following databases were analyzed: Google, Google Scholar, EBSCO’s 

Applied Science and Technology Full Text, Engineering Village’s GeoBase, and EBSCO’s 

GreenFile. Lowly cited articles were excluded, as were articles older than January 2009 

whenever possible. Search terms and individual articles found are listed below by metric. Due to 

the diverse nature of the data collected and analyzed, the remainder of this section will be broken 

down by metric to detail the methods used independently on each. 

Cost 

 Levelized cost of energy (LCOE) allows energy sources to be compared across, 

“different technologies of unequal life spans, project size, different capital cost, risk, return, and 

capacities,” (U.S. Department of Energy 2015a). For this reason, it is the metric of choice for the 

cost comparison. Databases were searched using the term “levelized cost of energy” paired 

individually with “natural gas,” “nuclear,” “nuclear energy,” “solar” or “wind” and screened 
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using the above-mentioned procedure. This yielded three articles (National Renewable Energy 

Laboratory 2018b; U.S. Energy Information Administration 2018e; Lazard 2017). Each of the 

three articles contained a LCOE value for natural gas, nuclear energy, wind, and solar. These 

values were converted to same unit, 2017$/MWh. Then, the median value of each source was 

calculated. The median was chosen rather than the mean as the median is not affected by outliers. 

Given the small sample size, it was difficult to identify outliers with confidence. Additionally, 

standard error was not provided in the publications for LCOE, so a weighted arithmetic mean 

was not possible. Therefore, the median is a superior measure of central tendency in this case. 

 In two cases, separate values were given for the LCOE of natural gas burned by 

combustion turbines (CT) and combined cycle turbines (NGCC). Therefore, the median LCOE 

was calculated separately for combustion turbines and combined cycle turbines. These numbers 

were then averaged using a 1:3 ratio to obtain a single LCOE for natural gas as a general source. 

This ratio was chosen because, “more than three-quarters of the planned capacity are from 

NGCC plant builds,” (U.S. Energy Information Administration 2017a). Hence, it is the likely 

weight each of these generators will have on the LCOE of natural gas as a source. Additionally, 

for the LCOE of renewables, the median LCOE of both wind and solar were averaged to obtain a 

single, renewable LCOE. Finally, the three median LCOE values for natural gas, nuclear, and 

renewables were normalized by dividing each by the lowest of the three median LCOE values.  

Implementation Speed 

 To determine the implementation speed, in years, of each energy source, the databases 

were searched using the terms “implementation speed,” “construction speed,” “timeline,” 

“conception-to-production time,” “construction time,” and “build time” paired individually with 

“natural gas,” “nuclear,” “nuclear energy,” “solar” or “wind” and screened using the above-
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mentioned procedure. This yielded ten articles (U.S. Energy Information Administration 2018c; 

Lazard 2017; U.S. Nuclear Regulatory Commission 2018a; Rollins, Tutmaher, and Pintcke 2012; 

U.S. Nuclear Regulatory Commission 2018b; American Wind Energy Association 2017; Parkes 

Solar Farm 2015; Berthélemy and Rangel 2015; Sovacool 2009; Greentech Media 2015). 

However, the information contained in each of the articles was nonuniform and therefore 

difficult to aggregate. Originally, the timeframe between project inception and energy production 

was sought, but many articles were only able to provide information on plant construction time. 

For this reason, a range was used to depict the longest and shortest potential time from project 

inception to energy production and the median of each range was calculated. Again, the median 

speed of both wind and solar were averaged to obtain a single, renewable implementation speed. 

Finally, the three median implementation speeds were normalized by dividing each value by the 

lowest of the three median implementation speeds. 

 It is worth noting, that given the difficulty of obtaining this information, a small, sub-

study analysis was done using raw data provided by the NRC in order to determine the length of 

time it takes for the NRC to approve a nuclear reactor licensing application. From the list of 

combined licenses (COL) received by the NRC listed on its website, each of those having 

received a commission decision were analyzed to determine how long the process took (U.S. 

Nuclear Regulatory Commission 2018a). Of the eight COL applications, the length of time 

between when the application was tendered and when the commission issued a decision, was 

calculated. The approximate length of time it takes for the NRC to review a nuclear reactor 

licensing application was calculated by taking the mean of these values. Additionally, using this 

information, one-tail Student’s t-tests with a significance level of 0.05 were performed to 

determine whether there was a significant difference in the review time for reactors built on 
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greenfield or brownfield sites and applications seeking approval for a single reactor or multiple 

reactors.  

CO2 Emissions 

 To determine the CO2 emissions for each studied energy source, the databases were 

searched using the terms “carbon emissions,” “CO2 emissions,” “greenhouse gas emissions,” 

“emissions per unit energy,” and “emissions life cycle analysis” paired individually with “natural 

gas,” “nuclear,” “nuclear energy,” “solar” or “wind” and screened using the above-mentioned 

procedure. Only articles containing the full life-cycle analysis value of CO2 emissions were used 

for each energy source to account for refining processes, transportation, etc. Ultimately, this 

yielded four articles (World Nuclear Association 2011; Hatch 2014; Weisser 2007; National 

Renewable Energy Laboratory, n.d.a). These values were converted to the same unit, gCO2 

equivalent/kWh. Next, using these values, the median CO2 emissions per energy unit were 

calculated for each energy source. The median CO2 emissions per energy unit of both wind and 

solar were averaged to obtain a single, renewable level of CO2 emissions. Finally, the three 

median CO2 emissions per energy unit were normalized by dividing each value by the lowest of 

the three median CO2 emissions per energy unit. This concludes the three quantitative metrics. 

The following five metrics are considered to be qualitative metrics. 

Public Opinion 

 To determine the public opinion of each energy source, the databases were searched 

using the term “public opinion” paired individually with “natural gas,” “nuclear,” “nuclear 

energy,” “solar” or “wind” and screened using the above-mentioned procedure. This yielded 

fourteen articles (Funk and Kennedy 2016; Bisconti 2016; Clarke et. al. 2015; Auter 2016; 

Lazard 2016; Olson-Hazboun 2017; Bisconti Research, Inc. 2016; Kennedy 2017; Bolger 2016; 
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Rosa and Dunlap 1994; Ernest & Young Global Limited 2017; Hamilton et. al. 2018; Thomas et. 

al. 2017; Jacquet et. al. 2018). Some of the articles contained information pertaining to all three 

energy sources, and others only contained information pertaining to one. Either way, each 

source’s position was tabulated based on whether it was a positive, negative, or neutral public 

opinion of the use of each energy source. In articles that displayed this information 

quantitatively, a positive public opinion was considered to be one with an over 50% favorable 

response, anything under was considered an overall negative public opinion. See Table 1.  

Table 1: Public Opinion by Energy Source 
The table below shows how each of the articles analyzed for public opinion were tallied to determine an aggregate 
opinion. Both the representative percent and frequency of each opinion were also calculated.  
 

 

 From this table, the data was analyzed in two different manners by the representative 

percent and frequency. The representative percent was calculated by taking the total number of 

tallies in one column, for example Nuclear Positive (1), and dividing by the total number of 

tallies for that energy source, for example Nuclear (7). This then gives the representative percent 

of that opinion compared to the other opinions of that energy source. For Nuclear Positive that is 

1
7
 = 14.29%. The frequency was calculated by taking the number of articles that held a particular 

opinion and dividing it by the total number of articles that held any opinion on that energy 

source. This then gives the frequency of that opinion occurring. In this case, the representative 

Positive Negative Neutral Positve Negative Neutral Positve Negative Neutral Positve Negative Neutral
Funk and Kennedy 2016 X X X X

Bisconti 2016 X
Clarke et. al. 2015 X X

Auter 2016 X X
Lazard 2016 X X X X

Olson-Hazboun 2017 X X
Biconti Research, Inc. 2016 X

Kennedy 2017 X X X
Rosa and Dunlap 1994 X

Bolger 2016 X X X X
Ernest & Young Global Ltd. 2017 X

Hamilton et. al. 2018 X X
Thomas et. al. 2016 X
Jacquet et. al. 2018 X

Representative Percent 0.00% 50.00% 50.00% 14.29% 14.29% 71.43% 85.71% 0.00% 14.29% 85.71% 0.00% 14.29%
Frequency 0.00% 50.00% 50.00% 14.29% 14.29% 71.43% 85.71% 0.00% 14.29% 85.71% 0.00% 14.29%

Reference
Natural Gas Nuclear Wind Solar
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percent and the frequency were the same in each situation. However, were an article to bring up 

multiple opinions, the number of tallies for the representative percent and the frequency would 

be different, and therefore yield different results, as will be seen in other cases throughout this 

study. Therefore, this analysis was preserved for continuity. The public opinion of both wind and 

solar energy were averaged to determine the public opinion of renewables as a whole. Finally, 

the data was normalized using the following equation (1−𝐴𝐴)
(1−𝐵𝐵)

 where A is equal to the representative 

percent positive of that energy source and B is equal to the representative percent positive of the 

energy source with the highest representative percent positive public opinion. 

Available Capacity 

 To determine the available capacity of each energy source, the databases were searched 

using the terms “capacity,” “available energy,” “supply,” “potential energy,” and “potential 

available energy” paired individually with “natural gas,” “nuclear,” “nuclear energy,” “solar” or 

“wind” and screened using the above-mentioned procedure. This yielded seventeen articles (U.S. 

Department of Energy 2015b; Fthenakis, Mason, and Zweibel 2009; Plumer 2013; Lu, McElroy, 

and Kiviluoma 2009; Fetter 2009; Nuclear Energy Institute 2018; Bradish 2008; Price and Blaise 

2002; World Nuclear Association 2018b; National Renewable Energy Laboratory 2011; Shaner 

et. al. 2018; National Geographic 2011; U.S. Energy Information Administration 2018d; BP 

2018; Flogas 2018; U.S. Department of Energy, n.d.c.; U.S. Energy Information Administration 

2017b). As was the case with the public opinion data, some articles contained information 

pertaining to more than one energy source and others did not. The articles were tabulated based 

on the capacity they stated was available for that source of energy. For both natural gas and 

nuclear energy, this meant how much of the fuel source was still available in the earth. This was 

commonly expressed as number of years of supply left at current consumption. For both wind 
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and solar energy, this meant the potential held by U.S. land mass to produce solar and wind 

energy, i.e. does the U.S. have enough land space to meet its energy needs with wind or solar. In 

the articles, this was commonly expressed as a percentage of energy needs the U.S. could expect 

to meet from these resources. 

 Once the tallies were accounted for, the data was analyzed in the same manner as the 

public opinion data above. The representative percent was calculated by taking the total number 

of tallies in one column and dividing by the total number of tallies for that energy source. This 

gave the representative percentage of that claim compared to the others within an energy source. 

The frequency of each claim was calculated by taking the total number of tallies in one column 

and dividing it by the total number of articles that made a claim related to that energy source. A 

range was then determined for each energy source based on either the amount of time the earth’s 

supply was predicted to last, or the percentage of U.S. energy needs the source could be expected 

to meet. There was no consensus of the data, therefore it could not be normalized.  

Environmental Impact 

 The databases were searched to determine the environmental impact of each energy 

source. This was done using the term “environmental impact” paired individually with “natural 

gas,” “nuclear,” “nuclear energy,” “solar” or “wind” and screened using the above-mentioned 

procedure. This yielded seventeen articles (Union of Concerned Scientists, n.d.; U.S. Energy 

Information Administration 2018f; Wang et. al. 2014; Hernandez et. al. 2014; Saidur et. al. 2011; 

National Research Council 2007; Union of Concerned Scientists 2013b; U.S. Department of 

Energy n.d.a.; Rashad and Hammad 2000; Steinhauser, Brandl, and Johnson 2014; World 

Nuclear Association 2013; U.S. Energy Information Administration 2018g; Ewing 2008; Union 

of Concerned Scientists 2013a; Nunez 2014; U.S. Energy Information Administration 2018h; 
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National Energy Technology Laboratory 2014). As above, some articles contained information 

pertaining to more than one energy source and others did not. The articles were tabulated in a 

similar manner to those described above, with the environmental impact being described as the 

header of each column within each energy source. Once this was done, the tallies were analyzed 

in the two manners described above to determine the representative percent each environmental 

impact held within each energy source and how frequently that environmental impact was 

brought up when discussing that energy source. Finally, to normalize the data, the representative 

percent for each environmental impact by energy source was multiplied by the frequency of that 

environmental impact. These products, the weight of each environmental impact, were summed 

within each energy source. This gives the total weight of environmental impacts for each energy 

source. Those sums for wind and solar were then averaged to determine a single, renewable 

energy environmental impact score.  

Reliability  

 To examine the reliability of each energy source, the databases were searched using the 

terms “reliability,” “resiliency,” and “security” paired individually with “natural gas,” “nuclear,” 

“nuclear energy,” “solar” or “wind” and screened using the above-mentioned procedure. This 

yielded twenty-three articles (Liss and Rowley 2018; Lofthouse, Simmons, and Yonk 2015a; 

Union of Concerned Scientists 2015; U.S. Department of Energy, n.d.b.; American Wind Energy 

Association, n.d.; Trabish 2017; Pinar Pérez et. al. 2013; Pfaffel, Faulstich, and Rohrig 2017; 

U.S. Energy Information Administration, n.d.; National Renewable Energy Laboratory, n.d.b.; 

Page 2017; Mu 2007; Brook et. al. 2014; Lofthouse, Simmons, and Yonk 2015b; Sisk 2017; 

National Renewable Energy Laboratory 2018a; Natural Resources Defense Council 2017; Panfil 

2014; Smead 2010; Nuclear Energy Institute, n.d.; North American Electric Reliability 
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Corporation 2017; Comby, n.d.; Brown 2017). Some articles contained information that 

pertained to more than one energy source, but others only contained information pertaining to 

one. Either way, each article was tabulated based on whether it considered the energy source 

reliable, not reliable, or neutral. Again, the representative percent and frequency were calculated 

using the manner described above. The representative percent reliable of each wind and solar 

were averaged to determine a representative percent reliable for renewables as a group. Finally, 

in order to normalize the data, 1.00 was divided by each energy source’s representative percent 

reliable. This was done rather than using the same equation used for public opinion to account 

for the absolute data in each case; however, the normalization is the same either way.  

Needed Policy  

 Finally, to determine what policies would be needed in order to implement a wide-spread 

deployment of each energy source, the databases were searched using the terms “policy,” “policy 

to implement,” “favorable policy,” “policies for,” and “policies supporting” paired individually 

with “natural gas,” “nuclear,” “nuclear energy,” “solar” or “wind” and screened using the above-

mentioned procedure. This yielded thirteen articles (Cox et. al. 2015a; Cox et. al. 2015b; 

Nordhaus and Lovering 2016; Loris 2011; Wood Mackenzie 2015; Stein et. al. 2017; 

Congress.gov 2018; Tiemann and Vann 2015; Holt 2014; Friedman 2018; American Wind 

Energy Association 2018; Orvis et. al. 2017; National Academy of Engineering and National 

Research Council 2010). Some articles contained information pertaining to more than one energy 

source, whereas others did not. The data was tabulated in a similar manner to the environmental 

impact metric where each column header represented a policy brought up in at least one article, 

by energy source. The representative percent and frequency of each policy were calculated in the 

manner described above. Finally, in order to normalize the data, the weight of each policy was 
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calculated by multiplying the representative percent and frequency of each policy by the 

implementation factor. This refers to whether or not the policy requires new implementation, or 

whether it maintains the status quo. For those policies that would require a new regulation or law 

be put into effect, their implementation factor is 1. For those policies currently in progress of 

being implemented, their implementation factor is 0.5. For those policies that maintain the status 

quo, and therefore do not need new implementation, their implementation factor is 0. Finally, 

these weights were then summed within each energy source. This gives the total weight of 

policies needed for each energy source. Those sums for wind and solar were then averaged to 

determine a single, renewable energy needed policy weight.  

Multi-Criterion Decision Analysis 

 Finally, after each metric was analyzed individually, the normalized data was placed in a 

table and summed, for every metric, within each energy source. This multi-criterion decision 

analysis (MCDA) yielded a final total number, or score, that can be used to compare the impact 

of the eight metrics on and across each energy source. Given that each metric’s data was 

normalized to one, the lowest score is the best resultant case. This was done holding all eight 

metrics at equal value. However, by changing the weight of each metric in the MCDA, it is 

possible to play out different scenarios using the data based upon different value-systems.  

RESULTS  

 The eight metrics examined in this study provide insight into each energy source and 

contribute to its selection as an energy source of the future. Table 2 details the results of this 

study, which are broken down further, by metric, below.  
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Table 2: Results Organized by Metric and Energy Source 
This table details the results of this study and is organized by both the eight metrics evaluated (rows) and the three 
energy sources studied (columns). The grey rows for each metric contain the result in the units noted for the metric. 
The white rows for each metric contain the normalized result. Finally, the Total Score contains the sum of the 
normalized data in each column and the Total ‘Wins’ contains the number of metrics the energy source scored best 
in. Since the data for each metric was normalized to one, the energy source with the lowest total sum is the best-case 
scenario. This table displays that result holding each of the eight metrics at equal value, or equal weight.  
 

 

Cost 

 Using the methods described above, renewables (combined utility-scale solar 

photovoltaics and onshore wind) were ultimately determined to have the lowest median LCOE at 

$53.65/MWh in 2017 dollars. Natural gas followed at a close second with a median LCOE of 

$54.79/MWh and nuclear was found to be the most expensive with a median cost of 

$92.60/MWh. It should be noted that every effort was made to determine each energy source’s 

LCOE before tax incentives and subsidies were applied. Once the data was normalized to the 

lowest, least expensive, energy source, renewables were valued at 1.00, natural gas at 1.02, and 

nuclear energy at 1.73. See APPENDIX A3. 

Metric Natural Gas Nuclear Renewables
1.02 1.73 1.00
54.79 92.60 53.65
1.14 3.06 1.00
2.85 7.66 2.50
30.13 1.00 2.28

482.00 16.00 36.50
7.00 6.00 1.00

0.00% 14.29% 85.71%
1.00 1.00 1.00

52.6 - 200 90 - forever 50% forever
1.56 1.00 1.07
0.83 0.54 0.58
2.33 1.00 2.12

42.86% 100.00% 47.22%
1.00 2.01 3.23
0.14 0.27 0.44

Total Score 45.18 16.80 12.70
Total 'Wins' 1 3 3

Reliability                        
(percent reliable)
Policy Needed               

(weight)

Cost                                          
(2017$/MWh)

Implementation Speed 
(years)

CO2 Emissions 
(gCO2eq/kWh)
Public Opinion                   
(percent positive)

Available Capacity 
(years/percentage)

Environmental Impact 
(weight)
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Implementation Speed 

 Renewables were determined to have the shortest implementation speed. The project 

inception to energy production timeline had a median of 2.50 years. This was again followed by 

natural gas, with a median timeline of 2.85 years, and lastly nuclear energy with a median 

timeline of 7.66 years. Once the data was normalized, renewables were valued at 1.00, natural 

gas was valued at 1.14, and nuclear energy at 3.06. See APPENDIX A4. 

 Additionally, a small sub-study analysis was done using raw data provided by the NRC to 

determine the length of time it takes for the NRC to approve a nuclear reactor licensing 

application. The average length of time between when the application was tendered and when the 

commission issued a decision, was 7.30 years. Additionally, using this information, one-tail 

Student’s t-tests were performed to determine whether there was a significant difference in the 

review time for reactors built on greenfield or brownfield sites and applications seeking approval 

for a single reactor or multiple reactors. The P-value for the comparative analysis between 

greenfield and brownfield site applications was 0.19 and the P-value for the comparative analysis 

between single unit applications and multiple unit applications was 0.31. Neither of these P-

values met the 0.05 significance level. Therefore, a single average is sufficiently representative 

of application review time for all reaction application types.  

CO2 Emissions 

 For the last of the quantitative metrics, CO2 emissions, nuclear energy was determined to 

have the lowest median emissions throughout its entire lifecycle with a rate of 16.00 

gCO2equivalent/kWh. Renewables followed with a median lifecycle emissions rate of 36.50 

gCO2equivalent/kWh and lastly natural gas with a median lifecycle emissions rate of 482.00 
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Available Capacity 

 As mentioned above, the data in this metric was very nonuniform and therefore difficult 

to analyze. For natural gas, the available capacity ranged from 52.6 to 200 years with no two 

sources sharing any estimate within 35 years of another. The same can be said for nuclear energy 

whose estimates ranged from 90 years to over 30,000 years with the likes of future advanced 

reactors. As for renewables, approximately half of the articles estimated that combined wind and 

solar had the potential to meet well-above the U.S.’s energy needs. The other half of the articles 

seemed to estimate that renewables would never be able to produce 100% of the U.S.’s energy 

needs, and rather, would cap at approximately 80% of U.S. energy needs. However, the range for 

this metric was extremely broad, and no two articles ever expressed the same opinion, rather just 

similar opinions. Therefore, it has been determined that not enough data is readily available to 

understand the future available capacity for these energy sources. As National Geographic 

pointed out in a recent article, any estimate of resources underground is just that, an estimate, 

and, one that will change based on advancements in both the technology using the resource and 

the models that allows humans to make these estimates (National Geographic 2011). The data 

was not normalized, and rather, each energy source was simply assigned a value of 1.00. For a 

more detailed view of the tally sheet and each of the estimates, please see APPENDIX A7. 

Environmental Impact 

 To determine the environmental impact of each energy source, every possible 

environmental impact discussed in the selected articles was tabulated. Each of the sources were 

listed in the left-hand row of the table. The data was then tallied to determine which 

environmental issues were mentioned for each energy source. The representative percent of each 

issue was calculated, as was the frequency of each issue. The top four issues pertaining to natural 
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gas were methane leaks, earthquakes, water pollution, and land and water use. Each of these 

issues represented 16.67% of the issues raised, so in total, they represented 66.67% of all issues 

raised. They were each brought up with a frequency of 100% - meaning that every article 

surveyed pertaining to the environmental impacts of natural gas, mentioned these four issues. 

These, along with the remaining five issues mentioned for natural gas: air pollution 

(Representative Percent: 12.50%, Frequency: 75.00%), wildlife disturbances (RP: 8.33%, F: 

50.00%), drilling (RP: 4.17%, F: 25.00%), disruption to people/communities (RP: 4.17%, F: 

25.00%), and fracking fluid leakage (RP: 4.17%, F: 25.00%), were then used to calculate the 

total weight of environmental issues for natural gas. Each of the issues’ representative percent 

was multiplied by its frequency to determine a weight of the issue, and then these were summed 

across all issues to determine the total weight of natural gas’s environmental impact, 0.83 out of 

a possible 1.00.  

 As for nuclear energy, the same process was followed, but only four unique issues were 

raised. They were fuel/waste disposal (RP: 42.86%, F: 75.00%), radioactive release (RP: 

28.57%, F: 50.00%), waste heat (RP: 14.29%, F: 25.00%) and human health (RP: 14.29%, F: 

25.00%). The total environmental impact weight of nuclear energy was 0.54 out of a possible 

1.00. For wind energy, eight unique issues were identified. In descending order of weight, they 

were: wildlife deaths (RP: 25.00%, F: 80.00%), habitat alteration (RP: 25.00%, F: 80.00%), 

ecosystem structure (RP: 12.50%, F: 40.00%), land use (RP: 12.50%, F: 40.00%), noise 

pollution (RP: 6.25%, F: 20.00%), effect on radar (RP: 6.25%, F: 20.00%), human health (RP: 

6.25%, F: 20.00%), and visual interference (RP: 6.25%, F: 20.00%). The final environmental 

impact weight of onshore wind energy was determined to be 0.55 out of a possible 1.00. Finally, 

for utility-scale solar photovoltaics, seven issues were identified. In descending order of weight, 
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they were: land and water use (RP: 35.71%, F: 100.00%), hazardous materials use (RP: 21.43%, 

F: 60.00%), biodiversity (RP: 14.29%, F: 40.00%), lack of recycling options (RP: 7.14%, F: 

20.00%), waste materials (RP: 7.14%, F: 20.00%), soil change (RP: 7.14%, F: 20.00%), and 

human health (RP: 7.14%, F: 20.00%). The total environmental impact weight of solar energy 

was determined to be 0.60 out of a possible 1.00. Wind and solar energies’ environmental impact 

weights were then averaged to determine a single impact weight from renewables, which was 

0.58. For more detail on the individual weight of each environmental issue and a detailed tally of 

the issues with links to their sources, please see APPENDIX A8.  

Reliability  

 The reliability of each energy source was analyzed much the same way as the public 

opinion. The articles were broken-down and tabulated based on whether they argued the energy 

source was reliable, unreliable, or whether they remained neutral. Natural gas was determined to 

be reliable 42.86% of the time, unreliable 14.29% of the time, and neutral 42.86% of the time. 

Nuclear energy was noted as 100.00% reliable. As for wind energy, it was determined to be 

reliable 50.00% of the time, unreliable 16.67% of the time, and neutral 33.33% of the time. 

Finally, solar energy was found reliable 44.44% of the time, unreliable 22.22% of the time, and 

neutral 33.33% of the time. These are the values for the representative percent calculation but in 

this case, they are also equal to the frequency. The percent reliable for wind and solar were 

averaged to determine the total percent reliability for renewables at 47.22%. When the highest 

percent reliable value is normalized to 1.00, nuclear energy leads with a value of 1.00. In second 

are renewables with a value of 2.12, and in third is natural gas with a value of 2.33. See 

APPENDIX A9. 
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Needed Policy 

 Finally, to determine the policies needed in order to implement the expansion of each 

energy source, every possible policy discussed in the selected articles was placed at the top of a 

column in a table. Each of the sources were listed in the left-hand row of the table. As mentioned 

above, the data was then tabulated to determine which policies were mentioned for each energy 

source. The representative percent of all issues was calculated, as was the frequency of each 

issue. Eight unique policies were mentioned for natural gas. In descending order of 

representative percent and frequency, they were: maintaining the Safe Drinking Water Act 

exemption for fracking, otherwise known as the Halliburton Loophole (RP: 18.18%, F: 33.33%, 

Implementation Factor: 0), decreasing or not implementing increased environmental standards 

like the methane rule (RP: 18.18%, F: 33.33%, IF: 0.5), increasing the U.S. land area open to 

drilling, such as the Outer Continental Shelf (RP: 18.18%, F: 33.33%, IF: 1), eliminating 

subsidies for biofuels (RP: 9.09%, F: 16.67%, IF: 1), decreasing federal permitting rates/policies 

(RP: 9.09%, F: 16.67%, IF: 1), empowering state laws over federal laws (RP: 9.09%, F: 16.67%, 

IF: 1), keeping the Trump Administration from implementing its proposed rule on grid reliability 

and resilience pricing (RP: 9.09%, F: 16.67%, IF: 0), and making way for the ‘shale revolution’ 

(RP: 9.09%, F: 16.67%, IF: 0). The representative percent, frequency, and implementation factor 

were then multiplied for each policy to determine the weight of said policy. Lastly, the weight of 

each policy was summed to determine the total weight of needed policies for natural gas. This 

value was calculated as 0.14 out of a possible 1.00. 

 The same process was followed for nuclear energy, wind, and solar. For nuclear energy, 

ten individual policies were suggested. In order of decreasing representative percent and 

frequency, these were: finding a solution for nuclear waste/the Nuclear Waste Policy 
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Amendments Act of 2018 (RP: 21.43%, F: 50.00%, IF: 1), providing financial support (RP: 

14.29%, F: 33.33%, IF: 1), supporting nuclear research and development (RP: 14.29%, F: 

33.33%, IF: 1), implementing wider net-metering (RP: 7.14%, F: 16.67%, IF: 1), maintaining 

CAFÉ standards (RP: 7.14%, F: 16.67%, IF: 0), creating state energy goals (RP: 7.14%, F: 

16.67%, IF: 1), speeding-up the nuclear licensing process (RP: 7.14%, F: 16.67%, IF: 1), 

implementing the Trump Administration’s proposed rule on grid reliability and resilience pricing 

(RP: 7.14%, F: 16.67%, IF: 1), educating the public (RP: 7.14%, F: 16.67%, IF: 1), and 

supporting the current fleet (RP: 7.14%, F: 16.67%, IF: 1). The total weight of all needed 

policies for nuclear energy was calculated as 0.27 out of a possible 1.00. 

 The results for solar and wind were determined to be the same, as all the suggested 

policies applied to renewables as a whole. Twelve unique policies were suggested. In order of 

decreasing representative percent and frequency, they were: production tax credits (RP: 16.67%, 

F: 75.00%, IF: 1), investment tax credits (RP: 16.67%, F: 75.00%, IF: 1), implementing 

renewable energy or electricity portfolio standards (RP: 11.11%, F: 50.00%, IF: 1), 

implementing wider net metering (RP: 11.11%, F: 50.00%, IF: 1), implementing feed-in tariffs 

(RP: 5.56%, F: 25.00%, IF: 1), keeping the Trump Administration from implementing its 

proposed rule on grid reliability and resilience pricing (RP: 5.56%, F: 25.00%, IF: 0), 

implementing other financial incentives (RP: 5.56%, F: 25.00%, IF: 1), maintaining CAFÉ 

standards (RP: 5.56%, F: 25.00%, IF: 0), supporting research and development (RP: 5.56%, F: 

25.00%, IF: 1), creating state energy goals (RP: 5.56%, F: 25.00%, IF: 1), implementing 

renewable-friendly interconnection standards (RP: 5.56%, F: 25.00%, IF: 1), and supporting 

private investment (RP: 5.56%, F: 25.00%, IF: 1). The total weight of all needed policies for 
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renewables was calculated as 0.44 out of a possible 1.00. For more detail on the individual 

weight of each policy and a detailed table with links to sources, please see APPENDIX A10. 

Multi-Criterion Decision Analysis 

 Finally, all of the calculated weights for each metric and each energy source were 

transferred into a table like Table 2. The weight of each metric within each energy source were 

then summed to determine the ultimate impact on that energy source. Holding the value of each 

metric the same, renewables led with a score of 12.70, followed by nuclear energy with a score 

of 16.80, and in last place natural gas with a score of 45.18. This shows that while nuclear energy 

would be a better bridge fuel than natural gas, the U.S. does not actually need a bridge fuel. 

Renewables are readily deployable now. See Table 3. And yet, it isn’t every case where each of 

the eight metrics are valued equally. So, the current study also developed a Final MCDA Tool 

that allows for scientists, policymakers, academics, etc. to change the weight of each metric to 

see how that changes the scores. See Table 4. All raw data is provided in APPENDIX A1. 

Table 3: Final Multi-Criterion Decision Analysis Tool 
This table details the final, normalized weight of each metric for each energy source. The energy source with 1.00 as 
its weighted score in a particular metric would be considered the ‘best’ in that metric. Therefore, the lowest Total 
Weighted Score is considered the ‘best’ overall. This table represents the case where each metric is valued equally. 
However, a weight column has been provided so that scientists, policymakers, academics, etc. can easily change the 
weight, i.e. value, of each metric in order to play-out different scenarios.  
 

   

 
 
 

Metric Weight Natural Gas Nuclear Renewables
Cost 1 1.02 1.73 1.00

Implementation Speed 1 1.14 3.06 1.00
CO2 Emissions 1 30.13 1.00 2.28
Public Opinion 1 7.00 6.00 1.00

Available Capacity 1 1.00 1.00 1.00
Environmental Impact 1 1.56 1.00 1.07

Reliability 1 2.33 1.00 2.12
Policy Needed 1 1.00 2.01 3.23

45.18 16.80 12.70Total Weighted Score
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Table 4: Example Situation Using Final MCDA Tool 
This table gives an example of a situation in which cost has been weighted 10 times greater and reliability has been 
weighted 5 times greater than the remaining metrics. Additionally, CO2 Emissions was removed entirely. In this 
scenario, renewables still represent the best-case scenario, but the rankings of natural gas and nuclear have flipped.  
 

 

DISCUSSION 

 The looming threat of climate change is growing harder and harder to ignore. Both the 

IPCC’s 2018 Special Report (Intergovernmental Panel on Climate Change, n.d.) and the United 

States’ 4th National Climate Assessment (U.S. Global Change Research Program 2018), discuss 

the need for immediate, rapid, extensive mitigation and adaptation efforts to reduce the chances 

of confronting the worst consequences of climate change. As mentioned above, the greatest 

contributor to anthropogenic climate change is greenhouse gas emissions and, in the U.S., the 

largest source of those emissions is the energy sector. It has been suggested by academics and 

policymakers alike that while renewables may not be ready for scale-up in the near term, in order 

to reduce greenhouse gas emissions, natural gas may be used as a bridge fuel. Natural gas has 

roughly half the carbon emissions of coal for the equivalent energy unit generated, and, thanks to 

recent advancements in drilling technologies, natural gas has seen a rapid reduction in price in 

the U.S. (Kerr 2010). And yet, due to the severe consequences laid out by the IPCC and NCA 

and the brief timeline left for action, the need to reduce greenhouse gas emissions by more than 

that provided by natural gas is critical. Therefore, this study hypothesized that due to its 

Metric Weight Natural Gas Nuclear Renewables
Cost 10 10.20 17.30 10.00

Implementation Speed 1 1.14 3.06 1.00
CO2 Emissions 0 0.00 0.00 0.00
Public Opinion 1 7.00 6.00 1.00

Available Capacity 1 1.00 1.00 1.00
Environmental Impact 1 1.56 1.00 1.07

Reliability 5 11.65 5.00 10.60
Policy Needed 1 1.00 2.01 3.23

33.55 35.37 27.90Total Weighted Score
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extremely low level of lifecycle carbon emissions, nuclear energy should be the bridge fuel that 

the U.S. turns to in order to combat climate change. 

 The study also looked at whether or not a bridge fuel was truly necessary. Meaning, are 

renewables capable of addressing climate change? Is there something holding them back that 

requires the need for a bridge fuel? As shown above, the results of this study say otherwise. In 

fact, renewables, here combined onshore wind and utility-scale solar photovoltaics, out-perform 

both natural gas and nuclear in almost every case imaginable. Therefore, the entire concept of a 

bridge fuel is unnecessary. Renewables are readily deployable now to combat climate change.  

Cost 

 Across each of the eight metrics, natural gas, nuclear energy, and renewables were 

analyzed and compared to determine the best. While some metrics came out as expected, other 

results were quite surprising. The levelized cost of energy was examined without including tax 

credits, incentives, and subsidies for any energy source and, even so, renewables were revealed 

as the cheapest energy source, albeit not by much. But the fact that they are competitive with 

natural gas, without financial incentives, is somewhat surprising given that the narrative of the 

natural gas industry would have it believed otherwise. Therefore, one of the key arguments for 

natural gas as a bridge fuel, the fact that it is more cost-effective than renewables, was found to 

be false. However, as expected, nuclear energy came in as the most expensive energy source.   

Implementation Speed 

 Rankings did not change with the review of implementation speed. Throughout the data 

collection process, finding robust data for this metric proved difficult due to the unstandardized 

timing process. Construction times were often reported intermixed with licensing times and full 

project timelines. However, again renewables resulted in the quickest implementation time 
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followed closely by natural gas and nuclear energy in last. It is worth noting, though, that 

renewables individually would flank either side of natural gas, with solar panels being a speedier 

installation and wind turbines proving slightly slower than gas.  

CO2 Emissions 

 Given the interest of this study in the face of anthropogenic climate change, it is needless 

to say that this metric is one of great importance. It is also the first where nuclear energy got a 

chance to really shine. It is important to look at the entire life cycle analysis of energy sources 

when analyzing greenhouse gas emissions. While certain energy sources are carbon-neutral when 

burned, like biomass, throughout the growing, harvesting, refining, and transportation processes, 

they often rack up carbon emissions of their own (Harvey and Heikkinen, 2018). The same is the 

case with both nuclear energy and renewables. While they produce significantly less carbon 

emissions than natural gas as their fuel source does not itself emit greenhouse gases, throughout 

their entire lifecycle, they are associated with a small amount of carbon emissions. The mining 

processes used to excavate uranium for nuclear energy and additional precious metals for solar 

panels do incur some greenhouse gas emissions, as do their refining and transportation. While 

these are still much better choices than fossil fuels, as can be exemplified by the magnitude of 

difference between the energy sources (natural gas produces 30 times the amount of CO2 

emissions as nuclear energy), it is important that they are still managed sustainably throughout 

their entire lifecycle to keep emissions as low as possible.  

Public Opinion 

 Public opinion proved to be another surprising category. Again, data from reputable 

sources was not always readily available, but of those screened, renewables came out ahead. 

However, given that the survey questions were not standardized across each source study, a few 
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noteworthy points were discovered. Ultimately, natural gas came in last as no survey had given it 

a favorable public opinion. While half of those screened were neutral, others reflected a negative 

public opinion of natural gas. However, multiple sources eluded to the importance of framing 

when conducting these surveys. For example, referring to natural gas recovery as “fracking” as 

opposed to “shale development” would potentially lead the public to respond to questions 

differently (Clarke et. al. 2015). The same can also be said for nuclear energy. This study found 

that overall, nuclear had a relatively neutral public opinion. This came from the fact that while 

the public was generally supportive of the current fleet, once asked about siting a new reactor, a 

“not in my backyard” or NIMBY state of mind took over (Rosa and Dunlap 1994). Standardizing 

the framing of public opinion surveys would likely lead to less biases and more understanding 

when it comes to the complexities of these energy sources. Yet, for the time being, renewables 

came out far ahead of both natural gas and nuclear energy, with a great majority of the public 

supporting the research, development, and deployment of renewable energy technologies.  

Available Capacity 

 Unfortunately, this is another metric where data collection proved difficult. The intention 

behind looking at available capacity was to see just how long non-renewable resources were 

predicted to last and whether or not renewables would be able to meet all of America’s energy 

needs. Ultimately, it seems there is not enough data available in the field to form a consensus. 

Predictions ranged from 50 to 200 years for natural gas, and from 90 to 30,000 years for nuclear 

energy, depending on the development of advanced reactors. The case for both wind and solar 

was similar. Some articles expressed that with the solar and wind potential of the U.S., 

renewables would have no problem meeting energy needs if they were deployed at scale (U.S. 

Department of Energy n.d.c.; Lu, McElroy, and Kiviluoma 2009; National Renewable Energy 
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Laboratory 2011). Still, others stated that renewables would only ever be able to meet roughly 

80% of U.S. energy needs and that the rest would need to be addressed by fossil fuels or other 

solutions like nuclear, hydropower, or energy storage (Shaner et. al. 2018). For both fossil fuels 

and renewables, it seems as though an estimate is only just that, an estimate (National 

Geographic 2011). Predicting the advancements in technologies that would allow for the 

extended use of underground mineral resources is still in its infancy, as is predicting the amount 

of said minerals left underground. This uncertainty in capacity of non-renewable and fossil fuel 

resources is fighting the intermittency of renewable resources such as wind and solar – making 

the available capacity of both unpredictable. Ultimately, it is the opinion of this study that while 

more research is needed to refine the data underpinning this metric, it is not something that 

should stall action at this point given the robust display of the other metrics.   

Environmental Impact 

 It was decided that environmental impact should be examined separately from CO2 

emissions as there is significantly more to the environment than greenhouse gas emissions. This 

metric was another with some surprise results. Despite their green advertising, both solar and 

wind proved to have more environmental impacts than even nuclear energy. While nuclear 

energy comes with its own baggage, namely radioactive waste and radioactive release, it was not 

so much as to outweigh the diverse array of concerns surrounding renewables. However, perhaps 

there is something to be said here on the relative age of each technology. Much of the early 

environmental concerns surrounding nuclear energy have boiled down to the two main concerns 

mentioned above. They each loom with a greater threat than any individual concern facing 

renewables, but the sheer number of those facing renewables ultimately won out. These included 

concerns over wildlife, habitat alteration, and land use. Given the large land space that both solar 
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and wind energy need to produce a given amount of energy compared to a nuclear reactor, 

significantly more wildlife is being affected by the construction of solar panels and wind 

turbines. As for natural gas, outside of CO2 emissions, the major concerns generally related to 

fracking and drilling. Widespread concern over methane leakage seems to have caught on as it 

was frequently mentioned as a major environmental concern. Earthquakes and water shelf 

pollution due to fracking were also frequently mentioned when discussing the environmental 

impacts of natural gas. Again, while some choices have proven to be better than others, this goes 

to illustrate the importance of managing all environmental impacts of each energy source in 

order to sustainably, and safely, make use of natural resources.  

Reliability 

 The reliability of each energy source was analyzed similarly to public opinion in that it 

was either deemed reliable, unreliable, or neutral. While this set-up makes the analysis much 

simpler, it is important to remember the shades of grey that go into each decision. A number of 

factors contribute to whether or not an energy source is deemed reliable. Here, nuclear energy 

came out far in the lead as the most reliable energy source, in fact, it was considered 100% 

reliable. Another way of viewing this though, is that it is the most predictable energy source. 

Comparatively, both solar and wind are intermittent energy sources, meaning that a wind turbine 

or a solar panel cannot continuously generate energy. Sometimes the wind is not blowing, and 

the sun is not shining. As for natural gas, the major area of concern came from the volatility of 

pricing over the recent decades and as the seasons shift (Smead 2010). That is not to say that 

both renewables and natural gas are unreliable energy sources, but that when compared to 

nuclear, their ability to generate energy is more dependent on externalities than is nuclear energy. 
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Needed Policy  

 Finally, needed policy – it is important to incorporate this metric into the current study to 

illustrate the effect that policy and policymakers have on America’s energy choices and 

decisions. The current set of policies implemented in the energy sector tend to favor natural gas, 

shown by it having the lowest score in this metric. This means that natural gas most benefits 

from the policy status quo and that in order to best implement either nuclear energy or 

renewables, new policies are likely necessary. Some of the policies screened in the current study 

are being implemented, but will either be phasing out soon, like tax credits, or need to be 

strengthened in order to better facilitate renewables or nuclear energy, like interconnection 

standards. These are important as policy plays a very big role in supporting energy in America. 

 The federal government has long provided the natural gas industry with subsidies to help 

keep consumer prices low (U.S. Energy Information Administration 2018b) and has also 

frequently led the charge on both nuclear and renewable energy research and development 

through agencies like the Advanced Research Projects Agency – Energy (Advanced Research 

Projects Agency – Energy – U.S. Department of Energy 2018). However, government policies 

have also diminished energy development in the past by implementing updated environmental 

standards and disallowing public lands to be used for development. All of this is to say that 

government policies can either help or hinder an energy source. Many times, these policies are 

for the betterment of the country. Environmental standards are necessary to keep air and water 

from being polluted. Safety regulations keep workers safe from the many hazards associated with 

energy development. And yet, many times these policies are often slow to change or even 

counter to what has been proven the best path forward. Such is the case, currently. While 

renewables have won out in many of metrics, it is in needed policy that natural gas shines. This 
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goes to show that the policy status quo favors natural gas despite its obvious failures at meeting 

emissions reductions needs in the face of global warming – something that must change as the 

U.S. begins to seriously address climate change. 

Multi-Criterion Decision Analysis 

 While each individual metric has led to its own insights on the U.S. energy sector, when 

they all come together, they are able to truly give insight into America’s energy choices for its 

future. A MCDA Tool was created as part of this study to aid scientists, policymakers, 

academics, etc. in making more informed decisions about America’s energy future. When all 

eight metrics are weighted equally, renewables rank as the best energy source. However, even 

when CO2 emissions are removed from the equation entirely (given a weight of 0), renewables 

still emerge as the best energy source. There are many different ways weights could be assigned 

based on different energy scenarios, but it proves difficult to find a scenario where renewables do 

not come out on top. While natural gas and nuclear energy may shift, based on the individual 

situation, renewables are consistently the best. The MCDA Tool is available in APPENDIX A2 

and it is suggested that readers try out situations for themselves to demonstrate the robustness of 

the study’s results. Ultimately, renewables are the best energy source for America’s future and 

are readily deployable now. A bridge fuel is unnecessary.   

Limitations and Future Study 

 As stated above, given the fact that renewables consistently come out on top no matter 

the various weights assigned, the results of the current study have proven to be robust. And yet, it 

is also important to discuss the study’s limitations. More than anything else, this study was 

limited by time. There is a wide array of data available to sort through, and other databases and 

search terms could be used to provide a more exhaustive sampling of data. Given the short 
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timeframe of the study, many of the article’s raw data files were inaccessible. Additionally, for 

this reason, error analysis was not able to be performed. Gaining access to the raw data files and 

the standard deviations associated with their calculations would have allowed for an error 

analysis and additional hypothesis testing. Were the study to be replicated, using raw data rather 

than aggregated data would likely increase the accuracy and precision of the MCDA Tool. 

   Additionally, increasing the number of variables for each metric or adding additional 

metrics would help to make the MCDA Tool more robust. For example, the risk associated with 

each environmental impact or the probability of it actually happening could be factored into the 

environmental impact assessment. Other metrics such as workforce development or contribution 

to the gross domestic product could be researched and added to the MCDA Tool to add a layer of 

complexity. It is also worth noting that currently, given the difference in the range of the 

normalized data, this results in a slightly different impact of each metric on the energy source’s 

final score. This can be corrected by normalizing the sum of the data per metric in the MCDA 

Tool. However, the rankings remain the same in either case.  

 Finally, the study was limited by the availability of data. Due to the scope of many of the 

metrics, there were few sources able to provide the needed information. For example, when 

researching cost data, while many articles discussed the cost associated with each energy source, 

they all traced back to the same raw data available from the U.S. Energy Information Agency 

(EIA). This made finding differing opinions difficult, and those that did exist were often not on 

par with the quality provided by the EIA. Additionally, due to the heightened security associated 

with both nuclear energy and natural gas drilling, some information was simply inaccessible to 

the general public. But while these different factors have limited the current study, they also 

provide potential for future studies on the subject. 
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Conclusions 

 In conclusion, while nuclear is indeed a better bridge fuel than natural gas, ultimately, the 

question of the best bridge fuel is unnecessary, and perhaps a distraction from the key point. The 

United States does not need a bridge fuel in order to get to a renewable energy future. Renewable 

energy sources like wind and solar are readily deployable now. In order to avoid the worst 

consequences of climate change, the U.S. needs to make a rapid, widespread transition from 

fossil fuel energy sources to renewable energy sources as soon as possible. Other energy sources 

like nuclear energy, hydropower, and geothermal will remain useful in specific regions, but 

overarchingly, wind and solar have proven to be the energy sources of the future. In order to 

combat climate change, the United States needs to begin this energy transition now. 
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APPENDIX 
 
A1. Raw Data File 
 
A2. MCDA Tool 
 
A3. Cost Data Table 

 
 
A4. Implementation Speed Data Table 

 
 
A5. CO2 Emissions Data Table 

 
 
 
 

Combustion Turbine Combined Cycle
Lazard 2017 N/A 60.00 147.50 45.00 47.50

U.S. EIA 2018e 85.10 49.00 92.60 59.10 63.20
NREL 2018b 59.24 30.64 64.34 41.87 62.30

Median 72.17 49.00 92.60 45.00 62.30
Average Median 92.60

Reference
Natural Gas

Nuclear Onshore Wind Utility Solar PV

54.79 53.65

Combustion Turbine Combined Cycle
U.S. EIA 2018c 2.00 3.00 6.00 3.00 2.00

Lazard 2017 N/A 2.00 5.75 1.00 0.75
U.S. NRC 2018a N/A N/A 7.30 N/A N/A

Rollins, Tutmaher, and 
Pintcke 2012

N/A 3.70 N/A N/A N/A

U.S. NRC 2018b N/A N/A 9.31 N/A N/A
AWEA 2017 N/A N/A N/A 3.25 N/A

Berthélemy and Rangel 2015 N/A N/A 9.27 N/A N/A
Parkes Solar Farm 2015 N/A N/A N/A N/A 0.75

Sovacool 2009 N/A N/A N/A 0.38 0.17
Greentech Media 2015 N/A N/A N/A N/A 1.50

Individual Median 2.00 3.00 7.30 2.00 0.75
Notes no real median

Range

6.00 - 9.31years for 
full process; 5.75 

years for 
construction

3.00 - 4.25 for 
full process; 3 
months - 1.00 

year for 
construction

0.75 - 2.00 years for 
full process; 0.17 - 

1.50 years for 
construction

3.63 1.38
Median

Reference

2.00 - 3.70 years

2.50
2.85 7.66

Natural Gas
Nuclear Onshore Wind Utility Solar PV

no real median, range represents different things, ground breaking, conception, etc. 

Combustion Turbine Combined Cycle
World Nuclear 

Association 2011
499.00 499.00 29.00 26.00 85.00

Hatch 2014 N/A 478.00 18.50 10.50 N/A
Weisser 2007 467.50 467.50 13.40 19.00 58.00
NREL, n.d.a 465.00 N/A 12.00 11.00 45.00

Median 15.95 15.00 58.00
Average Median 16.00

Reference

482.00 36.50
482.00

Natural Gas
Nuclear Onshore Wind Utility Solar PV
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A6. Public Opinion Data Table 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Positive Negative Neutral Positve Negative Neutral Positve Negative Neutral Positve Negative Neutral
Funk and Kennedy 2016 X X X X

Bisconti 2016 X
Clarke et. al. 2015 X X

Auter 2016 X X
Lazard 2016 X X X X

Olson-Hazboun 2017 X X
Biconti Research, Inc. 2016 X

Kennedy 2017 X X X
Rosa and Dunlap 1994 X

Bolger 2016 X X X X
Ernest & Young Global Ltd. 2017 X

Hamilton et. al. 2018 X X
Thomas et. al. 2016 X
Jacquet et. al. 2018 X

Representative Percent 0.00% 50.00% 50.00% 14.29% 14.29% 71.43% 85.71% 0.00% 14.29% 85.71% 0.00% 14.29%
Frequency 0.00% 50.00% 50.00% 14.29% 14.29% 71.43% 85.71% 0.00% 14.29% 85.71% 0.00% 14.29%

Average Representative       
Percent Positive 

Reference
Natural Gas Nuclear Wind Solar

85.71%0.00% 14.29%
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A7. Available Capacity Data Table 

 
 
A8. Environmental Impact Data Table 

 
 
 
 

Estimate is 
an Estimate 90 years

52.6 years 
globally 200 years

200 years currently, 
30,000 with 

advanced reactors

Estimate is an 
Estimate 90 years

Multiply 
fleet by 5

954 
Reactors 
Needed 

FAR OUT 
with 

Advanced
35% by 2050

Increasing Turbine 
Height Increase 

Penatration

80% with Solar 
need backup

100% with 
Solar

WELL 
ABOVE

35% by 2050   
90% by 2100

100% 
Renewable

80% with 
Wind need 

backup

WELL 
ABOVE

U.S. DOE 2015b X
Fthenakis, Mason, and 

Zweibel 2009 X

Plumer 2013 X X
Lu, McElroy, and 
Kiviluoma 2009 X

Fetter 2009 X X
NEI 2018 X

Bradish 2008 X
Price and Blaise 2002 X

World Nuclear 
Association 2018b X

NREL 2011 X
 Shaner et. al. 2018 X X

National Geographic 2011 X X
U.S. EIA 2018d X

BP 2018 X
Flogas 2018 X

U.S. DOE, n.d.c X
U.S. EIA 2017b X

Representative Percent 25.00% 25.00% 25.00% 25.00% 14.29% 14.29% 14.29% 14.29% 14.29% 28.57% 16.67% 16.67% 16.67% 16.67% 33.33% 25.00% 25.00% 25.00% 25.00%
Frequency 25.00% 25.00% 25.00% 25.00% 16.67% 16.67% 16.67% 16.67% 16.67% 33.33% 16.67% 16.67% 16.67% 16.67% 33.33% 25.00% 25.00% 25.00% 25.00%

Natural Gas Nuclear SolarWind

Reference

Methane 
Leakage

Air 
Pollution

Drilling Disturbing 
to People

Wildlife Earthquakes Fracking 
Fluid Leaks

Water 
Pollution

Land and 
Water Use

Radioactive 
Release

Waste 
Heat

Fuel 
Disposal

Human 
Health

Noise 
Pollution

Land Use Effect on 
Radar

Human 
Health

Visual 
Interference

Wildlife 
Deaths

Ecosystem 
Structure

Habitat 
Alteration

Biodiversity Land and 
Water Use

Hazardous 
Materials

Lack of 
Recycling 
Options

Waste 
Materials

Soil 
Change

Human 
Health

Union of Concerned Scientists, 
n.d.

X X X X X X

U.S. EIA 2018f X X X X X X X X X
Wang et. al. 2014 X X X X

Hernandez et. al. 2014 X X X X
Saidur et. al. 2011 X X X X X

National Research Council 
2007

X X X

Union of Concerned Scientists 
2013b X X X X

U.S. DOE, n.d.a X X X
Rashad and Hammad 2000 X X
Steinhauser, Brandl, and 

Johnson 2014
X

World Nuclear Association 
2013

X X X X

U.S. EIA 2018g X
Ewing 2008 X

Union of Concerned Scientists 
2013a

X X

Nunez 2014 X X X X
U.S. EIA 2018h X X X

National Energy Technology 
Laboratory 2014

X X X X X

Representative Percent 16.67% 12.50% 4.17% 4.17% 8.33% 16.67% 4.17% 16.67% 16.67% 28.57% 14.29% 42.86% 14.29% 6.25% 12.50% 6.25% 6.25% 6.25% 25.00% 12.50% 25.00% 14.29% 35.71% 21.43% 7.14% 7.14% 7.14% 7.14%
Frequency 100.00% 75.00% 25.00% 25.00% 50.00% 100.00% 25.00% 100.00% 100.00% 50.00% 25.00% 75.00% 25.00% 20.00% 40.00% 20.00% 20.00% 20.00% 80.00% 40.00% 80.00% 40.00% 100.00% 60.00% 20.00% 20.00% 20.00% 20.00%

Weight 0.17 0.09 0.01 0.01 0.04 0.17 0.01 0.17 0.17 0.14 0.04 0.32 0.04 0.01 0.05 0.01 0.01 0.01 0.20 0.05 0.20 0.06 0.36 0.13 0.01 0.01 0.01 0.01
Sum Environmental Impact

Average Sum            
Environmental Impact

0.83 0.54 0.58

Reference

Natural Gas Nuclear Wind Solar

0.83 0.54 0.55 0.60
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A9. Reliability Data Table 

 
 
A10. Policy Needed Data Table 

Reliable
Not 

Reliable Neutral Reliable
Not 

Reliable Neutral Reliable
Not 

Reliable Neutral Reliable
Not 

Reliable Neutral

Liss and Rowley 2018 X
Lofthouse, Simmons, and 

Yonk 2015a X

Union of Concerned Scientists 
2015

X X

U.S. DOE, n.d.b X
AWEA, n.d. X
Trabish 2017 X X

Pinar Pérez et. al. 2013 X
Pfaffel, Faulstich, and Rohrig 

2017
X

U.S. EIA, n.d. X
NREL, n.d.b X
Page 2017 X
Mu 2007 X

Brook et. al. 2014 X X X
Lofthouse, Simmons, and 

Yonk 2015b
X

Sisk 2017 X X
NREL 2018a X
NRDC 2017 X X
Panfil 2014 X X
Smead 2010 X

NEI, n.d. X
North American Electric 

Reliability Corporation 2017
X

Comby, n.d. X
Brown 2017 X

Representative Percent 42.86% 14.29% 42.86% 100.00% 0.00% 0.00% 50.00% 16.67% 33.33% 44.44% 22.22% 33.33%
Frequency 42.86% 14.29% 42.86% 100.00% 0.00% 0.00% 50.00% 16.67% 33.33% 44.44% 22.22% 33.33%

Average Representative 
Percent Reliable

Reference

Natural Gas Nuclear Wind Solar

42.86% 100.00% 47.22%

Stay Out of 
the Way of 
the Shale 

Revolution

Proposed Rule on Grid 
Reliability and 

Resilience Pricing is 
Not Implemented

Keep SDWA 
Excemption As 
Is (Halliburton 

Loophole)

Empower 
States (State 
Laws Over 

Federal)

Decrease Federal 
Permitting Rates/Policies 

in Current Production 
Areas

Decrease/Do Not 
Implement 

Environmental 
Standards (Methane)

Increase Areas 
Open to 

Production (Outer 
Continential Shelf)

Eliminate 
Subsidies for 

Biofuels

Support 
Nuclear R&D Net Metering

CAFÉ 
Standards State Goals

Provide 
Financial 
Support

Speed Up 
Processes

Implement Proposed 
Rule on Grid 

Reliability and 
Resilience Pricing

Figure Out 
Nuclear 
Waste 

(NWPA 18)

Educate the 
Public

Support 
Current 

Fleet

Renewable 
Electricity 
Standards 
(Portfolio)

Feed-In 
Tariffs PTC ITC

Proposed Rule on Grid 
Reliability and Resilience 

Pricing Is Not 
Implemented

Other 
Financial 
Incentives

CAFÉ 
Standards

Support 
R&D

State 
Goals

Interconnection 
Standards

Net 
Metering

Support 
Private 

Investment

Renewable 
Electricity 
Standards 
(Portfolio)

Support 
R&D

State 
Goals

CAFÉ 
Standards

Other 
Financial 
Incentives

Feed-In 
Tariffs

Proposed Rule on Grid 
Reliability and 

Resilience Pricing Is Not 
Implemented

PTC ITC
Interconnection 

Standards
Net 

Metering

Support 
Private 

Investment

Cox et. al. 2015a and         
Cox et. al. 2015b X X X X X X X X X X X X X X

Nordhaus and Lovering 2016 X X X X X X
Loris 2011 X X X X

Wood Mackenzie 2015 X X X
Stein et. al. 2017 X X X

Congress.gov 2018 X
Tiemann and Vann 2015 X

Holt 2014 X X X
Friedman 2018 X

AWEA 2018 X X X
Orvis et. al. 2017 X   

Engineering and National 
Research Council 2010 X X X X X X X X X X X X X X X X X X X X X

Representative Percent 9.09% 9.09% 18.18% 9.09% 9.09% 18.18% 18.18% 9.09% 14.29% 7.14% 7.14% 7.14% 14.29% 7.14% 7.14% 21.43% 7.14% 7.14% 11.11% 5.56% 16.67% 16.67% 5.56% 5.56% 5.56% 5.56% 5.56% 5.56% 11.11% 5.56% 11.11% 5.56% 5.56% 5.56% 5.56% 5.56% 5.56% 16.67% 16.67% 5.56% 11.11% 5.56%
Frequency 16.67% 16.67% 33.33% 16.67% 16.67% 33.33% 33.33% 16.67% 33.33% 16.67% 16.67% 16.67% 33.33% 16.67% 16.67% 50.00% 16.67% 16.67% 50.00% 25.00% 75.00% 75.00% 25.00% 25.00% 25.00% 25.00% 25.00% 25.00% 50.00% 25.00% 50.00% 25.00% 25.00% 25.00% 25.00% 25.00% 25.00% 75.00% 75.00% 25.00% 50.00% 25.00%

Implementation Factor 0.00 0.00 0.00 1.00 1.00 0.50 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00
Weight 0.00 0.00 0.00 0.02 0.02 0.03 0.06 0.02 0.05 0.01 0.00 0.01 0.05 0.01 0.01 0.11 0.01 0.01 0.06 0.01 0.13 0.13 0.00 0.01 0.00 0.01 0.01 0.01 0.06 0.01 0.06 0.01 0.01 0.00 0.01 0.01 0.00 0.13 0.13 0.01 0.06 0.01

Sum Policy Needed
Average Sum Policy Needed

Reference

0.14 0.27 0.44

Wind SolarNatural Gas Nuclear

0.14 0.27 0.44 0.44
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