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EXECUTIVE SUMMARY 

This paper demonstrated that the ongoing revolution in the electricity sector is 
based on 

• two supply-side technologies (onshore wind and utility photovoltaics) and  

• two demand-side technologies (efficiency investments that reduce the amount 
of energy consumed per unit of “output” and demand response that creates a 
better match between supply and demand by using digital communications, 
computers, and advanced control technologies).   

As a result, a 21st-century electricity system based on a radically different 
approach to system operation – small, decentralized, and dynamic – is replacing the 20th-
century station system, which was based on huge, inflexible “must-run” generators. The 
paper shows (Exhibit ES-1) that this transformation was not possible when the United 
Nations Framework Convention on Climate Change (UNFCCC) was signed in the early 
1990s, but it has been made possible by the dramatic recent technological progress. 

ES-1: BROAD, LONG-TERM RESOURCE COST TRENDS 

COST/KWH                                           ORIGINAL UNFCCC AGREEMENT  21ST AMENDMENT 

                     Coal w/CC    
                                       Vogtle  

                                                                                                                                       
           V.C. Summer              
                          Gas w/CCs 
                                                                                                                              
                         Solar PV                     CENTRAL STATION        
           
                                Gas w/CC 

                                                

 
                   

                  Nuclear     Gas 

       x     

     Coal               Utility PV             

                                                                                                                                                                                DISTRIBUTED 

                                                                                       Onshore Wind                             &  RENEWABLE       
   x           Battery Equiv.                        

                          

                  Efficiency & Demand Mgmt. 
 
 
 
 
 
Source: See Figure 2.1.  
 

The four alternative resources yield power that is lower in cost, achieves faster 
economic growth, creates more jobs, and reduces concerns about public health and safety, 
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while fully decarbonizing the electricity sector. With such clear advantages, the question 
arises as to why the 21st-century alternative needs aggressive public policy to be 
implemented on a pervasive scale. The answer is, as it has always been during 
technological revolutions, the new system must overcome the resistance of the dominant, 
entrenched incumbents who have had a century to cement their power and influence. The 
new system needs not only extensive physical assets but also institutional supports to 
become dominant.   

The new system must overcome two barriers, one from deniers who say it is 
unnecessary or cannot be done and one from those who claim decarbonization cannot be 
accomplished without relying on nuclear power. The barriers are backed by powerful 
interests. Coal accounts for 23% of total generation, gas 37%, and nuclear 20%.  

PART I: AFFORDABLE RESOURCE COST 

Part I examines the evidence on the resource cost of the electricity system.  
Exhibit ES-2, which shows a comparison of projected costs of resources from EIA and 
Lazard, is similar to many other projections, and they lead to the following conclusions: 

1) The alternative sources are the least-cost option in the midterm and are likely to 
increase their advantage in the long term. Other low-carbon options, new nuclear, and 
fossil fuels with carbon capture are much more costly. 

2) EIA is higher on offshore wind but lower on geothermal and advanced nuclear, 
both of which are not supported by other analyses. EIA does make a significant 
contribution by including the cost of solar with a battery (hybrid), which is quite low in 
cost and the technology choice of many utilities at present.  The four main resources – 
efficiency, wind, utility PV, and hybrid PV – make a compelling case for the superiority 
of the alternatives. Trends of all four are declining much more rapidly than the central-
station alternatives. 

The analysis should begin with the long-run costs, because that is where the 
electricity sector will end up. Short-run costs matter too, especially if they differ 
dramatically from long-run costs. If such a difference exists, then a trade-off must be 
made between short-run and long-run costs. It turns out, as shown in Figure 2.5, that with 
respect to electricity resources at present, there is no difference and no need to make a 
trade-off. The alternatives are competitive with the existing resources in the short run, 
while they enjoy a substantial long-run advantage. Therefore, selecting resources that 
minimize long-term costs is the same as resources selected to minimize short-term costs.  

 Lazard compares the full cost of new-build wind or solar to the marginal cost of 
existing conventional generation. This is a very demanding comparison, since it is a 
comparison of all-in costs for alternatives to marginal costs for central-station 
technologies. To give a sense of a comparison that is “apples-to-apples,” however, I also 
include two other cost numbers.   
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First, I use marginal cost for all types of resources. I have included the estimate of 
the low operating cost provided in the long-run analysis. Needless to say, renewables are 
very attractive. I have also included the cost of operating aging reactors at only their cost 
of operation, as expressed in recent subsidy proceedings. Necessary capital costs would 
increase their total near-term “cost” dramatically, which is what the operators of these 
reactors are demanding. I also note external costs, which should be included in the short-
term analysis, since there are emissions. Here, I include the cost of carbon capture. 

I do not include rooftop solar in the main alternatives, because the estimate of 
resource cost for residential application is quite high. However, these costs have 
exhibited a rapid decline in recent years, and commercial and industrial rooftop solar are 
much lower. More importantly, in the case of residential rooftop solar, which is the only 
individual-level supply-side (behind-the-meter) resource considered in the Lazard 
analysis, there are several “system” benefits that enhance their value that are increasingly 
being recognized. I will include residential rooftop solar when I examine the most 
important external cost: decarbonization.   

PART II: OTHER POLICY GOALS 

Deploying new technologies stimulates greater economic growth in three ways, as 
the Illinois Department of Commerce noted:   

(Direct) initial economic activity would include the sale of electricity, 
capacity, and ancillary services effects to the market, and secondary 
economic activity would include the subsequent economic resulting from 
how suppliers, employees, and owners of the power plant utilize their 
earnings that result from those initial sales. ... Indirect effects are those 
influencing the supply chain that feeds into the business in which the 
economic activity is located. …. Induced effects come from payments 
made to employees and subcontractors by the plant that lead to spending 
by local households.1  
 
Exhibit ES-3 shows, in the upper graph, the relative job stimulation of various 

economic activities as calculated by a number of sources. While direct and indirect 
effects are important, because the renewables are so much lower in cost, the induced 
effects are particularly large. Lower in cost means the alternatives have a higher 
multiplier when the energy cost savings are “respent.” As shown in the lower graph of 
ES-3, for every one dollar that is saved and not spent on energy, the economy grows 
almost an additional dollar.   

PART III: MEETING NEEDS WITH ALTERNATIVES AND EXCLUDING NUCLEAR POWER 

While the direct and indirect economic effects clearly favor the alternatives, a 
major question that must be answered is whether or not the alternatives can meet the need 
for power. Three sets of data reviewed in this paper suggest that the answer is affirmative. 
Frist, the resource base is huge. Second, a number of states and nations have achieved 
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much higher levels of reliance on alternatives. Third, there are at least three dozen tools 
available for matching supply and demand in the new, dynamic environment.  

EXHIBIT ES-3: IMPACT ON JOBS AND THE ECONOMY 

 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
      
                 Alternatives               Central Station             Other Economic Activities         

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estimates of Macroeconomic Multipliers as a Multiple of Net Pocketbook Savings  
Modeler  Model Policy Assessed Region      GDP/$ of Net Savings 
                Base Case Rebound Adjustment 
Roland-Holst DEAR Computer Standard California 1.8      2.0 
ENE  REMI Utility Efficiency  Northeast 2.2      2.4 
Cadmus  REMI Utility Efficiency  Wisconsin 2.5      2.8 
Arcadia            REMI Utility Efficiency  Canada  2.7      3.0 

Sources: See Tables 4.3 and Figure 4.4.  
 

Exhibit ES-4 presents data on the available resources and the levels of penetration 
of wind and solar achieved in various states. All but a few states have abundant resources.  
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Even those where the supply might be constrained are near states with plentiful resources.  
Large, densely interconnected grids and diversity are key tools.  

ES-4: ASSESSING THE ADEQUACY OF RESOURCES AND PENETRATION OF ALTERNATIVES  

 

 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
 
Source See Figure 5.4. 

NUCLEAR NIGHTMARES 

This analysis makes it clear that no subsidies for nuclear power are justified to 
achieve the goals. Moreover, nuclear power has been the recipient of subsidies 
throughout its entire existence – ten times as much as renewables – but it has never 
delivered on its promise of low-cost power. Small modular reactors appear to be 
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repeating the path of large reactors, with rising costs and increasing delays. Much of the 
battle to meet the challenge of climate change will be over before even one of these 
reactors is online. Current special treatments enjoyed by nuclear power are massive. 

In spite of 70 years of economic failure (more likely because of the failure), 
nuclear advocates have returned to a favorite strategy, insisting that it is indispensable 
and hoping for (hyping) a new technology. Nuclear power would like to squeeze into the 
picture by claiming to solve niche problems at the beginning and the end of the 
transformation. In the beginning, they threaten to undermine reliability by retiring many 
reactors. At the end, they claim that only the new technology of small modular reactors 
(SMRs) can meet a critical need.   

A sensible set of rules to keep any reactors that are needed for short-term 
reliability is already on the books. If more is needed, a small regulatory must-run 
program can be created. The Biden proposal does so, requiring the nuclear reactor 
operator show the need and keeping the cost to $1 billion per year (see ES-5). This is 
consistent with a recent analysis of the need in Illinois by Synapse. 

ES-5: PROPOSED SUBSIDIES SYNAPSE ILLINOIS, BIDEN, CARDIN AMENDMENT  

 

 

 

 

 

 

 

 

 

 

 

 

 
Source: See Figure 7. 
 

Given that the need for additional low-carbon resources on the back end of the 
transformation process is highly doubtful, as is the ability of SMRs to actually get built at 
an affordable cost, there is no need to subsidize these reactors.  
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1. BACKGROUND 

 

PURPOSE  
 

In presenting and defending its infrastructure proposal, the Biden administration 
has argued that it is seizing the opportunity to create millions of new jobs and grow the 
economy by transforming the nation’s energy sector. The greatest opportunity exists in 
the electricity sector for half a dozen reasons:  

• First, electricity is the core of the energy sector of a 21st-century economy, not 
only because it powers many residential and commercial uses but also because 
it is central to computing and communications.   

• Second, the electrification of much of the transportation sector and many 
industrial processes in which electricity replaces fossil fuels is possible and 
necessary to respond to climate change. 

• Third, because the alternatives – efficiency, wind, solar, and use of computers 
and communications to actively manage and match supply and demand – are 
least-cost options that represent the deployment of new technologies, they also 
will have the largest impact – not only in lowering costs and reducing 
pollution but also in terms of increasing employment and growing the 
economy.  

• Fourth, the opportunity to expand the use of electricity has been made 
possible by a remarkable technological revolution that lowered the cost of 
alternative resources. This decline in cost is the equal of the reduction in cost 
that has typified key economic inputs of each of the industrial revolutions that 
have taken place in the past three centuries.2 

• Fifth, the alternative system is not only the lowest in cost, it also achieves the 
greatest reduction in carbon emissions and results in the least concern about 
environmental impacts.   

• Finally, there is no doubt that this is a key infrastructure of a 21st-century 
economy that is clearly “shovel ready.” The core technologies are in hand and 
need only a strong commitment to implementing the physical and institutional 
structures that will ensure their rapid growth. The opportunity created by the 
technological revolution has been recognized for over a decade.   

This paper is based on over 550 studies that examine all aspects of the 
transformation of the electricity sector. Because there are so many citations, I have 
categorized them as issues and will footnote the themes, as described in Table 1.1. An 
earlier paper focused on tools for managing the 21st-century electricity systems (based on 
about 250 papers identified at the time), but the literature has grown as rapidly as the 
deployment of the key technologies, so this paper takes a slightly different approach. I 
give the primary location to about 300 studies that identify the nature of the alternatives 
and the opportunity to build a sector on 100% decentralized and renewable supply, with a 
big assist from efficiency and intelligent management.    
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(t) Tools  
7 Generation (Supply)                   
8   Geographic diversity  
9   Technological diversity  
10      Peak targeted solar  
11      Quick start/rapid ramp   
12    Shed inflexible baseload  
13    Shift to flexible  
14    Flexible central  
15    Firm renewables   
16    Value ancillary services            
17    Avoid lumpy investment  
18 Load (Demand)  
19   Supply-side  
20   Target peaks  
21   Use more in slack, less scarcity 
22   Demand-side                               
23   Aggressive demand response      
24   Smart controllers manage use    

   25 Transmission                              
26   Expand balance areas                 
27 Storage                                          
28   Dispatchable, traditional              
29   Distributed                                   
30   Electric vehicles                           
31 Operational Procedures              

   32   Flexibility/integration                  
33   Integrated transactions                
34   Strategic curtailment                   
35   Improve forecasting                     
36 Market Design                              
37           Positive and negative prices       
38   Target fixed cost recovery          
39   TOU (cut peaks, fill valleys)       
40 Prosumer 

41   Smart Grid              
42   CHP                    
43          Buildings
 

a 1 3, 18-22, 26, 34,41,135,136, 171, 172, 
  251, 258, 258, 261-263, 265, 267-272,  
  300, 458, 460, 507, 515 ,517, 531 

a 2 2, 8, 47, 278, 288, 290-292, 430, 497, 560 

a 3 9, 15, 40, 264, 293-299, 331, 472, 495 

a 4 16, 48, 51,-60, 62, 63, 67, 68, 132, 155,  
  259, 266, 268,273, 279, 280, 284-287, 539 

b 1 334, 500, 508-510, 513, 533 

b 2 32, 386, 158, 164, 230, 304-319, 453, 467,  
  499, 595  
  508-511, 542, 514, 568 

   c 1 15, 87, 147, 332, 337, 418-422, 425-427,   
  434, 548, 605 

    c 2 17, 29, 72,130,159,242-244, 330, 331, 334,  
  544 

c 3 320-329, 387, 456, 457, 468, 498, 504, 336,  
  546,579, 581, 582, 587-589, 591, 593, 594,  
  579, 601, 602, 608 

d 1 35, 38, 73,154, 216, 238, 255, 333, 336,  
  366, 369,382,  455, 464, 469, 503, 506, 583,  
  590 

d 2 96-98, 101, 103,104,131, 134, 137,163, 
   182, 211-213, 217-219, 338-353, 433, 
   443, 459. 478, 491   
d 3  89, 90, 169, 227,-229, 254, 354-365, 444- 
  446, 448-451, 454, 475, 476, 494, 505,  
  535, 559, 577,606, 607  
d 4 113, 114, 174, 220-223, 233, 251,545, 550,  
  555, 556 

e 1 125, 126, 161, 254,367,368, 474 

   f 1 1, 4, 10,23, 25, 27, 28, 32, 36, 42, 45, 46, 
  65, 66, 71, 74-77, 99, 109, 127-129, 140  
  141, 150. 166, 167, 170, 184-191, 196-210,  
  230-232, 236, 249, 260, , 370-381, 424, 
  428, 470, 473, 477, 547. 592  

g 1 24, 37, 84, 93, 94, 110, 111, 120-122, 138,  
 139,165, 260, 302, 383-386, 389, 390, 431,  
 432, 459, 512, 536 

h 1 72, 105-108, 112, 388,391-398, 408, 442, 462 

i 1  256, 399-402, 443, 552, 563, 584, 604  
i 2  403-405, 586,598, 599, 600 

j  1  168, 169, 274, 281-283, 412-415, 423, 
   447, 461, 465, 489-490, 529, 530, 552-566 

j 2  274, 276, 416, 417  
j 3  192, 239, 277, 463, 481, 516-528, 574, 575,  
  585, 596, 603 

   j   4   323, 333, 381, 406-411,4 21, 533, 534, 558,  
   540, 541, 543 

   

t 7     531. 3, 35, 38, 44, 153, 163, 
  245-247, 471 

t 8 531 96, 156, 237, 429 

t 9 531, 131, 134, 156, 240 

t 10 7, 155, 156, 246, 247 

t 11 1, 7, 10, 23, 151, 146  

t 12 5317, 27, 151, 230, 232, 247 

t 13 531, 5, 7, 160-167, 232  
t 14 531, 85 

t 15 531, 1, 226, 84, 85, 96 

t 16 1, 2, 7, 8, 48, 52, 59, 60, 138-140,  
  182, 185 

t 17 7, 55  

t  18  531, 1, 3, 26, 70, 105-113, 224, 262 

t 19 531, 7, 169 

t 20 7, 27, 151, 240 

t 21 531, 1, 7,105, 160, 571  

   t 22 531, 7, 12, 13, 27, 36, 38, 85, 173-  
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Category a-1 identifies major studies that support the possibility of a 100% 
reliance on the alternatives, while a-2 thru a-4 give various perspectives on the scenarios. 
Category b-1 puts the transformation of the electricity sector in the context of the prior 
technological revolutions (the first and second industrial revolutions of the capitalist era). 
Category b-2 shows that this energy transformation is, itself, a technological revolution.  
Categories c-1 thru h-1 provide analysis of the key elements of the 21st-century model 
for the electricity sector. These are linked to an earlier analysis that emphasized the 
individual tools.  

Because of the large number of citations, I have adopted the following 
conventions in the bibliography and footnotes. Frist, I list the category in which the 
citation primarily falls. This is composed of a letter and a number for a total of 65 issues 
areas.  I then assign a number to the citation.  This number is shown in Table 1.1  where 
each citation is linked to one or more categories.  Because the “tools” are frequently 
mentioned secondarily in many of the sources, the bibliography only identifies those 
sources where a tool is the primary focus.  However, Table 1,1 lists all the sources where 
the tool plays an important role. The number is also the key link in the footnotes (which 
identify the author and the number).  Because the citations were culled from 
“recommended citations” and in many cases and the recommended format varies widely, 
I have adopted the following lowest common denominator.  I use the first author as the 
reference, followed by other authors.  I use “et al.” whenever there are more than three 
authors.  I then show the title of the work. Using quotations for articles, followed by the 
journal name in italics.  For a report, I put the title in italics and put the publisher in plain 
text, followed by the month of publication, where available  For journals, I show the 
volume number, but not the issue, or month, which is quite inconsistent across the 
recommended citations.   I use periods, rather than commas as the separator.  The 
information provided is adequate to locate the sources.   

With all this going for them and increasing penetration of the alternatives in the 
U.S. and globally, why do the new technologies need strong support from public policy?  
As new technologies based upon a new infrastructure and behavioral principles, 
flexibility, and small-scale distributed resources, they must displace the incumbent 
system that has dominated the economy for a century: large, inflexible central-station 
resources. Simply put, the power source of the third industrial (digital) revolution must 
replace the power source of the second industrial revolution. This challenge is substantial, 
and it must overcome the claim that it is not necessary because decarbonization in 
response to climate change is not a legitimate concern or one that cannot be addressed by 
policy or because it is simply impossible to change the core of the energy system. 

Even among those who accept the need for decarbonization, there is another 
obstacle that must be overcome. Nuclear power has been a source of low-carbon power in 
the past, but its future contribution to decarbonization is highly doubtful. Its 
organizational principle is the most “central-station” of all the central-station sources, 
involving huge reactors that “must run” because of the nature of the technology and the 
need to recover massive upfront capital costs and that take a decade or more to build.  
The nuclear claim is fundamentally similar to the claim of fossil fuel advocates, in the 
sense that they argue alternatives cannot do the job. Thousands of nuclear power plants 



4 
 

would need to power the third industrial revolution and eliminate fossil fuels. The long 
lead times, high costs, large size, and inflexible operation of central-station reactors have 
made it clear that they are a bad choice, so the industry has spawned a “new” option: 
small modular reactors, none of which have ever been built in the U.S.     

This paper addresses these obstacles and shows that a 21st-century electricity 
system can replace the 20th-century system, at lower cost, with much more economic and 
environmental benefit. It begins in Part I by showing the economic superiority of the 
alternatives. Part II shows their superiority in terms of “externalities,” economic and 
environmental. Part III addresses the issue of the ability to meet the need for power with 
alternative sources and shows why nuclear power has no role to play in a low-carbon 
future and why any effort to extend the life of nuclear reactors, beyond very short-term 
needs, is a huge mistake.       

OUTLINE 

 The paper is divided into three parts.   

Part I examines the resource costs of the available options, which must be the 
foundation on which a sound energy policy is based.  

Chapter 2 examines the resource costs of the available approaches to meeting the 
need for electricity. It focuses on supply-side resource but also notes the contribution of 
low-cost, demand-side measures. 

Chapter 3 examines the potential for demand-side contributions, since it is a 
resource that could replace one of the other central-station resources (either coal or 
nuclear). 

Part II considers the other primary goals that policy has laid out for the electricity 
sector, examining the important policy issues that play a prominent role in contemporary 
resource selection.   

Chapter 4 presents a discussion of decarbonization, which affects the cost of 
resources.  

Chapter 5 focuses on the issues of creation of jobs and stimulation of economic 
activity by the various resources. It also briefly mentions other public health and 
environmental impacts. 

Part III addresses the question of whether the alternative, 21st-century system 
outlined in this paper can deliver adequate, affordable, reliable power.  

Chapter 6 discusses the many tools that have been and are being developed to 
ensure the new electricity system meets or exceeds the performance of the 20th-century 
system and the many ways a 21st-century system meets demand. 
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Chapter 7 shows why another huge subsidy for nuclear power cannot be seen as a 
matter of “fairness” in the treatment of resources and how a large role for nuclear power 
is antithetical to the transformation of the electricity sector.   

Although Chapter 7 deals exclusively with nuclear power, nuclear also appears in 
the graphs in Chapter 2 and 5, and there are lengthy discussions (almost a dozen pages) in 
Chapters 4 and 5. The reason that nuclear takes up about one-third of the analysis is 
simple: After we dispose of the deniers and naysayers (which is increasingly the case 
across the globe), we encounter nuclear advocates who support decarbonization because 
they claim nuclear is a low-carbon resource. The analysis disposes of nuclear power as a 
mistake for a host of reasons: cost, slowness, public health and environmental concerns, 
but also because it could be a mistake that is fatal to the transformation of the electricity 
sector. 
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2. THE ECONOMIC ADVANTAGE OF THE ALTERNATIVES:  

THE OPPORTUNITY TO TRANSFORM THE ELECTRICITY SYSTEM 

 
TECHNOLOGY-DRIVEN OPPORTUNITY  

In my recent book on the transformation of the electricity sector, I argued that the 
correct approach to climate change confronts a basic dilemma that must balance 
“development and decarbonization.”3 Further, as shown in Figure 2.1, I argued that when 
the treaty underlying the Paris Agreement was negotiated in the early 1990s, “it was 
impossible to pass through the horns of the dilemma.” Aside from significant energy 
efficiency which could lower demand – by as much as 30% – the technologies did not 
exist to produce low-cost, low-carbon electricity to meet demand. However, as also 
shown in Figure 2.1, the dramatic technological revolution of the past three decades 
changed that. 

 FIGURE 2.1 

BROAD, LONG-TERM RESOURCE COST TRENDS 

 
                                            ORIGINAL PARIS  (UNFCC) AGREEMENT               21ST AMENDMENT 

Cost/kWh  

  
                                          Vogtle  
                                                                                                                                       
           V.C. Summer 
                            Coal w/CC 
                                                                                                                           CENTRAL STATION        
                         Solar PV             
                                Gas w/CC 

                                                

 
                   

                  Nuclear 

            
             
                                                                                                                                                       DISTRIBUTED & RENEWABLE     

  
             Utility PV        Battery Equiv.                        

                          

              Onshore Wind                                     Efficiency & Demand Mgmt. 
 
 
 
 
 
Source: Updated and adapted from Mark Cooper, The Political Economy of Electricity: Progressive Capitalism and the Struggle to 
Build a Sustainable Sector (Santa Barbara, Praeger, 2017), Figure 2.1 and accompanying text. (Overnight cost for capital-intensive 
technologies, fuel-intensive technologies based on relative cost per kWh.)  

 
Not only has it become possible to achieve the balance between economic growth 

and reduced carbon emissions, that possibility has become compelling. The least-cost 
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approach to the future requires policymakers and regulators to use the alternatives to the 
fullest extent possible. The least-cost approach is also preferable in pursuit of 
decarbonization, economic development, pollution reduction, public health, and 
protection of the environment, as discussed in Chapter 4.   

THE TECHNOLOGICAL REVOLUTION AND MIDTERM COSTS 

As shown in Figure 2.2, the past dozen years have seen a dramatic growth in the 
potential to meet demand with low-carbon resources, not only because of the continued 
decline in the cost of alternatives – decentralized resources such as wind, solar, and 
storage – but also because of the dramatic decline in the cost of digital communications 
and the increase in computational power.  

FIGURE 2.2 

A CRITICAL JUNCTURE4 IN MEETING ELECTRICITY NEEDS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Sources: Energy costs, Lazard, Version 2.0-14.0; ICT, David M. Byrne and Carol A. Corrado, 2015, Price 
for Communications Equipment: Rewriting the Record; 2017, ICT Services and their Prices: What do they 
tell us about Productivity and Technology?  Finance and Discussion Series, Federal Reserve Board Paper 
No. 2015-069, 2017-015; 2015, “Recent Trends in Communications Equipment Prices,” Fed Notes, 
September 29,  
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This broad technological revolution brings us to the possibility for a major 
advance in the ability to meet energy needs. For the past decade, I have used the cost 
estimates offered in the electricity analysis of a Wall Street financial analysis firm, 
Lazard,5 for a number of reasons: 

• First and foremost, Lazard’s projections have tracked the actual development 
of costs over the past decade much more closely than others. 

• From the outset, Lazard’s analysis included efficiency. 
• Lazard’s was among the first of the comprehensive analyses to note the strong 

downward trend in the cost of solar and to begin arguing that solar was cost-
competitive for peak power in some major markets. 

• The analysis always included estimates for coal with carbon capture and 
storage, and later added an estimate for the cost of natural gas with carbon 
capture and storage. 

• Lazard recognized the high cost of nuclear and increased the estimates as cost 
overruns undermined the “nuclear renaissance.” 

• The analysis includes regional estimates for resources whose economics vary 
by location. 

• The more recent analysis adds important storage technologies, utility-scale 
solar with storage, and utility-scale battery storage. It also presents a cost 
trend for storage that is similar to the trends from other renewable and 
distributed sources. 

• The analysis always included natural gas peaking capacity costs and, in a 
recent analysis, added a cross-national comparison of peaking technologies 
that might displace gas as the peaker resource. 

• The analysis has also recently added comparisons of carbon abatement costs, 
as the determination to deal with climate change has grown.   

• Most recently, Lazard has made the case that building new alternatives (new 
builds) is less costly that the operating (marginal) cost of traditional, central-
station facilities. 

As shown in Figure 2.3, efficiency is still low cost, and the main renewables, 
utility photovoltaics and onshore wind, have experienced dramatic cost declines. The 
alternatives now beat central-station alternatives by a substantial margin, even before the 
cost of carbon is taken into account. Community PV and offshore wind are certainly 
competitive with central-station generation when carbon is taken into account. The 
decline in resource costs makes it possible to dynamically integrate supply and demand to 
organize and manage a decentralized 21st-century electricity system, but a second 
technological revolution plays an important part. The dramatic decline in the cost of 
intelligence and communications means that decentralization and dynamic management 
reduce the system size and shift system demand sufficiently to yield a transformation 
dividend. The dividend is a 15-20% reduction in size, which lowers costs compared to the 
antiquated 20th-century approach.6    
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RESOURCE COSTS IN THE MIDTERM: EIA VS. LAZARD 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sources: Energy Information Administration (EIA), Cost of Generation; Lazard, Levelized Cost of Energy, v. 14; v. 13 for carbon costs, CCS. 
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The differences between EIA and Lazard are obvious. EIA is low on geothermal and gas 
peakers and extremely low on advanced nuclear but high on offshore wind. One particularly 
important addition of the EIA analysis is the consideration of “hybrid” solar applications. These 
are solar facilities combined with six hours of battery storage. Since this is what many utilities 
are adding, it deserves attention. The EIA discussion about how to classify this technology 
application suggests an uncertainty between considering it as dispatchable and non-dispatchable.   

Solar photovoltaic (PV) hybrid technology is represented by LCOE … because 
EIA assumes it operates as an integrated unit supplying electricity to the 
grid .…The solar PV hybrid LCOE is included under non-dispatchable 
technologies because, much like hydroelectric generators, solar PV hybrid 
generators are energy-constrained and so are more limited in dispatch capability 
than generators with essentially continuous fuel supply … solar PV generating 
assets have seasonal and diurnal storage, respectively, so that they can be 
dispatched within a season or a day, but overall operation is limited … by daytime 
for hybrid solar PV … the capacity-weighted average value-cost ratio is greater 
than one for both standalone and hybrid solar PV and geothermal in 2026, 
suggesting that these technologies will be built in regions where they are 
economically viable. …. For battery storage, capacity might be added in regions 
with higher renewables penetration, particularly solar, to capture any curtailments 
that would otherwise occur during the daytime, allowing for higher levels of 
capacity additions in those regions.7  
 

Reflecting the ambiguity, I list this hybrid twice, once as a non-dispatchable resource and 
once as a peaking resource, since the battery component is generally intended to make power 
available at the peak or around it. EIA has separate listing for batteries, which is clearly a 
peaking resource, although as discussed below, it serves a number of functions that can reduce 
the need not only for peak generation but also for transmission and distribution infrastructure.   

A second issue that arises in the analysis is the question of carbon cost. The fossil fuels 
are significant emitters. Therefore, in a low-carbon world, their cost is an understatement, which 
ignores the cost of carbon. Lazard has prepared a separate analysis of the “value of carbon” 
reduction, which I have incorporated in the lower graph. The cost of carbon capture and storage 
for these fossil fuels would actually be about $30/MWh higher.  

The reality of resource costs comes out when EIA estimates the capacity-weighted cost of 
various resources. (EIA does not offer capacity-weighted averages for coal or advanced nuclear 
for 2026.) They are considered “technologies for which capacity additions are not expected [and] 
do not have a capacity-weighted average and are marked as NB, or not built.” The absence of 
coal or advanced nuclear new builds continues in 2040. In short, no new nuclear or coal projects 
take place. By that time, the battle against climate change will be significantly over, one way or 
the other. If the U.S. follows a least-cost, low-carbon approach, the electricity sector will be 
largely transformed. The options effectively on the table are alternatives and gas. The alternatives 
are less costly – and much less costly if carbon is taken into account.   

As shown in Figure 2.1, above, nuclear reactors are an “old” technology with a long track 
record of high cost. No reactor has been delivered at a cost suggested by EIA in at least a quarter 
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of a century. The only reactors under construction are running two to three times as high as the 
EIA estimate, and the cost overruns are not done yet.   

If EIA is thinking about a new technology, small modular reactors, it is sorely mistaken to 
include such a low estimate. More importantly, none of these reactors has been built, cost 
estimates have been escalating, and current costs appear to be twice the EIA estimate. Moreover, 
it would be two decades before enough of these reactors could be built to have an impact on 
carbon emissions.     

The key takeaway from Figure 2.3 is that the alternatives are not only the lowest cost, 
low-carbon resources, they are also the least-cost resource, ignoring the value of carbon 
reduction. If the focus is on building new facilities, the alternatives are much less costly in the 
midterm (at present and for the next five years).   

KEY COST TRENDS 

Long-term cost trends paint an even rosier picture of the alternatives. The cost declines 
are projected to continue, moderately for wind and solar, dramatically for storage. Figure 2.4 
presents Lazard’s estimates of unsubsidized cost trends for the main renewable resources: utility 
PV and onshore wind. The graphs include a projection of the next decade. In both, a simple 
exponential curve fits the data well. Clearly, it is reasonable to expect these costs to continue to 
decline. In the less optimistic view, where the early large cost declines have been excluded and 
we use only the last eight years as the basis for projection, we arrive at costs in the range of $20-
$35 per MWh.   

Projecting storage (battery) costs is difficult because of the complexity of applications. 
Lazard identified five functions,8 five contexts,9 and nine technologies,10 for a total of over 60 
combinations,11 with high and low unsubsidized cost estimates for each.12 Nevertheless, in 2016, 
he estimated that battery storage was viable or nearly so based on internal rates of return in three 
of the five largest grid organizations.13 Utility management was very bullish on future cost 
declines for several of these, first among them lithium-ion batteries at an annual decline in cost 
of almost 36%.14  

Lazard’s latest annual Levelized Cost of Storage Analysis (LCOS 6.0) shows that 
storage costs have declined across most use cases and technologies, particularly 
for shorter-duration applications, in part driven by evolving preferences in the 
industry regarding battery chemistry. 

Sustained cost declines were observed across the use cases analyzed in our LCOS 
for lithium-ion technologies (on both a $/MWh and $/kW-year basis). The cost 
declines were more pronounced for storage modules than for balance-of-system 
components or ongoing operations and maintenance expenses. 

Project returns analyzed in our “Value Snapshots” continue to evolve as hardware 
costs decline and the value of available revenue streams fluctuates with market 
fundamentals. 
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Project economics analyzed for standalone behind-the-meter applications remain 
relatively expensive without subsidies, while utility-scale solar PV + storage 
systems are becoming increasingly attractive. 

Long-duration storage is gaining traction as a commercially viable solution to 
challenges created by intermittent energy resources such as solar or wind.15 

FIGURE 2.4 

LAZARD TRENDS FOR WIND AND SOLAR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Source: Lazard, Levelized Cost of Energy, various years 

 

EIA puts the growth in storage capacity at 35% per year from 2015 to 2018.16 It projects a 
declining cost for lithium-ion batteries at 10% to 13% per year for 2020-2030 with a massive 
increase in storage.17   
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SHORT-RUN COSTS  

The analysis should begin with the long-run costs, because that is where the electricity 
sector will end up. Short-run costs matter too, especially if they differ dramatically from long-run 
costs. If such a difference exists, then a trade-off must be made between short-run and long-run 
costs. It turns out, as shown in Figure 2.5, that with respect to electricity resources at present, 
there is no difference and no need to make a trade-off.  The alternatives are competitive with the 
existing resources in the short run, while they enjoy a substantial long-run advantage. Therefore, 
selecting resources that minimize long-term costs is the same as resources selected to minimize 
short-term costs.     

FIGURE 2.5 

 SHORT-RUN COST OF RESOURCES 

Costs Per MWh 

 
Source: Lazard, Lazard’s Levelized Cost of Energy Analysis – Version 14.0, October 2020. Long-terms costs are from the 
section “Levelized Cost of Energy—Key Assumptions,” with efficiency from Version 9.0, and gas carbon capture from Version 8.0. Low capture 
costs reflect the utilization rates that that are used in the low estimate of unabated costs (83% for coal and 70% for gas). Low cost for aging 
reactors is the operating cost subsidy they have demanded, while the high-cost estimate includes capital cost recovery. Short-term costs are from 
Lazard, “Levelized Cost of Energy Comparison – Renewable Energy Versus Marginal Cost of Selected Existing Conventional Generation” and 
“Levelized Cost of Energy Components – Low End,” for low operating costs.  
 

These comparisons in Lazard raise questions. First, there is an assumption implicit in 
Lazard’s analysis that leads to an underestimation of the cost of traditional central-station 
technologies. As is the case with almost all cost estimates, Lazard uses a high capacity factor for 
all three of the traditional technologies, which is well above the actual average observed in the 
U.S. As a result, costs are underestimated.   

Second, Lazard compares the full cost of new-build wind or solar to the marginal cost of 
existing conventional generation. This is a very demanding comparison, since it is a comparison 
of all-in costs for alternatives to marginal costs for central-station technologies. Nevertheless, the 
conclusion Lazard reaches is that certain renewable energy generation technologies have an 
LCOE [levelized cost of electricity] that is competitive with the market cost of existing 
conventional generation.18  
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To give a sense of a comparison that is “apples-to-apples,” however, I use marginal cost 
for all types of resources. I have included the estimate of the operating cost provided in the long-
run analysis. Needless to say, renewables are very attractive. I have also included the cost of 
operating aging reactors, as expressed in recent subsidy proceedings, at only their cost of 
operation. Necessary capital costs would increase their total near-term cost by about 25% to 
50%. I also note external costs, which should be included in the short-term analysis, since there 
are emissions. The point is that the short-term comparisons are not at odds with the long-term 
results. Since the alternatives are least cost in the long term and competitive in the short term, 
there is no trade-off necessary. The alternatives are preferable.  
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3. THE HIDDEN FUEL: ENERGY EFFICIENCY  

 

While the costs of key generation resources (wind, solar) are important, there are also two 
key technological revolutions that have taken place on the demand side. First and foremost is the 
large role that energy efficiency can play in the transformation of the electricity system. The 
second is what I call the “transformation dividend,” which is a result of the development and 
application of intelligent technologies to the management of the grid. This is a mixture of supply-
side and demand-side developments. Because demand management plays an important role here, 
I discuss the dividend in this chapter. However, the chapter begins with the much larger and 
“pure” benefits of energy efficiency.  

THE POTENTIAL CONTRIBUTION: QUANTITY AND COST 

A recent comment19 on the International Energy Agency20 report on energy efficiency 
notes that energy efficiency can be called the “hidden fuel.”   

What is the World’s most important fuel? (Hint: It is also the energy resource that 
all countries have in abundance.) The answer to this riddle is energy efficiency, 
which is sometimes referred to as the “hidden fuel.” That is the powerful message 
of the Energy Efficiency Market Report 2016 published by the International 
Energy Agency. 
 

A strong energy efficiency policy is vital to achieving the central policy goals of 
improving energy security and reducing CO2 emissions as well as air pollution in 
the most cost-effective way. More countries are discovering that the safest and 
cleanest power plant is the one you don’t have to build thanks to higher efficiency. 
   
Whereas energy policy has traditionally been dominated by a supply-side bias 
(i.e., how do we produce more oil, gas, electricity?), policymakers increasingly 
understand we need to focus more on the demand side of the equation (i.e., how 
do we consume less energy?).21 

The report he cites supports this observation by estimating that about 30% of projected 
demand could be met with efficiency. 

U. S. Potential 

Current estimates for the near-term ability to reduce energy consumption without 
reducing energy services are in the range of 15% to 30% for 2030 and 2050, respectively, as 
shown in Figure 3.1. It includes some estimates that are 20 years old, as well as more-recent 
estimates, all from leading research institutions in the field. The 30% figure is a good, midterm 
estimate.  The potential long-term reduction in consumption of diesel fuel, which is used by 
heavy-duty trucks, is considerably larger, primarily because the first fuel economy standards 
were only recently adopted, almost 40 years after the first fuel economy standards for light-duty 
vehicles were adopted.  
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FIGURE 3.1 

SIZE OF THE EFFICIENCY GAP ACROSS U.S. ENERGY MARKETS: 

TECHNICALLY FEASIBLE, ECONOMICALLY PRACTICABLE POTENTIAL ENERGY SAVINGS 

 

 

 

 

 

 

 

 

Sources: Cooper, Mark, 2013, Energy Efficiency Performance Standards: The Cornerstone of Consumer-Friendly 
Energy Policy, Comments of the Consumer Federation of America, October.. Electricity and natural gas savings 
based on Gold, Rachel, Laura, et. al., Energy Efficiency in the American Clean Energy and Security Act of 2009: 
Impact of Current Provisions and Opportunities to Enhance the Legislation, American Council for an Energy 
Efficient Economy, September 2009), McKinsey Global Energy and Material, Unlocking Energy Efficiency in the 
U.S. Economy (McKinsey & Company, 2009); National Research Council of the National Academies, America’s 
Energy Future: Technology and Transformation, Summary Edition (Washington, D.C., 2009). The NRC relies on a 
study by Lawrence Berkeley Laboratory for its assessment (Richard Brow, Sam Borgeson, Jon Koomey, and Peter 
Biermayer, U.S. Building-Sector Energy Efficiency Potential (Lawrence Berkeley National Laboratory, September 
2008). Gasoline based on National Highway Traffic Safety Administration, Corporate Average Fuel Economy for 
MY2012-MY 2016 Passenger Cars and Light Trucks, Preliminary Regulatory Impact Analysis, Tables 1b, and 10. 
The 7% discount rate scenario is used for the total benefit = total cost scenario; NAS -2010, National Research 
Council of the National Academy of Science, America’s Energy Future (Washington, D.C., 2009), Tables 4.3, 4.4; 
MIT, 2008, Laboratory of Energy and the Environment, On the Road in 2035: Reducing Transportation’s Petroleum 
Consumption and GHG Emissions Cambridge: July, 2008), Tables 7 and 8; EPA-NHTSA - 2010, Environmental 
Protection Agency  Department of Transportation In the Matter of Notice of Upcoming Joint Rulemaking to  
Establish 2017 and Later Model Year Light Duty Vehicle GHG Emissions and CAFE Standards, Docket ID No. 
EPA-HQ-OAR-0799 Docket ID No. NHTSA-2010-0131, Table 2, CAR – 2011. Diesel based on Northeast States 
Center for a Clear Air Future, International Council on Clean Transportation and Southwest Research Institute, 
Reducing Heavy Duty Long Haul Combination Truck Fuel Consumption and CO2 Emissions, October 2009; Don 
Air, Delivering Jobs: The Economic Costs and Benefits of Improving the Fuel Economy of Heavy-Duty Vehicles, 
Union of Concerned Scientists, May 2010; Committee to Assess Fuel Economy for Medium and Heavy Duty 
Vehicles, Technologies and Approaches to Reducing the Fuel Consumption of Medium- and Heavy-Duty Vehicles, 
National Research Council, 2010. 
 

In an earlier paper, I summarized the analytic consensus as follows: 

In the past year, four major national research institutions have released reports 
that document the huge potential for investments in energy efficiency to lower 
consumers’ bills and greenhouse gas emissions, creating a win-win for consumers 
and the environment. The National Research Council of the National Academy of 
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Sciences has estimated the potential reduction in electricity, natural gas, and 
gasoline at approximately 30%, similar to the estimates of NHTSA/EPA.  
McKinsey & Company and the American Council for an Energy-Efficient 
Economy have reached a similar conclusion on electricity and natural gas. Across 
these three sectors, saving energy costs about one-third of the price of producing 
it. With the publication of these studies, the question is no longer “Can efficiency 
make a major contribution to meeting the need for electricity in a carbon-
constrained environment?”   
These studies demonstrate that it can.22   

The figure includes potential efficiency gains in all forms of fossil fuels, in addition to 
electricity, for several reasons.   

First, the existence of the “efficiency gap” across all the uses and the forms of energy is 
testimony to the pervasive market failure that afflicts energy markets. These market 
imperfections are not the subject of this paper, but they are important to note, as measured by the 
gap.23  

Second, the effort to eliminate carbon emissions would inevitably include a significant 
electrification of the end uses for natural gas, gasoline, and diesel, in addition to the 
decarbonization of the electricity sector. That is, more efficient use of these fossil fuels would 
still leave each with a substantial carbon footprint. Electrification with zero carbon resources 
would eliminate that footprint. 

Third, although much of the efficiency gap that could be filled involves technologies 
applied to the use of fossil fuels – i.e., improving the combustion characteristics of internal 
combustion engines – some of the improvement comes from the design and operating 
characteristics of the durable good.24 Those gains are available to improve performance, even 
with the shift to electrification.   

Ironically, although significant progress has been made in capturing energy efficiency 
gains, the potential contribution of energy efficiency has been constant for several decades, since 
it first attracted attention. The fact that the potential has not been diminished can be explained by 
factors of technological and economic progress, which are discussed below. However, since 
similar processes affect the cost of efficiency, I will discuss the stable, even declining, cost of 
efficiency first.  

Cost 

As shown in the lower graph of Figure 3.2, the cost of efficiency has remained low for 
decades, and there is every indication that the cost of efficiency is not rising. In fact, the cost of 
energy efficiency has exhibited a similar pattern for several decades. Vast quantities of energy 
can be saved at a very low cost, with the economically attractive opportunities expanding as new 
technologies convert what was known as “technical potential” into “economically attractive 
potential.” The forward-looking cost is about $.03/kWh, below the backward-looking cost.25 The 
reasons for the stable and slightly declining cost are learning-by-doing, economies of scale, and 
improving technology. There is also a significant reduction in electricity demand that occurs 
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from the effect of shifting to decentralized technologies that better match supply and demand, 
which I call the “transformation dividend.” Thus, efficiency is cost-competitive with the other 
alternatives and makes a substantial contribution to meeting need.26 

FIGURE 3.2 

THE COST OF SAVED ELECTRICITY 

 

 

 

 

 

 

 

 

 
Source: Kenji Takahasi and David Nichols, “Sustainability and Costs of Increasing Efficiency Impact: Evidence 
from Experience to Date,” ACEEE Summer Study on Energy Efficient Buildings (Washington, D.C., 2008), pp. 8-
363; McKinsey Global Energy and Material, Unlocking Energy Efficiency in the U.S. Economy (McKinsey & 
Company, 2009); National Research Council of the National Academies, America’s Energy Future: Technology and 
Transformation, Summary Edition (Washington, D.C., 2009). The NRC relies on a study by Lawrence Berkeley 
Laboratory for its assessment (Richard Brown, Sam Borgeson, Jon Koomey and Peter Biermayer, U.S. Building-
Sector Energy Efficiency Potential (Lawrence Berkeley National Laboratory, September 2008). 

Engineering economic analyses provided the initial evidence for the efficiency gap. Ex 
ante analyses indicated that there would be substantial net benefits from including technologies 
to reduce energy consumption in consumer durables. As these policies were implemented, ex 
post analyses were conducted to ascertain whether the ex ante expectations were borne out.   

Combining the observations on quantity and price for electricity leads to an extremely 
important and surprising economic transformation, as shown in Table 3.1. The link between 
electricity consumption and economic growth has been broken. In contrast to the three decades 
after World War II (1950-1980), where electricity consumption per dollar of per capita GDP 
grew by almost 3%, the figure was flat between 1980 and 1995 and declined by 2% per year 
between 1995 and 2019.     
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TABLE 3.1 
ANNUAL CHANGE IN U.S. ELECTRICITY GENERATION PER DOLLAR OF GDP PER CAPITA 

Period  Annual % Change                   Electricity/        
       Electricity             GDP/capita         GDP/capita          
1950-1980        +6.4        +3.5  +2.89          
1980-1995        +1.9        +2.2  -0.000          
1995-2019        +1.3        +3.3              -2.0 

Source: U.S. Energy Information Administration, Monthly Energy Review, various, and US Real GDP by Year. 

 

CONSTANT QUANTITY AND COST: TECHNOLOGICAL & ECONOMIC PROGRESS 

 

The most intense and detailed studies were conducted by utilities subject to regulation.  
Figure 3.3 shows the results of analyses of the cost of efficiency in 16 states over various periods 
covering the last 20 years. The data points are the annual average results obtained in various 
years at various levels of energy savings. The graph demonstrates two points that are important 
for the current analysis. 
 

FIGURE 3.3 

UTILITY COST OF SAVED ENERGY VS. INCREMENTAL ANNUAL SAVINGS AS A  
% OF SALES 

 

 

 

 

 

 

 

 

 

Source: Kenji Takahasi and David Nichols, “Sustainability and Costs of Increasing Efficiency Impact: Evidence 
from Experience to Date,” ACEEE Summer Study on Energy Efficient Buildings (Washington, D.C., 2008), pp. 8-
363. 

The authors suggest that declining costs for higher levels of efficiency can be explained 
by economies of scale, learning, and synergies in technologies. 27 As utilities implement more of 
the cost-effective measures, costs decline. In addition, when technical potential is higher than 
achievable savings, then economies of scale, scope, and learning can pull more measures in 

https://www.multpl.com/us-gdp-inflation-adjusted/table/by-year
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without raising costs. This analysis supports the assumption that the cost of efficiency will not 
increase in the midterm. 

Consistent with these findings and observations, it is important to briefly note the 
analysis of minimum-efficiency performance standards for consumer appliances and vehicles. 
There is a long (30+ years for vehicles) and rich (20+ for appliance standards) history that affects 
billions of devices. This is precisely the type of broad and sustained impact that policies to 
promote and achieve the transformation to a carbon-free economy will have to have.  

In Figure 3.4, we show the systematic overestimation by regulators of the cost of 
efficiency-improving regulations in consumer durables. The cost for household appliance 
regulations was overestimated by over 100%, and the costs for automobiles were overestimated 
by about 50%. The estimates of the cost from industry were even farther off the mark, running 
three times higher for auto technologies.28 Broader studies of the cost of environmental 
regulation find a similar phenomenon, with overestimates of cost outnumbering underestimates 
by almost 5-to-1, with industry numbers being a “serious overestimate.”29  

FIGURE 3.4  
THE PROJECTED COSTS OF REGULATION EXCEED THE ACTUAL COSTS:  

RATIO OF ESTIMATED COST TO ACTUAL COST BY SOURCE 

 

    

      

 

 

 

 

 

 

Sources: Winston Harrington, Richard Morgenstern, and Peter Nelson, “On the Accuracy of Regulatory Cost Estimates,” Journal of Policy 

Analysis and Management 19(2) 2000; How Accurate Are Regulatory Costs Estimates?, Resources for the Future, March 5, 2010; Winston 
Harrington, Grading Estimates of the Benefits and Costs of Federal Regulation: A Review of Reviews, Resources for the Future, 2006; Roland 
Hwang and Matt Peak, Innovation and Regulation in the Automobile Sector: Lessons Learned and Implications for California’s CO2 Standard, 

Natural Resources Defense Council, April 2006; Larry Dale et al., “Retrospective Evaluation of Appliance Price Trends,” Energy Policy 37, 
2009.  

 Standards that stimulate investment to improve energy efficiency consumption have 
broader effects.   

The case-study review suggests that energy efficiency investments can provide a 
significant boost to overall productivity within industry. If this relationship holds, 
the description of energy-efficient technologies as opportunities for larger 
productivity improvements has significant implications for conventional 
economic assessments. ... This examination shows that including productivity 
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benefits explicitly in the modeling parameters would double the cost-effective 
potential for energy efficiency improvement, compared to an analysis excluding 
those benefits.30  

The doubling of the effect on economic activity has important implications for the 
macroeconomic analysis discussed in the next chapter.   

These findings of declining cost are not merely descriptive. Several analyses have 
introduced controls for quality and underlying trends using regression techniques. The findings 
are affirmed in these more sophisticated analyses.31 With such strong evidence of costs far below 
predictions by regulators who undertake engineering analysis, many authors have sought to 
identify the processes that account for this systematic phenomenon. For both vehicles and 
appliances, a long list of demand-side and supply-side factors that could easily combine to 
produce the result has been compiled.  

On the supply side, a detailed study of dozens of specific energy efficiency improvements 
pointed to technological innovation.32 A comprehensive review of Technology Learning in the 
Energy Sector found that energy efficiency technologies are particularly sensitive to learning 
effects and policy.33 This was attributed to increases in R&D expenditures, information 
gathering, learning by doing, and spillover effects. Increases in competition and competitiveness 
also play a role on the supply side. As noted above, a comparative study of European, Japanese, 
and American automakers prepared in 2006, before the recent reform and reinvigoration of the 
U.S. fuel economy program, found that standards had an effect on technological innovation. The 
U.S. had lagged because of the long period of dormancy of the U.S. standards program and the 
fact that the U.S. automakers did not compete in the world market for sales (i.e., they did not 
export vehicles to Europe or Japan). 

While the supply-side drivers of declining costs are primarily undertaken by 
manufacturers, a number of demand-side effects are also cited, which are more the direct result 
of policy. Standards create market assurance, reducing the risk that cheap, inefficient products 
will undercut efforts to raise efficiency. Economies of scale lead to accelerated penetration, 
which stimulates and accelerates learning-by-doing. The effects of demand stimulus by 
increasing the growth of the economy (macroeconomic stimulus) also accelerate innovation.  
Experiencing increasing economies of scale and declining costs in an environment that is more 
competitive leads to changes in marketing behaviors.   

APPLIANCE EFFICIENCY STANDARD 

The track record of efficiency standards for household consumer durables is even more 
eye-catching and important because it is a primary driver of residential electricity consumption 
and a significant driver of commercial consumption. Examining the trends in individual 
consumer durables suggests three important observations. First, the implementation of standards 
improved the efficiency of the consumer durables. Second, furnaces have been far less efficient 
than they should be, since the DOE has set and maintained weak standards. Third, after the initial 
implementation of a standard, the improvement levels off, suggesting that if engineering-
economic analyses indicate that additional improvements in efficiency would benefit consumers, 
the standards should be strengthened on an ongoing basis.34     
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FIGURE 3.5 

EFFICIENCY AND PRICE AFTER THE ADOPTION OF APPLIANCE STANDARDS 
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Sources: Nadel, Steven, and Andrew deLaski, Appliance Standards: Comparing Predicted and Observed Prices, 
American Council for An Energy-Efficient Economy, July 2013; Steven Nadel, Neal Elliott, and Therese Langer, 
Energy Efficiency in the United States:35 Years and Counting, June 2015. 
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I do not mean to suggest that the price increase was too big, compared to the engineering-
economic analysis or that the standards lowered costs, although there are theories that would 
support such a rationale (e.g., suppliers take the opportunity of having to upgrade energy 
efficiency through redesign to make other changes that they might not have made otherwise). 
However, this does indicate that the standards can be implemented without having a major, 
negative impact on the market.   

In three of the cases (refrigerators, clothes washers – second standard – and room air 
conditioners), there was a slight increase in price with the implementation of the standard, then a 
return to a pre-standard downward trend. In one case (clothes washers – first standard), there was 
no apparent change in the pricing pattern. In one case (central air conditioners), there was an 
upward trend. 

Table 3.2 shows the results of econometric analysis of the data.35 The statistical analysis 
created (dummy) variables that identify each consumer durable and whether a standard was in 
place or not. I use the year to estimate and control for the underlying trend. Table 3.2 shows what 
is obvious to the naked eye in Figure 3.5: Stricter standards as set by the DOE lead to measurable 
improvements in appliance efficiency.  

TABLE 3.2 

MULTIVARIATE ANALYSIS OF APPLIANCE STANDARDS IMPACT ON ENERGY USE 

Variable           Statistic  5 Years Before/After  All Years 

         1        2         3       4        5         6   

Standard  β  -.1637   -.1386    -.1086  -.2260   -.1079    -.0803   
  Std. Err.  (..0485)   (.0587)    (.0382) (.0366)   (.0414)    (.0227) 
  p <  .000   .023    .007  .000   .010    .001 

Trend  β  NA   -.0053    -.0111  NA  - .0107      -.0135   
  Std. Err.     (.0081)    (.008)     (.0026)      (.0019)   
  p <     .51    .176     .000     .000 

Refrig  β  NA   NA    -.2775  NA    NA    -.2242 
  Std. Err.       (.0382)      (.0289) 
  p <       .000        .000 

Washer  β  NA   NA    -.2889  NA    NA     -.2144 
  Std. Err.       (.0561)       (.0391)  
  p <       .000        .000 

RoomAC β   NA   NA    .0478  NA    NA     -.0895 
  Std. Err.       (.0642)       (.0321)  
  p <       .383         .009 

CAC  β  NA   NA    -.0050  NA    NA     .0383 
  Std. Err.       (.0292)       (.0260) 
  p <       .864        .143 

R2   .20    .21     .85  .29    .36       .75 

Statistics are beta coefficient and robust standard errors.   
 

The impact of standards is statistically significant and quantitatively meaningful in all 
cases. The coefficient in column 6 (All Years, All Variables) indicates that the standard lowers 
the energy consumption by about 8%. This finding is highly statistically significant, with a 
probability level less than .0001. There is a very high probability that the effect observed is real. 
The underlying trend is also statistically significant, suggesting that the efficiency of these 
consumer durables was improving at the rate of 1.35% per year. 
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Given that the engineering-economic analysis had justified the adoption of standards and 
that standards were effective in lowering energy consumption, this means the market trend was 
not sufficient to drive investment in efficiency to the optimal level.  

Price 

The engineering-economic analysis indicates that although the standards may increase the 
cost of the consumer durable, the reduction in energy expenditures is larger, resulting in a net 
benefit to consumers. We have also pointed to evidence that the costs of energy-saving 
technologies tend to be smaller than the ex ante analysis suggests, because competition and other 
factors lower the cost. The experience of the implementation of standards for the household 
consumer durables is consistent with this interpretation. While the efficiency was increasing, the 
cost of the durables was not, as shown in Figure 3.5. There are five standards introduced for the 
four appliances. 

The analysis of consumer durables also shows that there was no reduction in the quality 
or traits of the products. The functionalities were preserved while efficiency was enhanced at 
modest cost. A recent analysis of major appliance standards adopted after the turn of the century 
shows a similar and even stronger pattern.36 Pre-standard estimated cost increases are far too 
high. There may be a number of factors that produce the result, beyond an upward bias in the 
original estimate and learning in the implementation, including pricing and marketing 
strategies.37   

Under most circumstances, this economic analysis would be dispositive. However, there 
are other policy concerns that enter the picture. The next part addresses the two most important 
of these.  
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OTHER MAJOR POLICY GOALS: 

JOB GROWTH AND DECARBONIZATION 
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4. ECONOMIC IMPACTS, JOBS, AND GROWTH 

 

This chapter examines the other economic policy goal that has been set for the 
transformation of the electricity system: its impact on jobs and the economy. I use nuclear power 
as the point of comparison, since aging, but not new, reactors are the only low-carbon resource 
that could be competitive with the alternatives. We find that the alternatives are much more 
attractive on both counts and tip the scale strongly against existing nuclear reactors. However, 
the discussion begins with a broad view of the nature and impact of the ongoing technological 
revolutions that are affecting the electricity sector. 

HOW NEW TECHNOLOGIES CREATE JOBS AND GROWTH 

The effect of developing and deploying new technologies on the economy and 
employment has long been recognized to flow through three processes: direct, indirect, and 
induced changes. In the energy sector in general, and for the alternatives in particular, these 
processes have particularly strong effects because of the complexity of the system and its role in 
society. A major change in technology that relies on different power sources causes changes in a 
complex system that includes not only generation but also transmission and distribution.  
Because energy is such an important part of the overall economy, the effect on consumers can be 
large and induce more-profound changes.  

Energy in general, and the electricity system in particular, must be considered critical 
infrastructure for the 21st-century economy. Although focused on regulation, Kahn concluded 
that utilities (like electricity and communications) could justify regulation because they were 
infrastructural in nature:  

The importance of these industries, as measured not merely by their own sizeable 
share in total national output, but by their very great influence, as suppliers of 
essential inputs to other industries, on the size and growth of the economy. These 
industries constitute a large part of the “infrastructure” uniquely prerequisite to 
economic development. On the one hand they condition the possibilities of 
growth (as Adam Smith recognized … ). On the other hand, because many of 
these industries are characterized by great economies of scale, their own costs and 
prices depend in turn on the rate at which the economy and its demand for their 
services grows.38  
 
The importance of the transformation of the energy sector is amplified by the effects of 

economics of scale within the sector itself. Expansion of use of the sector has the impact of 
increasing economies of scale and lowering costs. Factors that retard the growth of the 
alternatives undermine this benefit of the rapid transformation.39    

In fact, when it comes to technological revolutions, the dynamic of change can take on a 
life of its own (see Figure 4.1). Especially in the digital age, some technological changes that 
induce economic change are said to result in virtuous cycles.40 One innovation leads to other 
innovations and increased demand, which feeds back on the original innovation to create a need 
for further innovation. As a virtuous cycle unfolds, costs fall not only because innovators find 
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less costly ways to do things but because powerful economies of scale (larger numbers) and 
scope (different uses) drive the cost per unit down. 

FIGURE 4.1 

VIRTUOUS CYCLE DRIVING ECONOMIC GROWTH FROM TECHNICAL INNOVATION 

TO IMPROVE ENERGY PRODUCTIVITY 

 

 

 

 

 

 

 

 

Source: Michael Smith, 2015, Doubling Energy & Resource Productivity by 2030 – Transitioning to a Low Carbon 

Future through Sustainable Energy and Resource Management. ANU.   
 

The technological revolution in the electricity sector also benefits from another factor. It 
is closely tied to and partially dependent on a separate virtuous cycle in a separate sector: the ICT 
sector. Information communication and computing technologies have direct applications in the 
electricity sector that reinforce its underlying dynamic. The essence and impact of the third 
industrial revolution for the electricity sector is of critical importance for two reasons. On the one 
hand, electricity is the energy driver for the cost technologies (information and communication 
technologies – ICT) of the revolution. On the other hand, the changes taking place within the 
electricity sector are similar, consistent with the nature of change in the larger revolution. As 
Perez puts it:   

The ICT revolution is now entering the deployment period, as its power to 
increase productivity and facilitate innovation spreads to all other industries.41  
 
Many of the practices involved in the ICT paradigm are gradually becoming 
accepted and commonplace to the point of being regarded as obvious 
organizational “common sense.” Decentralized networks with a guiding centre are 
replacing closed, centralized control pyramids; continuous improvement and 
innovation are replacing the previous practice of stable routines and planned 
change; the notions of human capital and of the value-creating powers of 
knowledge and expertise are displacing the view of personnel as “human 
resources.” Although there is still resistance to some of those shifts, none has been 
more subject to debate and extreme positions than the shift towards 
globalization.42  
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FIGURE 4.2 

ECONOMIC TECHNOLOGICAL REVOLUTIONS AND ECONOMIC DEVELOPMENT 
Technological Revolutions (Perez)            

  Techno-economic Paradigm                        Socio-institutional Paradigm    
Gales of Creative Destruction       Decades of Creative Construction     

                   Declining rate of profit 
            Maturation/exhaustion 

Technological lock-in 
Vast diffusion & massive adoption     

          Socio-institutional recomposition  
             Socio-institutional upheaval        

        Economic innovation          
    Techno-economic instability      Ensure sufficient demand   
      Techno-scientific invention                        Provide social guidance, taxation         
MARKET       Finance capital funds innovation    Create effective regulation 
                         to restore rate of profit     Deploy infrastructure   

Facilitate innovation & market creation 

STATE Define rights: property, labor, citizen, etc. 

Empirical Description of Five Industrial Technological Revolutions 

Great Surge                          Installation Period                      Turning Point                      Deployment Period 

Technological         Core      Big-Bang      Irruption Frenzy          Bubble     Recession      Synergy     Golden Age            Maturity 
Revolution              Nation     Gilded Age    
1st The Industrial   Britain  1771 Arkwright’s    1770s-     late 1780s-   Canal      1793-1797     1798-1812    Great British           1813-1829 
     Revolution   mill opens     early 1780s early 1790    mania         leap 
1st Age of Steam   Britain  1829 Rocket     1830s  1840S        Railway     1848-1850     1859-1857     The Victorian         1857-1873  
     & Rail   steam engine                  mania         Boom 
2nd Age of Steel   Britain,  1875 Carnegie     1875-1884 1884-1893    Global         1893-1895     1895-1907     Belle Époque          1908-1918  
     & Heavy  USA,  Bessemer Steel             Infrastructure                       Progressive Era 
      Engineering    Germany                     build-up              
2nd Age of Oil,  USA      1908 Model T     1908-1920 1920-1929    Roaring ‘20s     1929 – 1943  1943-1959     Post-war                  1960-1974  
     Autos and                 Autos, Housing        Golden Age 
     Mass Production                Tel., Electricity,  

       Radio, Aviation 
3rd The ICT           USA 1971 Intel    1971-1987 1987-2001    Dotcom &        2000             20??               Sustainable Knowledge 
Revolution  Microprocessor             Internet mania                          society 

          Financial      2007-2008         Decarbonization  
3rd 21st-century electricity system                          Casino         sun, wind & water     
dynamic and static efficiency & renewables               
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Sources for Figure 4.1: Mark Cooper, The Political Economy of Electricity: Progressive Capitalism and the Struggle 
to Build a Sustainable Sector (Santa Barbara, Praeger, 2017), Chapter 3. Upper graph based on Carlota Perez, 
“Technological Revolutions, Paradigm Shifts and Socio-Institutional Change,” and Erik Reinert (Ed.), 
Globalization, Economic Development and Inequality: An Alternative Perspective, 2004. Lower graph adapted from 
Mark Cooper, “The ICT Revolution in Historical Perspective: Progressive Capitalism and the Digital Mode of 
Production, Telecommunication Policy Research Conference, September 28, 2015, based on Carlota Perez, 
Financial bubbles, crises and the role of government in unleashing golden ages, FINNOV, January 2012; Carlota 
Perez, “Technological dynamism and social inclusion in Latin America: a resource-based production development 
strategy,” CEPAL Review, April 2010; Carlota Perez, Technological Revolutions and Techno-economic Paradigms, 
Working Papers in Technology Governance and Economic Dynamics, January 20, 2009. “Finance and Technical 
Change: A Long-term View,” African Journal of Science, Technology, Innovation and Development, 3 (1), 2011, p. 
13.  Carlota Perez, “Re-Specialization and the Deployment of the ICT Paradigm - An Essay on the Present 
Challenges of Globalization,” in R. Compañó et al. (Eds.), The Future of the Information Society in Europe: 
Contributions to the Debate, Institute for Prospective Technology Studies, 2006, p. 39. 
 

It has also been long recognized that, while technological revolutions are a tremendous 
autonomous force, they also require changes in socio-institutional organization and rules to 
achieve their full potential (see Figure 4.2). In a sense, once technology takes on a life of its own, 
it needs the physical and institutional infrastructure to be transformed to support the new 
technological paradigm. The creative destruction stimulated by the new technology must be 
followed by and expressed as a phase of creative construction at the socio-institutional level.     

Technology is the fuel of the capitalist engine ... technical change has only little to 
do with scientific and technological reasons. It is the mode of absorption and 
assimilation of innovations in the economic and social spheres that requires 
technical change to occur in coherent and interrelated constellations. ... The 
institutional sphere is the seat of politics, ideology and of the general mental maps 
of society. ... It is also the network of norms, laws, regulations, supervisory 
entities and the whole structure responsible for social governance.43  
 
The fundamental challenge of “embedding” the new paradigm to make it “common 

sense” has been recognized in the transformation of the electricity sector. 

Technological diffusion can be understood as a broader process of co-construction 
of technology and its environment … in which new technologies find their place 
in wider societal domains, which include immediate user contexts, cultural 
meanings, policies, and infrastructures….  (1) diffusion includes more actors than 
users/adopters, (2) user characteristics and environments are not known in 
advance, but are articulated during the technological diffusion process, and (3) 
societal embedding is full of choices and struggles that affect the directionality 
and thus shape of socio-technical systems.44 

 
Because this is such a crucial moment in the development of the 21st-century electricity 

system, it is important to place it in historical context and recognize the important role of 
creative construction (as shown in the bottom graph of Figure 4.2). In my book on the Political 
Economy of Electricity, I described the process with a conceptual and historical presentation, 
which is summarized in Figure 4.2, taken directly from the book. 
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Locating the technological revolution in energy in this long historical process is 
important for several reasons. First, it will not allow us to fall into the error of technological 
determinism. Policy matters and the period of creative construction are as important as creative 
destruction. Second, Perez sees each of the first two industrial revolutions divided into two 
phases. The second phase involves a new source of energy to drive the emerging techno-
economic paradigm. That is exactly the role of the transformation of the electricity system in the 
third (digital) industrial revolution. Thus, the characteristics of the revolution in the electricity 
sector reflect the central attributes of the overall revolution. Third, one of the most 
underappreciated aspects of the potential transformation of the electricity system is the key role 
played by digital communications. It is only a slight overstatement to say that without all aspects 
of the digital revolution, the dynamic flexibility and management of the 21st-century system that 
enables it to achieve reliability and sustainability would not have been possible. As one 
bibliographic reviewer put it: 

[T]he concept of renewable energy systems … has expanded the vision of the 
energy sector towards a diversified power grid while introducing distributed 
energy resources. … However, in recent years, a compelling need has arisen to 
understand the communications systems in distributed generation for better 
performance management, control and parallel power transfer.45  
 
The building of physical and institutional infrastructure and the threat that nuclear power 

poses to it will be the topic of Part III. In the remainder of this part, I examine the empirical data 
on the impact of the transformation on the economy and decarbonization.    

MODELING THE COMPLEX IMPACT OF TECHNOLOGICAL CHANGE IN ELECTRICITY 

 

As a practical matter, the profound effects of changes in this infrastructure are measured 
by “input-output analysis [that] models the way a dollar injected into one sector is spent and re-
spent in other sectors of the economy, generating waves of economic activity, or so-called 
‘economic multiplier’ effects.”46 These changes, estimated by input-output models, were used by 
the Illinois Department of Commerce in its evaluation of the threat to shut down six reactors, as 
follows: 

(Direct) initial economic activity would include the sale of electricity, capacity 
and ancillary services effects to the market, and secondary economic activity …  
falls into two categories - indirect and induced … would include the subsequent 
economic activity resulting from how suppliers, employees, and owners of the 
power plant utilize their earnings that result from those initial sales. … Indirect 
effects are those influencing the supply chain that feeds into the business in which 
the economic activity is located. … Induced effects come from payments made to 
employees and subcontractors by the plant that lead to spending by local 
households.47  
 
Job losses and electricity price increases can be largely mitigated by fully 
developing energy efficiency and renewable energy resources.48 
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The multipliers used in the input-output models used in Illinois are similar to those used 
in other studies. Another way to hone in on the “induced” impact is to look at the number of jobs 
created per additional dollar of “respending” made possible by the shift to lower-cost resources.  
This is summarized in Figure 4.3, which shows the results of two different input-output models. 
In four different geographic contexts, lower in cost means that the alternatives have a higher 
multiplier when the energy cost savings are “respent.” For every one dollar that is saved, as 
shown in Figure 4.3, the economy grows almost an additional dollar. The alternatives are also 
much more labor intensive. The construction jobs are much more widely distributed, as are the 
opportunities to collect rent for land use. This is consistent with the above observation about the 
potential to diversify with local resources. The efficiency jobs are also dispersed.   

 

FIGURE 4.3 

ESTIMATES OF “RESPENDING” MULTIPLIERS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estimates of Macroeconomic Multipliers as a Multiple of Net Pocketbook Savings  

Modeler Model Date Policy Assessed Region      GDP/$ of Net Savings 
         Base Rebound  

Case Adjustment 

Roland-Holst DEAR  Computer Standard California 1.8      2.0 
ENE  REMI  Utility Efficiency Northeast 2.2      2.4 
Cadmus  REMI  Utility Efficiency Wisconsin 2.5      2.8 
Arcadia            REMI  Utility Efficiency Canada  2.7      3.0 

Sources: David Roland-Holst, 2016, Revised Standardized Regulatory Impact Assessment: Computers, Computer 
Monitors, and Signage Displays, prepared for the California Energy Commission, June. ENE, Energy Efficiency: 
Engine of Economic Growth: A Macroeconomic Modeling Assessment, October 2008. Cadmus, 2015, Focus on 
Energy, Economic Impacts 2011–2014, December. Arcadia Center, 2014, Energy Efficiency: Engine of Economic 
Growth in Canada: A Macroeconomic Modeling & Tax Revenue Impact Assessment, October 30. 
 

WHY SUBSIDIZING AGING REACTORS KILLS JOB AND ECONOMIC GROWTH 

In contrast to the alternatives, which are powerful engines of job and economic growth, 
subsidizing aging reactors is a job and growth killer (see Figure 4.4). The obvious starting point 
is that existing facilities add no new jobs. Arguing that they deteriorate over time and require 
more labor is hardly a selling point. In fact, because it suggests the costs of existing reactors will 
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rise, this suggests that nuclear will impose a cost on jobs and the economy, since it subtracts 
from disposable income of households, and businesses pass their costs on to consumers who 
inevitably pay the higher costs. 

Illinois 

In fact, subsidizing aging reactors dramatically reduces the total number of jobs in the 
short term because the construction jobs for alternatives greatly exceed the number of operating 
jobs in the nuclear reactors Exelon threatened to retire, and it does not even save some jobs in the 
short and medium term. Even more importantly, as shown in Figure 4.5, which is based on the 
analysis by the Department of Commerce of Illinois when it studied the question of bailouts, jobs 
that are lost in the operation and maintenance of the reactors are almost offset by jobs in the 
decommissioning of those reactors.    

FIGURE 4.4 

LABOR INTENSITY OF ALTERNATIVES 

 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Sources: Wie, Max Shana Patadia, and Daniel Kammen, 2010, “Putting Renewables and Energy Efficiency to Work: 
How Many Jobs Can the Clean Energy Industry Generate in the US?, Energy Policy, 38. Rachel Gold, et al., 
Appliance and Equipment Efficiency Standards: A Money Maker and Job Creator, American Council for an Energy-
Efficient Economy, January 2011, p. 9, based on the IMPLAN Model, 2009. How Infrastructure Investments 
Support the U.S. Economy: Employment, Productivity and Growth, James Heintz, Robert Pollin, Heidi Garrett-
Peltier, Political Economy Research Institute, January 2009. 
 

The analysis that was presented did not include the cost or job impact of 
decommissioning,49 which is a mistake that can easily be corrected. Exelon and its consultants 
claimed a very high cost in dollars (half a billion) and jobs necessary (over 1,500) associated 
with the decommissioning of its Zion reactors. Including those costs on a per-MW basis creates 
jobs that equal roughly 56% of the jobs lost in operating the reactors. Combined with the 
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construction jobs in renewable replacement power, this more than offsets that low of nuclear 
jobs.   

FIGURE 4.5 

JOB IMPACT OF RETIREMENT AND REPLACEMENT, INCLUDING DECOMMISSIONING 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sources: Illinois Commerce Commission, Illinois Power Agency, Illinois Environmental Protection agency, Illinois 
Department of Commerce and Economic Opportunity, Potential Nuclear Power Plant Closings in Illinois: Impacts 
and Market-Based Solutions, Response to The Illinois General Assembly Concerning House Resolution 1146, 
January 5, 2015, p. 139. Decommissioning is discussed on p. 134. 
 

The analysis in Figure 4.6 assumes a small efficiency gain, half as much as I have 
assumed throughout this analysis. Part of the cause for this is the short-term increase in costs that 
will result from the immediate closure of a large number of reactors. This is the nuclear 
blackmail effect, which is avoidable on economic and regulatory grounds. In the graph, I have 
doubled the efficiency gain, which is consistent with other analyses in this paper. This change 
accounts for about 15% of the net job gains, which would not affect the conclusion. Alternatives 
create more jobs.   

 The argument that subsidizing nuclear reactors has the benefit of maintaining a nuclear 
workforce suffers a similar fate. Maintaining the workforce might make sense if one anticipated 
new builds, but we have seen that the cost of new builds is astronomical. The burden that nuclear 
power creates, in terms of reduced disposable income for households, is likely to be much larger 
than the value of the workforce. Near-term subsidies keep people in dead-end jobs, if least-cost 
supply and least-cost carbon reduction are the goals.  

New York 

Much like Illinois, a 2015 Brattle Group Report entitled “New York’s Upstate Nuclear 
Power Plants’ Contribution to the State Economy” (“Brattle Report”)50 makes a series of 
assumptions about retiring nuclear reactors that are wrong and misleading:   
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• Every kilowatt-hour of electricity produced by a retired reactor is replaced with a 
kilowatt-hour generated by natural gas. 

• There will be no increase in production by wind, solar, or efficiency, at the end of 
the subsidy period. 

• The elasticity of price with respect to supply implicit in the analysis is just under 
one, while the elasticity of demand with respect to price is zero.    

• The macroeconomic multiplier on the use of natural gas to generate electricity is 
assumed to be equal to that of nuclear, so the reduction of direct and indirect jobs 
and economic activity resulting from the price increase is a total loss. 

All of these assumptions are incorrect, which means the self-serving analysis should not 
be taken seriously. Above all, the “dash to gas” is not an unavoidable or inevitable outcome. If 
the Public Service Commission (PSC) does not put its thumb on the scale of competition but 
allows all low-carbon resources to compete to meet increasing levels of carbon reduction set by 
mandates on utilities, the lower-cost alternatives will expand rapidly.   

Based on the Brattle Report’s assumption at the end of the period of aging reactor 
subsidies, New York will find itself in exactly the same position it is in today, having less 
electricity produced from new renewable technologies and more electricity still being produced 
by aged, 60+-years-old, outdated nuclear reactor technology. Therefore, in this analysis I assume 
that the alternatives expand incrementally to replace nuclear (i.e., it fills 1/12 of the retiring 
capacity per year). Initially, there is reliance on gas, but that is eliminated over time.   

Figure 4.6 shows the impact of the alternative scenarios. The upper graph shows the 
projected market clearing price. The impact study prepared to defend keeping the reactors online 
assumes complete replacement with gas, which drives up the market clearing price by almost 
16%. In the alternative scenario, efficiency and non-hydro renewables replace the retired reactors 
incrementally. I bring these increments in at a cost of $45/MWh, consistent with the earlier 
analysis. Since this is almost 20% below the market clearing price, it incrementally lowers the 
market clearing price. The market clearing price increases initially, but by year six, it is below 
the base case. The cost in the early years is offset by savings in the later years, so that consumers 
break even shortly after the reactors are fully retired.  

The lower graph shows the employment impact. Figure 4.7 plots the macroeconomic 
impacts of this alternative scenario. Since “indirect” jobs represent over 90% of total jobs, the 
multiplier is far and away the most important factor. In this analysis, I do not include 
decommissioning jobs, since those will be captured whenever the reactors close.51 I include the 
alternatives at twice the labor intensity of nuclear, which is an extremely conservative level. In 
this orderly transition, there is no net loss of jobs, even from the beginning.  

CONCLUSION 

 

The challenges of building the physical and institutional infrastructure to support the 
21st-century alternative in the electricity sector are great, but so too are the rewards. Because the 
transformation is a process, we must be cautious in projecting benefits, but even a cautious 
approach to calculating benefits shows the superiority of the transformation. Efficiency 
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advocates have argued that efficiency alone can accomplish half the job of eliminating carbon 
emissions, although they do not give costs or include a transformation dividend.52 Supply-side 
advocates argue that wind and solar can accomplish the job of decarbonization while lowering 
costs, without any increase in hydro and only modest efficiency gains, but they include a 
significant amount of rooftop solar,53 which is quite expensive in the Lazard analysis. However, 
particularly in the case of rooftop solar, which is the only individual-level supply-side resource 
considered in the Lazard analysis, there are several “system” benefits that enhance their value 
that are increasingly being recognized. In fact, in Kentucky, a coal state, the utility proposed to 
pay only $0.035, but the commission decided the rate should be almost three times as high.54  
These benefits include mitigating distribution infrastructure costs, peak shaving and generation 
costs, increasing resilience, not to mention environmental benefits. In Jacobson’s analysis of the 
100% renewable future of the U.S., residential PV accounts for 4% of the supply, more than 
geothermal, traditional hydro, and community PV, with individual states as high as 14% 
(Hawaii), where it is the third-largest source, and 12% (Nevada), where it is the fourth-largest 
source.  
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FIGURE 4.6 

IMPACT OF RETIRING UPSTATE REACTORS: ALTERNATIVE SCENARIOS  

MARKET CLEARING PRICE WITH RETIREMENT 

 

 

 

 

 

 

 

 

 

 

Source: Calculated by author as described in text. 

Jobs/Macroeconomic Impact: Assuming Multiplier for Alternatives Is 2X Nuclear 

 

 

 

 

 

 

 

 

 

 

 
Source: Mark Berkman and Dean Murphy, New York’s Upstate Nuclear Power Plants’ Contribution to the State 
Economy prepared for New York State IBEW Utility Labor Council, Rochester Building and Construction Trades 
Council, Central and Northern New York Building and Construction Trades Council, Brattle Group,   
December 2015. 
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5. DECARBONIZATON  

Having shown the current and future economic superiority of the alternatives, I next 
evaluate the impact that alternatives would have on the other primary policy goals: 
decarbonization, public health, and the environment.  

VALUE OF CARBON ABATEMENT 

Figure 5.1 uses a recent Lazard analysis of the net cost/benefit of carbon reduction for an 
estimate of the value of carbon abatement of the main options expressed in a comparison with 
coal.55 The cost of the technology is subtracted from the value of the carbon saved. The original 
figure included the low estimate for new builds for wind, solar, gas, and nuclear.   

There are a number of caveats here. Price trends indicate that the low estimate for 
alternatives are “high” because of declining costs, while for central-station, they are “low” 
because of rising costs. As noted above, the capacity factors for traditional utilities are high. In 
calculating the value of carbon abatement in the long term, I assume a very low (cautious) 10% 
reduction for all alternative sources.   

I have also added a number of estimates. I have included an estimate of the value of aging 
reactors with costs discussed below. I have included an estimate for the value of hybrid solar 
applications, with the added cost of batteries (derived by subtracting the standalone cost of solar 
from the total cost of solar hybrid). I have also included estimates for several of the alternatives 
that are not the “main” options. Rooftop solar is a long-term issue because its full value awaits 
decision about how to value it, but its behind-the-meter nature should be taken into account.  
Solar thermal with batteries and offshore wind are also included because they dramatically 
expand the options for decarbonization. 

Keeping in mind that the higher the value the more attractive the resource, a number of 
conclusions can be drawn from these estimates:   

• Efficiency, wind, and solar are far and away the least-cost options.  

• The hybrid solar option, which includes the cost of batteries, also has a positive 
value. 

• Since decarbonization is a central goal of policy, I consider gas and coal with 
carbon capture (costs from Lazard that do not take account of uncaptured carbon, 
transportation, or storage). 

• New nuclear is prohibitively expensive. It does not make sense to construct new 
nuclear generation for economic or decarbonization reasons, because it is so 
costly. 

• Old (online) nuclear reactors are the fifth-most-attractive option in the short term,  
very close to hybrid solar option, and, as discussed below, the cost of aging 
reactors is expected to rise, while the cost of the hybrid solar resources is 
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expected to fall. Moreover, aging reactors disappear in the long term, linking to 
very high-cost new nuclear.   

FIGURE 5.1  

VALUE OF CARBON ABATEMENT 

 

  SHORT-TERM LONG-TERM 

 

            PREFERRED RESOURCES 

 

   

         

 

 

 

 

 

 

 

 

              Does not include uncaptured carbon, 
       or transportation and storage. 

 

 

 

 

Source: Based on Lazard, Hi, Lo taken from Levelized Cost, v. 14,0, Hybrid incremental cost of batteries from EIA, 
add to Lazard Solar cost. All renewables are assumed to decline 10% over the next decade. 

• Offshore wind becomes slightly positive and is much more attractive than 
nuclear power or fossil fuels with carbon capture. 



 

40 
 

The findings of the economic resource analysis and this evaluation of decarbonization are 
the same, except for the fact that old nuclear reactors have a small positive value. However, 
closer examination of the cost of keeping aging reactors online shows that they are a bad choice.  

THE COST OF AGING REACTORS 

Table 5.1 provides greater detail on the cost of aging nuclear reactors. Utilities have 
threatened to shut down aging reactors that are “losing money,” but they never make public what 
their costs are and what it means to “lose money” – i.e., they want all reactors to earn enough to 
make a contribution to capital cost recovery at a full return on equity that the nuclear utilities 
demand. In public statements, not regulatory proceedings which are confidential, utilities have 
claimed that they want a full return on investment for these plants – a 10% rate of return – at a 
projected subsidy cost of about $500 million/year in Illinois. In New Jersey, PSEG went further, 
claiming it needed the bailout to underwrite an 18% rate of return, in order to make it worth the 
risk to keep running them. 

Although the Synapse analysis of Exelon in Illinois is heavily redacted, it does provide 
insight into the least-cost question. Based on market-clearing prices for energy and capacity, it 
appears that $0.03/KWh is available in the market. Synapse estimates that Dresden covers its 
out-of-pocket costs at a subsidy of $0.02/KWh. To hit the target rate of return (discount rate), the 
reactor needs another $0.015/KWh. Thus, the cost with capital recovery and the target discount 
rate is $0.065/KWh. 56   

TABLE 5.1 

CASH FLOW AND SUBSIDIES AT EXELON PREFERRED DISCOUNT RATE 

Reactor 5-Year 10-Year 5-Year  10-Year NPV 
  NPV NPV  Subsidy w/Subsidy 
  ($ Million)  $/MWh ($ million) 
Dresden -91 283  3.5  532 

Byron  30 127  1.0  221 

Braidwood 139 502  0  502 

LaSalle 367 785  0   785 

Total  445 1697  NA  2040 

Source: Bhandari, Divita, et al., Exelon Nuclear Fleet Audit, Findings and Recommendations, Synapse, April 14, 
2021, pp. 17, 19, H-9, H-11. 
 

This is consistent with my earlier analysis of Illinois, New York, and aging reactors in 
general (as shown in Figure 5.2). The Byron reactor is cash flow positive without a subsidy, but 
the Synapse report estimates a $0.001/KWh subsidy would raise the rate of return to the target 
rate. In order for the reactor to generate the cash flow of other reactors on the list, the operating 
cost would have to be extremely low, or more subsidies would be necessary to hit the target, or a 
combination of the two. Another $0.015/KWh (to raise it to the production tax credit) would 
raise the NPV to a total of close to $3 billion. Even the Byron reactors, which would need a 
small subsidy to hit the target discount rate of the utility, are cash flow positive in the next five 
years. Over 10 years, it would generate over $2 billion in revenue above costs.57 The total would 
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be close to $5 billion. Without the subsidy, Byron and Dresden generate about $400 million in 
revenues above costs. The other two reactors that Synapse analyzed exceed the target discount 
rate for the utility, generating revenues above costs of about $1.3 billion.  

The Synapse estimates for subsidies in Illinois make clear that it may not be in the 
interest of the state to give any subsidy at all, even though the amount proposed by Synapse is 
quite low, as shown in Table 3.2. It tells a very different story than the utility. In the short term, 
the four reactors are cash flow positive, although Dresden is negative for the first five years and 
Byron is slightly positive. Over 10 years, they are all positive, generating almost $1.7 billion in 
cash above operating expenses. Synapse suggests short-term (5-year) subsidies to raise the cash 
flow on two of the reactors.  

Figure 5.2 provides greater detail on the cost of aging reactors. It also includes the 
estimates of the cost of the alternatives from the earlier analysis. The very low figures are the 
operating costs from Figure 2.4 above. The low and high estimates are for the all-in costs from 
Figure 2.3 above. The obvious point is that, at the midpoint of the range, the cost of alternatives 
is well below the cost of aging reactors. The Lazard estimates for new and young nuclear, with 
the return used in the Synapse analysis, would be well above efficiency and solar and 
competitive with wind.  

Over 10 years, those unjustified subsidies, if applied to alternatives, would purchase 
about 95% of the nuclear capacity (assuming a load factor of only 33%) that is displaced, but 
there is no reason to believe that this would be necessary, as the Synapse analysis shows.    

Figure 5.3 reminds us that the target of current policy should be about the future, not the 
past. It shows the historic rate of improvement in carbon emissions in the electricity sector. It 
also shows that the recent retirement of nuclear reactors had almost no impact on the rate of 
decline in emissions, which occurred over the past 15 years without any such subsidy in place.  
Indeed, through 2020, we have no carbon policy, but the shortfall in carbon reduction in 2035 
would be “only” about 700 million tons, compared to a straight line to zero.    

The obvious questions become, how much of an impact will the policy initiative have, 
and would renewables be able to offset the reduction of nuclear output? The answers to both 
questions argue against a broad-based subsidy for nuclear reactors, as shown in Table 5.2. On the 
left side is an estimate of the amount of power that could result from the policy initiative. Per the 
above discussion, I include efficiency and the transformation dividend.     

The latter question depends very much on what owners of nuclear plants do. This is dealt 
with in the lower part of the left-hand column, where I examine the empirical record on early 
retirements. Threats and blackmail aside, owners of fully depreciated plants with positive cash 
flow have an economic reason to continue to operate those facilities. A look at the history of 
early retirements shows that about 30% of capacity was retired in the period 1963-2020. Over 
90% of the plants retired were single units, and the average age was just over 40 years.   
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FIGURE 5.2 

COST OF AGING REACTORS COMPARED TO ALTERNATIVES 
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Sources: Eggers, Dan, Kevin Cole, and Matthew Davis. Nuclear . . . The Middle Age Dilemma? Facing Declining Performance, Higher Costs, Inevitable Mortality. Credit Suisse, 2013; Lazard. 
Lazard’s Levelized Cost of Energy Analysis 12.0, November 2018; Nuclear Energy Institute, Nuclear Costs in Context, October, 2020; NEI Operating Cost (Nuclear Street News Team. “NEI 
Lays Out the State of Nuclear Power.” Nuclearstreet.com. February 26, 2014; NEI Excludes Indirect (Nuclear Energy Institute, Operating Costs, http://www.nei.org/Knowledge-Center/Nuclear-
Statistics/Costs-Fuel,-Operation,-Waste-Disposal-Life-Cycle/US-Electricity-Production-Costs-and-Components); Naureen S. Malik and Jim Poulson, “New York Reactors Survival Tests Pricey 
Nuclear,” Bloomberg, January 5, 2015, p. 2. Quad Cities is based on a $580-million subsidy (Steve Daniels, “Exelon Puts an Opening Price Tag on Nuclear Rescue: $580 Million,” Crains 
Chicago Business, September 24, 2014), converted to $25/MWH for output-at-risk reactors. Illinois Commerce Commission, Illinois Power Agency, Illinois Environmental Protection Agency, 
Illinois Department Commerce and Economic Opportunity, 2015, Response to The Illinois General Assembly Concerning House Resolution 1146, January 5, real price increase to break even, 
plus $11/MWH for capital. “Comments of Dr. Mark Cooper.” In the Matter of Carbon Pollution Emission Guidelines for Existing Stationary Sources: Electric Utility Generating Units, 
Environmental Protection Agency, RIN 2060-AR33, November 24, 2015. Comments by Alliance For a Green Economy and Nuclear Information and Resource Service, Proceeding on Motion of 
the Commission to Implement a Large-Scale Renewable Program and a Clean Energy Standard, Case 15-E-0302, April 22, 2016; RE: Case 15-E-0302- In the Matter of the Implementation of a 
Large-Scale Renewable Program and a Clean Energy Standard; Re: Case 16-E-0270: Petition of Constellation Energy Nuclear Group, LLC; R.E. Ginna Nuclear Power Plant, LLC; and Nine Mile 
Point Nuclear Station, LLC to Initiate a Proceeding to Establish the Facility Costs for the R.E. Ginna and Nine Mile Point Nuclear Power Plants, July 22, 2016. Energy Information 
Administration, Electricity Annual, 2015, Table 8.4. Lazard, Levelized Cost of Energy Analysis, Version. 14.0; Bhandari, Divita, et al., Exelon Nuclear Fleet Audit, Findings and 
Recommendations, Synapse, April 14, 2021.  
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FIGURE 5.3 

U.S. POWER (CO2) EMISSIONS 

 

 
Source: Larsen et al., “Pathways to Building Back Better: Investing in 100% Clean Electricity,” Rhodium Group, p. 
2. 

TABLE 5. 2 

WIND, SOLAR, AND EFFICIENCY CAN EFFECTIVELY DECARBONIZE 

WITHOUT ANY NUCLEAR SUBSIDIES. 

Alternatives Date   Output Traditional Central 2019 output 
    b KWh Station b KWh 

Policy 
Wind & Solar 
$50b*$0.025 per Kwh 2022-2031  2000 Coal/Petrol 974 
.5 * rate* 4 years 2032-2035  400 Gas 1599 
Efficiency (policy)   Nuclear 809 

  1.5% Above base = 10% 2022-2035  620 total  
       Central station 3382 
       National 4128  

Transformation Gain 2035   413-826     
 (10-20%)    

Total (Policy) 2022-2035  3433- 3846   
Other renewables    322   
Grand Total    3755-4168 
        Nuclear Retirements  
      1963-2020 30% 
      Illinois w/o subsidy 21% - 47% 

   Expected Output  
      National w/o subsidy 534 (428-639) 

Total low-carbon resources w/o nuclear subsidy 
 Nuclear online 534 
 Alternatives w/policy 3755-4168 
 Total  4289-4702 

y = 1E+44e-0.047x

R² = 0.9189

y = -84.8x + 172605

R² = 0.9631
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Two-thirds of the nuclear capacity is expected to stay online in the next decade and a half 

because, as the Synapse analysis shows, it is economic by a reasonable economic standard. Thus, 
there is simply no reason to subsidize aging reactors in pursuit of decarbonization. The logical 
economic approach is to allow reactors to retire as they become uneconomic. Others have made 
similar proposals.58 If any policy is called for, it should be to remove the “special” treatment of 
nuclear power and let it sink (or swim) on the basis of the fundamental economics. No new 
reactors will be built over the next two decades because of their very high costs, and some will 
retire because they are uneconomic. The threat to close large numbers of reactors is blackmail, 
not rational economics, and should be rejected.    

The problem with this careful economic analysis is that the nuclear utilities are not 
interested. They refuse to make their costs public, subject to audit. They do not want their 
required rate of return on fully depreciated plants public. They want rents, not economic profits 
justified as competitively fair. Ultimately, they are more interested in securing a place in the 
electricity system of the 21st century than in supporting least-cost supply. Given the goals of the 
nuclear industry, any transitional support would have to be so heavily conditioned on the exit of 
nuclear power from the resource mix that nuclear utilities are likely to be unwilling to accept the 
conditions.   

ARE THE RESOURCES ADEQUATE TO MEET THE NEED WHILE DECARBONIZING? 

With the costs clearly indicating the superiority of the alternative resources and approach, 
the next question is, how far can reliance on these resources carry us toward decarbonization of 
the sector?  Will there be enough resources available and how will the new system operate to 
ensure reliable supply?   

The earlier analysis showed that renewables could replace the reactors that were 
threatening to shut down. A similar conclusion obtains in New York (see Table 5.3). The original 
estimated resources for 2030 and 2040; here, we show the midpoint which is the average of the 
two. The midpoint is the target data for full decarbonization adopted by the Biden administration.  
There are four primary resources used to meet the need while eliminating carbon emissions: 
efficiency, a transition dividend, wind, and solar. Existing hydro is flat, and existing nuclear 
output is shrinking. In that proceeding, the acceleration of efficiency, the transformation 
dividend, and the growth in non-hydro renewables were all considered well within the available 
resources.  

To analyze the adequacy of supply of renewables, we must first determine what demand 
will be. Projections of demand reductions due to efficiency vary, from about 15% in the EPA 
assumption to over 30%. In the following analysis, I use an EPRI estimate of the amount that 
demand could be reduced by 2035, which is a conservative estimate of the potential and does not 
take into account the transformation dividend. It assumes reduction in the range of 10-20%, with 
a national average of about 17%.     
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TABLE 5.3 

MEETING NEW YORK GOALS WITH EFFICIENCY AND RENEWABLES (MILLION MWH) 

Alternative Resource 
  2030        midpoint    2040 
Efficiency   
Base case = 1.4%/year    35  43 51 
Accelerated = 2%/year    51  65 78 
Load @ Accelerated eff.  135             130         124 
Transformation Dividend = 17%    10  13 15 
Reduction in Coincident Peak (34%) >   
Effective New Load (Reduction in load 17%)  125             117         109 
Resources   
Achievable 2030, Economic 2040   
New Non-Hydro    26   57 88 
Existing Hydro    36   36 36 

Unsubsidized Nuclear    17   14  11 
 

% Low-Carbon with Transformation Dividend  63%              100%     124% 

Source: Staff White Paper, NYSERDA Energy Efficiency and Renewable Energy Potential Study of New York. 

Replacing aging, inefficient reactors is one important finding, but the renewables must 
also be able to replace coal and gas. Figure 5.4 shows the potential for renewables to meet 
demand, based on NREL’s evaluation of potential. It shows the currently low-cost renewables 
(onshore wind and utility PV) separate from the more-costly but increasingly competitive 
renewables: offshore wind and geothermal. Because the vast potential of some states overwhelms 
the graph, I also show the states where wind and solar resources are less than 50 times current 
demand. New York is in the middle of this group. 

As the graph shows, the vast majority of states have an abundance of potential supplies of 
renewable resources. Only a handful have potential that is less than five times demand. And, as 
shown in the lower graph, meeting local demand with local supply is not the issue. Only one 
state (CT) has inadequate local resources. With efficiency, however, even its resources are 
adequate. Moreover, just under a dozen other states export little, because they are not endowed 
with rich, traditional resources and do not have a comparative advantage. However, the 
renewables are local resources, and they present a new opportunity to diversify supply. The states 
with resources that exceed need by a relatively small amount are surrounded by neighbors who 
have the potential for much larger resources. Expanding the scope of trade and cooperation is 
one of the hallmarks of the 21st-century approach.  

The existence of a vast resource base is one thing, but the ability to tap it in a timely 
fashion is quite another. Needless to say, this is and will remain a point of debate. However, one 
thing is clear in Figure 5.5: The U.S. and the majority of the states are far behind other advanced 
industrial nations in exploiting this resource. Part of the reason for that gap is that we have not 
had a strong national policy encouraging this path of development. Even excluding Denmark as 
an outlier, the other nations have achieved a penetration of renewables that is 2.5 times as great 
as the U.S. 
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FIGURE 5.4 

ASSESSING THE ADEQUACY OF SUPPLY 

Potential Supply Compared to Demand (all states) 

 

 

 

 

 

 

 

 

 

Potential Supply Compared to Demand (up to 50 times demand) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Source Lopez. Anthony. et al. 2012, U.S. Renewable Energy Technical Potentials: A GIS-Based Analysis. NREL, July. :  
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FIGURE 5.5 

PENETRATION OF GENERATION FROM WIND AND SOLAR 

 

 

 

 

 

 

 

 

 

Source: Energy Information Administration, Electric Supply Monthly, EMBER, EU Power Sector is 2020.  

 

 

 

 

 

 

 

 

Source: Mark Z. Jacobson et al., 2015, 100% Clean and Renewable Wind, Water and Sunlight, All Sector Energy 
Roadmaps for 139 Countries of the World. 
 

The lower graphs in Figure 5.5 show that the ultimate contribution of currently low-cost 
resources is not very different in the U.S. than in the 10 European nations shown. The same is 
true of wind and solar resources that are potentially competitive in the longer term. The potential 
for energy efficiency is also much greater in the U.S. Compared to the 10 European nations, the 
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U.S. consumes 25% more electricity per capita, and excluding the one outlier (Sweden, whose 
reliance on low-cost hydro power is huge), the U.S. consumes over twice as much electricity per 
capita.   

Thus, decarbonization with the orderly exit of nuclear power appears to be possible.  
Given the overwhelming superiority of the alternatives on cost and economic impacts, the U.S. 
should follow a strategy of pursuing 100% decarbonization on the basis of the four elements of 
the 21st-century system: efficiency, wind, solar, and intelligence. 
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PART III 

ENSURING A SUCCESSFUL TRANSITION  
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6.  OPERATING A RELIABLE ENERGY SYSTEM 

Low cost and adequate resources are two important ingredients to support the alternative 
system, as is the commitment to build one, but operating the system remains a challenge. The 
two chapters in this part address this issue from two points of view. Although the transformation 
is a process that does not happen overnight, this chapter makes it clear that the tools to 
successfully operate a system are developing, and, as shown in the previous chapter, many 
nations have made considerably more progress than the U.S. The next chapter explains why 
subsidizing existing nuclear reactors is a very bad idea from the point of view of promoting a 
successful transformation. 

TOOLS TO ACHIEVE LOW-COST, RELIABLE POWER 

Figure 6.1 shows the many tools available to achieve low cost and reliable supply.59 We 
have included over 250 references to some of the extensive literature that supports the supply-
side and demand-side tools. We treat storage as a demand-side strategy. This is unarguably true 
for distributed storage, although less so for dispatchable storage. Both are key to balancing load 
and supply.   

When pressed, utilities give the same answers. A California proceeding challenged parties 
to think about how high levels of renewables could be integrated into the grid. Utilities offered a 
host of approaches, and my summary concluded there were at least 10 general ways to handle the 
challenge.60  

The LBNL analysis shows that the technical and economic processes by which policies 
work to mitigate the impact of variability are straightforward:  

1. Geographic diversity, particularly for wind, reduces extremes of generation, high or 
low output.61 

2. Technological diversity fosters a better fit with load.62 

3. Storage allows more energy to be captured and used when needed,63 both by 
reducing curtailment64 and by increasing demand (and therefore prices) during slack 
periods.65 

4. Demand shaping allows a better balance between supply and demand.66 

5. Flexibility is a key attribute, achieved by  
o sub-hourly scheduling to reduce the magnitude and impact of forecasting 

error,67 
o  “quick-start” generation,68 or 
o a portfolio approach that uses a mix of generation assets that can reduce the 

need for flexibility of individual assets.69 
6. Exploiting the best sites for renewable resources yields much larger economic value 

– three times the average.70 
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FIGURE 6.1:  

CREATING THE 21ST-CENTURY ELECTRICITY SYSTEMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Tools to Manage a 21st-Century Electricity System 

 

Generation (100% Scenarios) Load  Transmission 

  Geographic diversity    Supply-side   Expand balance areas  
  Technological diversity   Target peaks Storage 

     Peak targeted solar    Use more in slack, less scarcity    Dispatchable, traditional 
     Quick start/rapid ramp    Demand-side    Distributed (virtual powerplant) 
   Shed inflexible baseload   Aggressive demand response   Electric vehicles 
   Shift to flexible    Smart controllers manage use Operational Procedures 

   Flexible central    Supply-side   Flexibility/integration 
   Firm renewables     Target peaks   Integrated Transactions 
   Value ancillary services;   Use more in slack, less scarcity    Strategic Curtailment 
   Avoid lumpy investment   Demand-side    Improve forecasting  
     Aggressive demand response Market Design 

  Smart controllers manage use       
  Positive and Negative prices   

       Target fixed cost recovery;  
       TOU (cut peaks, fill valleys)  
       Smart Grid 
       CHP 
 

Source: Mark Cooper, Avoiding Nuclear and Fossil Fuel Potholes, a Green New Deal Has a Clear Path to a Clean, 
Low Cost, Low Carbon, Progressive, Capitalist Electricity Sector, April, 2019, Chapter 6. 

Although the utilities in California put together an analysis that takes a very different 
approach than the LBNL analysis and seems much more ominous, close examination shows that 
when the utility analysis introduces mitigation measures, it reaches a similar end point. The 
utilities started with a base case of renewables at 33% and set up straw men of 40% and 50% PV 
scenarios. Not surprisingly, they found that this extreme approach produces major problems in 
matching supply and demand.  
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Consistent with the LBNL analysis, however, the introduction of mitigating policies 
immediately solves the problem. The utility study identifies four “least regrets opportunities” and 
a number of opportunities for “research and development for technologies to address over-
generation.”71 Adding in three blocks of “flexibility solutions” reduces the curtailment of PV 
generation to the level of the 33% penetration, which was virtually zero. The transformation 
dividend is present in the utility analysis. Pursuing downward “flexibility solutions” yields 
15,000 MW of reduced demand, which is equal to 10% of the capacity in the “unmitigated” PV 
system and 15% of the capacity in the “mitigated” PV system. This is consistent with the RAP 
finding discussed above.  

This level of “flexibility solutions” is in the range of the planning reserve – an 
equivalence that the literature generally notes. As the penetration of relatively small-scale 
distributed technologies increases, the need for planning reserves may decline, because, in the 
current baseload approach, it is the threat of the loss of large units that drives up planning 
reserves. The potential for a trade-off between planning reserves and “flexibility solutions” could 
have a significant impact on the cost of meeting the need for electricity.  

While the utility study does not model the specific “flexibility solutions,” it does identify 
the likely primary candidates, which are the same as those modeled in the LBNL analysis. The 
utility study finds significant challenges but also opportunities. The “least-regrets” opportunities 
identified in the study include these:  

• Pursuing a diverse portfolio of renewable resources. 
• Implementing a long-term, sustainable solution to address over-generation before 

the issue becomes more challenging. 
• Implementing distributed-generation solutions.  
• Research and development for technologies to address over-generation are 

plentiful, including  
o promising technologies like storage (solar thermal with energy storage, 

pumped storage, and other forms of energy storage, including battery 
storage, electric vehicle charging, and thermal energy storage) and  

o flexible loads that can increase energy demand during daylight hours 
(advanced demand response and flexible loads).  

• Technical potential to implement new solutions are also available, including  
o sub-five-minute operations,  
o creating a large potential export market for excess energy,  
o changing the profile of daily energy demand, and  
o optimizing the thermal generation fleet under high RPS.72  

INTEGRATION COST AND SYSTEM VALUES 

Baseload myopia, the claim that only large central-station facilities can ensure reliable 
supply, has been rejected on the basis of cost. Can it be salvaged by the claim that it is the only 
means of meeting the need for power at an affordable cost? Evaluation of how much it costs to 
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operate a reliable system suggests that it cannot. The alternatives win out on integration of 
resources and system values.  

The finding that the cost of the integration of distributed supply and actively managed 
demand are quite small enjoys a strong consensus in the literature.73 It is reflected in the DOE 
analysis Wind Vision, which provides a simple explanation. The DOE Wind Vision analysis 
argues that “wind generation variability has a minimal and manageable impact on grid reliability 
and related costs.”74 DOE believes that operational challenges that could arise with much higher 
levels of wind penetration can be easily overcome by expanding the use of techniques that have 
been found effective in the past. “Such challenges can be mitigated by various means including 
increased system flexibility, greater electric system coordination, faster dispatch schedules, 
improved forecasting, demand response, greater power plant cycling, and—in some cases—
storage options.”75 The potential for extremely rapid balancing, innovative battery technologies, 
and microgrids, which address the core problem of reliability in the digital age, have only begun 
to be appreciated.76 These highlight the impact and necessity of changes to the grid,77 and the 
prospect of achieving reliability that equals or exceeds current levels with the alternative 
approach is increasingly seen as quite good.78 

 In the early years of the transition, costs rise slightly because new generation resources 
are being deployed. The increasing cost of electricity is primarily the result of the need to replace 
aging and polluting generation with low-carbon alternatives, but “Wind generation variability 
has a minimal and manageable impact on grid reliability and related costs.”79 In sum, careful 
analysis shows that reliability is a nonissue; the conflict is about the future of the techno-
economic structure of the electricity sector in the 21st century. 

The DOE explicitly laid out the process in the case of transmission.80 The Wind Vision 
analysis argues that transmission costs are constantly being incurred by the electricity system. In 
the early years, those costs are reallocated from supporting central-station generation (which is 
shrinking) to supporting new renewable resources. There is only a slight net increase in 
transmission investment. As time goes on and the share of renewables grows, transmission costs 
increase. However, they are complementary to the deployment of renewables, whose capital and 
operating costs have been declining and are much lower than the nonrenewable low-carbon 
alternatives. 

The U.S. Energy Information Administration (EIA) recognized the increasing complexity 
of selecting generation resources as very different technologies began to compete for investment 
resources. It summarized the approach to system value at a workshop in 2013, where it argued 
“that levelized cost of electricity (LCOE) … reflects both the capital and operating costs of 
deploying and running new utility-scale generation capacity … [but] the direct comparison of 
LCOE across technologies … is problematic and potentially misleading.”81 The EIA analysis 
focused on a comparison of the marginal value to the system of individual resources, and these 
calculations were added to its Annual Energy Outlook.82  

Conceptually, a better assessment of economic competitiveness can be gained 
through consideration of avoided cost, a measure of what it would cost the grid to 
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generate the electricity that is otherwise displaced by a new generation project, as 
well as its levelized cost. Avoided cost, which provides a proxy measure for the 
annual economic value of a candidate project, may be summed over its financial 
life and converted to a level annualized value that is divided by average annual 
output of the project to develop its “levelized” avoided cost of electricity (LACE). 

The LACE value may then be compared with the LCOE value.83 
 

The difference between LCOE and LACE can be called “inflexibility waste” to capture 
the key concept.84 The avoided cost is less than the levelized cost because resources are 
inflexible – i.e., unable to adapt their output to the needs of the system. The system cost would 
be lower if technologies that better fit system needs were used. Inflexibility waste can be lowered 
in two ways: reducing levelized cost or decreasing avoided costs – i.e., a better fit between 
output and system needs.   

After extensively discussing the EIA system value approach to improving comparisons 
between alternatives, analysts at two national laboratories, Lawrence Berkeley National 
Laboratory and Argonne, suggested an alternative approach that rested on system costs. The 
levelized cost of energy was the starting point and the most important factor, as in the system 
value approach, but the adjustment made was not by subtracting avoided costs from LCOE, but 
by adding estimates of the unique system cost of individual technologies to the LCOE. The 
former is a top-down approach, the latter is a bottom-up approach, and the authors caution 
against double-counting by combining the two. This approach was also advocated by a major 
research institution in Germany evaluating the aggressive transition to renewables being pursued 
in that nation.85   

If properly defined, the ‘system cost’ of VRE [variable renewable electricity] (or 
any other resource) combined with the plant-level technology LCOE of VRE 
results in a ‘total system LCOE’, which can then be compared (with substantial 
caveats) to the ‘total system LCOE’ of any other technology to determine which 
resource has the lowest total system cost. An important point to make here is that 
this ‘system cost’ perspective is related to but distinct from the ‘system value’ 
perspective described earlier. An analyst may choose to use the ‘system value’ 
perspective or the ‘system cost’ perspective, but it is important to avoid double 
counting. Moreover, as discussed in more depth later, all resources have ‘system 
costs’, and so an exclusive focus on VRE alone is inappropriate.86 
 
Figure 6.2 uses Lazard unsubsidized LCOE (from 2016) and also shows the operating 

and full costs of aging reactors developed earlier ($6/KWh and $9/KWh), rather than new 
nuclear reactors. The full cost is more appropriate. To make a fair comparison between low-
carbon resources, I use the cost of natural gas combined-cycle plants with 90% carbon capture. I 
have not included the cost of coal with 90% carbon capture, because it is so far off the charts 
(50% higher than natural gas on LCOE) that it is not a contender and would distort the 
comparison between resources that should be considered for inclusion in the portfolio. Much the 
same is true of new nuclear, whose LCOE is more than twice gas, and whose carbon emissions 
are substantially higher than aging reactors because of the long construction period and intensive 
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carbon emissions of construction. The LCOE costs are adjusted for EIA’s estimate of system 
value, so Figure 6.2 shows avoided cost. 

I also include energy efficiency with the current LCOE of $35/MWh. I attribute system 
costs to efficiency equal to those for hydro, which is given a slight benefit in the EIA analysis.87  
Given all of the positive attributes of efficiency discussed above, this approach is likely to 
underestimate its benefit in terms of system costs.   

The compelling conclusion of this analysis is quite clear. The renewables are preferable 
by far, and all of the underlying trends reinforce this conclusion.88 Renewable resource costs 
continue to fall, particularly for batteries, which would sharply increase their system value.  
Other advances in integration of renewables will also improve their value.   

FIGURE 6.2  

CURRENT ESTIMATES OF TOTAL SYSTEM COST 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: EIA, 2018, Levelized Cost and Levelized Avoided Cost of New Generation Resources in the Annual Energy Outlook 2018, February 
Tables 2 and 3, for the adjustment to levelized costs to account for the value of output, using capacity-weighted averages where available and 
unsubsidized costs. Wiser, Ryan, Andrew Mills, and Joachim Seel, 2015. Impact of Variable Renewable Energy on Bulk Power System Assets, 
Pricing and Costs, Argonne and Lawrence Berkeley National Laboratories, Chapter 5. Lazard, 2018. Lazard’s Levelized Cost of Energy Analysis 
– Version 12.0 for LCOE, 10. For carbon costs, NRC, 2010, The Hidden Cost of Electricity, for non-carbon pollution costs of gas, with other 
resources expressed as a multiple of gas. 
 

THE TRANSFORMATION DIVIDEND 

The transformation dividend stems from the fact that managing the balance between 
supply and demand reduces the amount of capacity needed and electricity used as suggested by 
Figure 6.3, which is a stylized depiction of the load curves and where the transformation 
dividend arises. Typically, the 20th-century approach required large reserve margins to provide a 
safety net if large units were forced offline in an unplanned outage. As the units become smaller, 
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the reserve margins are reduced. Another benefit is that the shifting demand and available supply 
lower the peak and shift its timing. 

 
FIGURE 6.3 

FLATTENING THE LOAD CURVE: REDUCTION AND SHIFT IN THE TRANSFORMATION 
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Source: N. Shaukata , N. et al.,, 2019, “A survey on consumers empowerment, communication technologies, and 
renewable generation penetration within Smart Grid,” Renewable and Sustainable Energy Reviews 81, p.1458. 
 

The theory is backed up with the identification of the policies and measures that can be 
implemented to deliver the transformation dividend, as identified in Table 3.1. This is a small 
subset of the management strategies that can be adopted to ensure the 21st-century system 
delivers reliable, affordable electricity and that are more targeted at reducing the peak, shifting 
the shoulder, and balancing load.  

While unabated gas is less costly, the moment its carbon emissions are taken into 
account, the alternatives are less costly. Aging reactors are about twice as costly, although the 
youngest of the existing reactor fleet is equal or slightly higher in cost. The primary peaking 
resource in the current, central-station system is much more costly than a hybrid solar/battery 
combination, which is the resource of choice among utilities at present. Standalone batteries are 
about equal in cost, although the cost trend line greatly favors batteries. In fact, starting from the 
short term, where the full costs of alternatives are competitive with the marginal cost of the 
central-station alternatives, all of the trend lines strongly favor the alternatives.    

CONCLUSION 

 

In this part, I have analyzed the underlying economics of the resources to meet the need 
for electricity. I have looked at the cost of obtaining and using specific technologies to meet the 
need for electricity, as well as one factor that affects the level of need. In the mid- and long 
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System Integration 

Grid management 
   Expand balance area 
   Improve forecasting  
   Integrated power transactions 
   Import/export 
Dispatchable storage 
   Solar thermal electric with storage  
   Utility storage in strategic locations  
Distributed storage 
   Community & individual storage 
   Air conditioning water heating with storage 
   Electric vehicles 
Deploy fast-ramp generation 

terms, when new facilities to generate electricity must be built, which inevitably they must, the 
alternatives are clearly superior in terms of the primary policy characteristics, affordably. In the 
short term, they are cost competitive with the 20th-century options for power throughout the day.  

TABLE 6.1 

MEASURES TO MANAGE DECENTRALIZED RESOURCES WHILE REDUCING LOAD 

Demand  
   Efficiency   
    Target efficiency to peak reduction 
    Aggressive demand response  
    Manage water heater loads to reduce peak  
    Smart controllers 

  Rates 

    Target fixed-cost recovery to ramping hours 
    Time of use rates 
Supply 
  Diversify renewable supply 
    Geographic (particularly wind) 
    Technological (wind & solar)  
    Target solar to peak supply (west orientation) 
  Re-orient conventional supply 
  Shed inflexible baseload 

Sources: U.S. Department of Energy, Wind Vision: A New Era for Wind Power in the United States (Washington, 
D.C.: U.S. Government Printing Office, 2015), 90; citing Michael Milligan et al., The Impact of Electric Industry 

Structure on High Wind Penetration Potential, Technical Report NREL/TP-550-43273, NREL, July 2009, 23; E3, 
Investigating a Higher Renewables Portfolio Standard in California, Energy and Environmental Economics, Inc., 
January, 2015; Amory Lovins, An Initial Critique of Dr. Charles R. Frank, Jr.’s Working Paper “The Net Benefits 
of Low and No-Carbon Electricity Technologies,” summarized in The Economist as “Free Exchange: Sun, Wind and 
Drain” (Boulder, CO: Rocky Mountain Institute, August 7, 2014); Jim Lazar, Teaching the “Duck” to Fly, 
Regulatory Assistance Project, January 2014; Steve Nadel, “Conquering the Evening Peak,” ACEEE Blog, 
November 24, 2014. 

 

The immediate impact will be to create jobs in the development and deployment of the 
alternatives, including system management. 

• Efficiency will lower bills and deliver mounting “respending” benefits. 
• Over time, the transformation dividend will be realized as the size of the system shrinks 

and the diversification and wide distribution of resources takes place. 
• The full benefit will come as large, costly, central-station facilities are replaced with 

lower-cost alternatives. 
o In the long term, with replacement of all current generation, the cost savings on 

electricity would be over 8% of the current bill, including the transformation 
dividend. 

o The macroeconomic multiplier would add indirect benefits of about 7.5%. 
o Phasing out gas also removes other line items from utility bills: gas utility fixed 

charges and gas transmission and distribution charges. 
o The macroeconomic multiplier would add indirect benefits of about 7.5%. 
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• The decarbonization and public health benefits will also be emergent as carbon emissions 
and pollution are reduced.  

o Our analysis of energy efficiency, before carbon was an issue, puts these benefits 
of reduced pollution at about one-quarter of the total economic benefit, equal to 
about 4% of the energy bill.  

o The benefits of decarbonization depend on the value placed upon it, but they are 
very large. 

Consistent with the above analysis, an approach that tried to keep uncompetitive nuclear 
reactors online because they are low carbon emitters, which would squeeze out and delay the 
growth of the alternatives for a couple of decades, would forgo a substantial part of the economic 
benefits of the transformation and still face the problem of replacing the nuclear facilities. This 
would further increase the cost and risk of the electricity system. The right choice is to let 
nothing stand in the way of the transformation and get it done as quickly as possible.   

The main obstacle to doing so is the continued existence and opposition of the 20th-
century central-station approach, which is organized and thrives on a completely different 
approach to physical and institutional infrastructure. For this reason, the decision to consider the 
transformation of the energy sector as part of an infrastructure bill is exactly right.   

The energy sector has all of the key traits of classic infrastructure. It is large and affects 
many aspects of economic activity, setting the conditions for economic growth. Many aspects of 
the transition also involve “shovel-ready” physical construction projects. It is also infrastructural 
in the sense of needing to build the institutions that will govern behavior in the sector for decades 
to come. This qualitative aspect of the transformation will not “cost” a lot in terms of spending 
on resources, but it is essential to the deployment of the physical resources.   

In this sense, we are not arguing that the 20th-century approach was wrong; we have 
stated the case for moving on to a different system because the old system is too costly and 
inconsistent with the opportunity to pursue policy goals that have been opened up by technology.   

Given that all low-carbon resources are at least competitive with aging nuclear reactors, 
and three of them are much lower in cost, it is illogical to claim that retrofitting fossil fuels or 
keeping central-station generation online is essential for decarbonization. The strong case for the 
alternatives is reinforced when we examine the other externalities that might require trade-offs in 
pursuit of the paramount goal of decarbonization.   

To wrap up the discussion of the 21st-century alternatives, I return to the “big picture” 
view of the technological revolution presented in the beginning of Chapter 4. The transformation 
of the electricity sector fits into the broader technological revolution in two ways, as shown in 
Table 6.2. The upper part of the table shows the sources of economic advantage of the new 
system that I have described in various ways throughout the analysis. The lower graph shows the 
differences in the way the 21st-century system is organized compared to the 20th-century system 
it is replacing.   
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TABLE 6.2 

ECONOMIC ADVANTAGES AND THE PERVASIVE IMPACT OF THE TECHNOLOGICAL REVOLUTION 

 
Sources of Comparative Advantage of Collaborative Production 

(Bold entries apply to the emerging 21st-century electricity sector.) 

Activity  Shared Resource  Process    Benefits 

Supply-Side Transformation Resource Savings 

Mesh Network Spectrum  Embedded coordination  Dynamic occupation 
     algorithms   of spectrum 

Open Source  Code   Embodied knowledge  Exploiting rich  
Software    in software   information in real time 

Peer-to-Peer Storage, bandwidth Torrenting, Viral   Reduction in cost and  
  content   communications   expansion of throughput, 
         broad exchange 
21st-Century Local & renewable Integration of supply & demand  Dynamic use of grid & resources 

Electricity resources  with embedded coordination & storage, exploiting information 

System     embodied local knowledge (e.g., weather) in real time 

     Using diverse geographic & Reduction in cost, improvement 
technology supply (akin  of throughput 
to torrenting)    

Transaction Cost Reduction 

All  Local knowledge Consumer as producer  Fit between consumer 

         needs and output improved 

Demand-Side Value Creation 

All  Network effects  Self-organizing   Increased option value, supply- 
side support for open source 
property due to specialization 
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The manifestations of the high level macro-level similarities between digital 
communications sector and the emerging 21st century electricity system can be easily at a lower 
level, particularly when the description focuses on the aspect of the transformation that is most 
dependent on information, communications and control technologies.  One set of authors 
described the contrast between the old grid and the smart grid in terms that highlight the melding 
of decentralized, advanced technology and the smart grid, as described in Table 6.3. 

TABLE 6.3: 

COMPARISON BETWEEN CONVENTIONAL ELECTRIC GRID AND THE SMART GRID 

Conventional electric grid   Smart Grid 

Electric Machinery    Digital 
One way Communication   Two way Communication 
Centralized Power Generation  Distributed Power Generation 
A small number of sensors   Full grid sensor layout 
Manual monitoring    Automatic monitoring 
Manual recovery   Automatic recovery 
Failures and voltage outages   Adaptive and Islanded 
Few user option    More user option 
 
Source: N. Shaukata , et al.,, 2019, “A survey on consumers empowerment, communication technologies, and 
renewable generation penetration within Smart Grid,” Renewable and Sustainable Energy Reviews 81. P. 1464/ 

 

The next chapter explains how nuclear has bungled the massive subsidies it has received 
in the past and continues to receive in the present and why keeping it around threatens the 
transition to a new system.  
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7. NUCLEAR NIGHTMARES 

THE PAST AS PROLOGUE: WHY NUCLEAR SUBSIDIES ARE UNNECESSARY 

 

Over the past two decades, nuclear power has suffered two major setbacks as a result of 
its fundamental inability to compete. First, the ill-considered “nuclear renaissance” collapsed.  
The effort to revive construction of nuclear reactors, heralded in the announcement of over 30 
projects, failed miserably, at a huge cost to ratepayers. Almost none of the proposed reactors got 
off the drawing board. The few that did were abandoned at various stages of development. The 
only project that continues to trudge toward completion is half a decade late, with costs doubling 
to an astonishing $30 billion. If completed, it will yield the most expensive power in U.S. history 
at $0.15 to $0.20 per KWh.   

The failure of the “nuclear renaissance” is the reason that huge reactors have no place in 
the 21st-century electricity system. It is also the reason that the industry is once again engaging 
in happy talk, having shifted its focus to the “next big thing,” small modular reactors (SMRs).  
As discussed in the final chapter, SMRs cannot deliver in the fight against climate change, 
because they simply cannot arrive soon enough to make a difference, and they should not be 
counted on, because they are likely to be three times as costly as the alternatives that are now 
being deployed. 

 The failure of the “nuclear renaissance” is also the reason for the strong push for 
subsidies for aging reactors. There are two aspects to this push. First, if the industry had a supply 
chain full of reasonably priced new reactors, they would be perfectly content retiring the old to 
make room for the new. Second, if the aging reactors are allowed to retire as they become 
uneconomic, the nuclear industry will have to let the transformation take place and/or lose its 
ability to dictate how the sector is organized. 

This second impact of the failure of the “nuclear renaissance” leads directly to the second 
major setback suffered by the nuclear industry. Aging reactors have begun to retire because they 
are too expensive to run or have suffered major technological failures. As these reactors retire, 
they are being replaced quite easily without any disruption in the decarbonization of the sector.  

The primary lesson from that experience is not that nuclear power should be subsidized 
so it can continue to generate electricity; it is that more planning and lead time about retirements 
will make the process smoother. If grid operators are made aware in advance that reactors will 
retire when licenses expire or they become uneconomic, they will have more time to plan for the 
transition. An important corollary to this lesson is that nuclear power, which depends on a 
completely different organization of the sector, must not be allowed to delay or distort the 
transformation. 
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PAST SUBSIDIES AND CURRENT “SPECIAL TREATMENT” OF NUCLEAR POWER  

The Failure of Nuclear Power to Deliver on Its Promises 

One claim the industry makes is that the alternatives are unfairly being subsidized. While 
the nuclear industry complains about the subsidies that are bringing renewables into the market 
today and resists programs to promote energy efficiency, analysis of the historical pattern 
demonstrates that the cumulative value of federal subsidies for nuclear power dwarfs the value of 
subsidies for renewables and efficiency.89 Renewables are in the early stage of development, as 
shown in Figure 7.1. Nuclear received much larger subsidies in its developmental stage and 
enjoyed truly massive subsidies since its inception, compared to other resources as it grew.  

FIGURE 7.1 

FEDERAL SUBSIDIES FOR INFANT ENERGY INDUSTRIES AND BEYOND 

 
 Nuclear 

 
     
 
 
 
 
 
          
 
 
 
        Renewables 

 
 
 
Source: Nancy Pfund and Ben Healey, What Would Jefferson Do? The Historical Role of Federal Subsidies in 
Shaping America’s Energy Future, Double Bottom Line Investors, September 2011, pp. 29–30. A similar conclusion, 
from the point of view of the effectiveness of subsidies in innovation, can be found in Bettencourt, Louis M.A., 
Jessika E. Trancik, and Jasleen Kaur, “Determinants of the Pace of Global Innovation in Energy Technologies,” 
PLOS ONE, October 14, 2013, p. 10.  
   

The graph calculates the rate of growth in subsidies that would be necessary to bring 
renewables into parity with the early rate of growth in subsidies enjoyed by central-station 
resources. Renewables are more than a dozen years behind the central-station resources, but 
given the importance of inertia, parity may not be enough to overcome the advantages of 
incumbency. There can be debate about the current level of subsidies, particularly given the 
difficulty of valuing the nuclear insurance and waste subsidies which are existential rather than 
material (i.e., without the socialization of liability and waste disposal, the industry would not 
exist). However, there is no doubt that the long-term subsidization of nuclear power vastly 
exceeds the subsidization of renewables and efficiency by an order of magnitude of 10-to-1.90  
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The dramatic increase in innovative activity despite relatively low levels of R&D subsidy 
and much lower cumulative subsidization reflects the decentralized nature of innovation in the 
renewable space. It leads to the dramatic payoff in terms of declining cost. As we have seen, 
wind had the earlier success, and solar is now catching up.91 Nuclear power has failed to show 
these results, because it lacks the necessary characteristics.  

The nature of the renewable technologies involved affords the opportunity for a great deal 
of real-world development and demonstration work before it is deployed on a wide scale. This is 
the antithesis of past nuclear development. The alternatives are moving rapidly along their 
learning curves, which can be explained by the fact that these technologies actually possess the 
characteristics that stimulate innovation and allow for the capture of economies of mass 
production. They involve the production of large numbers of units under conditions of 
competition. Nuclear power involves an extremely small number of units from a very small 
number of firms, with the monopoly model offered as the best approach.   

The above discussion of subsidies focuses on long-term patterns of subsidies and 
underscores the point that much more was invested in nuclear and fossil fuels. This should not be 
taken to mean that there are no current subsidies enjoyed by nuclear power. In fact, while 
advocates for nuclear power point to specific subsidies for renewables – production and 
investment tax credits and renewable energy credits – there are at least half a dozen policies 
embedded in current practices that nuclear enjoys.   

Keeping in mind the principle that that sunk cost should not matter but future, marginal 
costs are paramount, one might argue that the past nuclear subsidies should not matter. That 
suggestion is incorrect for three reasons.   

As shown in Figure 2.1, above, nuclear has failed to deliver on its price promises. The 
alternatives have performed much better and hold much greater promise. Further, as shown in 
Figure 7.1, it is also clear that with a much smaller level of subsidy to drive innovation and 
economies of scale, the renewables have achieved dramatically declining costs in a little over a 
decade, which is exactly the economic process that has eluded the nuclear industry for half a 
century. Figure 7.2 captures the essence of the subsidy issue by juxtaposing the magnitude and 
timing of subsidies and the extent of innovation, as measured by patents issued. The ultimate 
irony is that despite much smaller subsidies to drive innovation and economies of scale, 
renewables have achieved dramatically declining costs in just over half a decade.  

The decision to shift subsidies to the alternatives should have nothing to do with fairness, 
however; it should be based on the likely payoff of the investment. Analyses of past subsidies 
globally and in the United States make it clear that renewables are a much better bet,92 even 
though the estimates do not include the very large implicit subsidies nuclear enjoys from the 
socialization of the cost of risk and waste management.93     

Current “Special Treatment”   

Current special treatments enjoyed by nuclear power are massive. These include 
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• the socialization of risk and waste management costs, now under court order to be 
paid by the Department of Energy to nuclear reactor owners for the failure to provide 
nuclear waste disposal because no such safe waste repository exists or may ever exist,  

• tax treatment of capital expenditures,  
• capacity payments from RTOs/ISOs, 
• high system burdens due to the risk of large outages, and 

• the inflexibility of nuclear, which requires higher reserve margins. 
 

The above are all subsidies. In addition, 
 

• nuclear power is favored by the tax code, and 

• other centralized resources also get a pass in the treatment of system costs. They have 
their system costs “socialized” and recovered from ratepayers, while system costs are 
imposed directly on developers of alternative resources.   

FIGURE 7.2 

INNOVATION AND PUBLIC SUPPORT FOR R&D 

 

  

 

 

 

 

 

 

 

 

Source: Bettencourt, Louis M.A., Jessika E. Trancik, and Jasleen Kaur, “Determinants of the Pace of Global 
Innovation in Energy Technologies,” PLOS ONE, October 14, 2013, p. 10. 
 

Specifically, variable renewables’ grid balancing costs are generally borne 
by their developers or owners and are usually <$5/MWh, nearly always <$10. Yet 
coal and nuclear plants impose analogous costs on the system without being 
charged for them, at least outside ERCOT. Instead, the grid balancing costs of 
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managing the intermittence (forced outages) of central thermal plants – reserve 
margin, spinning reserve, cycling costs, part-load penalties – are traditionally 
socialized, treated as “inevitable system costs,” and hardly ever analyzed. 

This asymmetry appears to favor fossil-fueled and nuclear plants, because 
their balancing costs, emerging evidence suggests, may be several times greater 
than those of a well-designed and well-run portfolio of PV and wind resources. 
Conversely, variable renewables may need less backup (or storage) than utilities 
have already bought to manage the intermittence of their big thermal plants.94  

NUCLEAR NIGHTMARES 

In spite of 70 years of economic failure (more likely because of the failure), nuclear 
advocates have returned to a favorite strategy, insisting that it is indispensable and hoping for 
(hyping) a new technology. Nuclear power would like to squeeze into the picture by claiming to 
solve niche problems at the beginning and the end of the transformation. In the beginning, they 
threaten to undermine reliability by retiring many reactors. At the end, they claim that only the 
new technology of SMRs can meet a critical need. In other words, by creating a problem at the 
beginning of the transition with threats to close reactors early and hypothesizing one late in the 
march toward 100% renewables, the industry hopes to secure a role for its new technology in the 
future. In order to squeeze into the resource mix at the beginning or the end of the 
transformation, nuclear needs huge subsidies and/or exceptions from the rules to operate in a 
manner that supports its economic needs but is antithetical to the new system.  

The Fundamental Conflict 

This analysis lays the groundwork for the broader consideration of technology choice. In 
the long term, nuclear new builds are extremely uneconomic, yet the proposal makes no 
provision for what will happen at the end of the short-term subsidy period. The grid is stuck with 
almost one-fifth of its power coming from a large, inflexible source that will have to be replaced.  
Based on economics, the replacement cannot be nuclear. Therefore, the economically rational 
approach is not to insulate nuclear from near-term competition but to let it cope with its 
economic fate, which means retirements will take place over the next several decades. This is not 
only the preferable approach from an economic point of view, it is also the preferable approach 
from the point of view of the transformation to a 21st-century electrical system, as discussed in 
the next section.   

The economic conflict of interest between nuclear power and the lower-cost, low-carbon 
alternatives is not limited to the cost of nuclear power. It is reinforced by fundamental 
differences between central-station power and distributed resources, both in terms of 
technological competence and institutional requirements. Lovins elaborated earlier on these 
deep-seated sources of conflict, making it clear that a truce that tries to accommodate both sides 
is neither very likely nor good policy. 

“All of the above” scenarios are ... undesirable for several reasons. ... First, central 
thermal plants are too inflexible to play well with variable renewables, and their 
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market prices and profits drop as renewables gain market share. Second, if 
resources can compete fairly at all scales, some, and perhaps much, of the 
transmission built for a centralized vision of the future grid could quickly become 
superfluous. Third, big, slow, lumpy costly investments can erode utilities and 
other providers’ financial stability, while small, fast granular investments can 
enhance it. Competition between those two kinds of investments can turn people 
trying to recover the former investments into foes of the latter—and threaten big-
plant owners’ financial stability. Fourth, renewable, and especially distributed 
renewable, futures require very different regulatory structures and business 
models. Finally, supply costs aren’t independent of the scale of deployment, so 
PV systems installed in Germany in 2010 cost about 56–67 percent less than 
comparable U.S. systems, despite access to the same modules and other 
technologies at the same global prices. 95 

The clash of fundamental world views between the 20th-century central-station approach 
and the 21st-century distributed approach leads to a specific recommendation, about confronting 
entrenched interests.  

Even though many uncertainties of the future energy system prevail and regional 
challenges differ a lot, still some general no-regret options can be identified from 
our experiences:  
1. Reduce energy demand through the enhancement of behavioral changes as well 
as technological improvements such as efficiency gains. Also, the recycling and 
more efficient usage of resources is essential to limit negative effects on society, 
environment, and nature.  
2. Investment in renewables enables the energy system transition and provides 
numerous job opportunities for people around the globe. ...  
3. Avoid additional investments in fossil fuel infrastructure (i.e., mines, oil rigs, 
harbor terminals, gas pipelines) which might otherwise create lock-in effects as 
well as potential sunk investments. By 2020, no new infrastructure should be 
constructed which is not compatible with a zero carbon society.  
4. Weaken the fossil fuel regime and support alternative actors to ease a faster 
transition to more sustainable energy forms. The shrinking remaining CO2-budget 
alarms us to (h)asten the upcoming energy transition (in) unprecedented (ways) 
compared to other historic industrial transition(s). This societal challenge will 
therefore only be possible if sufficient actors agree to join this pathway to a more 
sustainable, just, and in-time transition.96 
 
In short, this clash is inevitable and has given rise to a frontal assault by nuclear 

advocates on alternative resources and the institutions that support them. Responsible 
policymakers should reject the “all of the above” argument, because the severely restricted 
market created by the forced presence of nuclear power will strangle the ability of non-hydro 
renewables to expand, which is likely to drive the market clearing price down as resources 
compete for a smaller market. If there had been no nuclear carve-out, renewables could have 
competed for and won this load in an orderly fashion, avoiding another “crisis” at the termination 
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of the current subsidy, a “crisis” that the industry will inevitably invoke to demand another round 
of subsidies.97   

The Front End: RMR regulation 

Nuclear subsidies are certain to receive considerable attention as policy debate goes 
forward, particularly since it has been divided between traditional infrastructure and 21st-century 
infrastructure. The devil will certainly be in the details, but the above analysis offers clear and 
unequivocal principles that should govern any nuclear subsidies. The purpose of these principles 
is to ensure that the Regulatory Must Run (RMR) subsidies result in the low cost and the 
minimal disruption of the development of the alternative electricity system.   

1)   Aging nuclear reactors should not be subsidized for economic or decarbonization 
reasons. Nuclear power is more costly in the near term and much more costly in the long term. 

2)  Aging nuclear reactors should not be subsidized for purposes of decarbonization, 
because their current, static contribution will be quickly replaced by lower-cost alternatives. 

3) Nor should aging nuclear reactors be subsidized in the hope of reducing the impact of 
other pollutants and externalities, because the low-cost alternatives can accomplish the same 
outcome without raising concerns about water, waste, decommissioning, and safety. 

4) The only basis to consider a subsidy would be a concern about the impact on reliability 
of the retirement of one (or more) reactors. To demonstrate such a concern and a need for nuclear 
facilities that would be given payments as part of a “regulatory, must-run” program, the nuclear 
operator must give adequate notice of the intent to retire under the following conditions: 

             a) advanced notice must afford the time to the system operator to assess the  
  impact. 

b) the system operator should also develop alternatives to replace the RMR 
reactor as quickly as possible.     

c) to ensure that the RMR subsidy is as small as possible, 

i) it should only ensure that the reactor covers its operational costs 

ii) all suppliers should be allowed to bid for the subsidy, with the award 
being for the lowest cost option. 

d) The RMR plan should include measures to replace the power upon the 
expiration of the RMR period   

5)  The RMR subsidy should be short-term, lasting just long enough for the reliability 
concern to be eliminated. 

6) At the end of the RMR period, the subsidized reactor should retire and will not be 
allowed to receive any future subsidy. If the reactor chooses not to retire, it will have to bid into 
the energy market without any consideration (no must-run status). 

The adoption of these principles has clear implications for the way the program is run 
that deserve to be stated as principles.  
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7) The RMR executor defines the magnitude and awards the subsidy, based on the 
economics of the reactors, not the conditions (price) in the marketplace.     

8) The RMR executor should ensure that any system operator that is utilizing RMR 
reactors is also aggressively implementing the approach to system management (flexibility, 
dynamic matching of supply and demand, etc.) that supports the deployment of alternatives.    

The Back End: Small Modular Reactors Do Not Solve the Problem, They Are the Future 

Problem 

 

Small modular reactors are the latest in a long line of technologies that the advocates of 
nuclear power hope will provide answers to the many problems that have afflicted their industry.  
Hyped as the dream solution, they turn into a nightmare. Small modular reactors that have been 
on the drawing board for at least a decade exhibit all of the characteristics of failure. Like the 
“nuclear renaissance” before it, the initial estimates of cost have doubled before they go into 
construction, and cost overruns really only begin when construction does. While they can find 
companies to back them and governments to support them and academics to explain the theory 
of why they should work, the one thing they cannot do is deliver low-cost power. 

While they claim to be safer than large units, they achieve that goal not by simply solving 
safety problems but by being excused from safety rules (like emergency planning zones). While 
they are low in carbon emissions, they suffer from the problem that, even if the production of 
small units will be possible in the future, they will arrive long after the battle against climate 
change is lost. While they are small, they still need “must-run” status and large numbers of units 
shipped in order to lower their cost. Small modular reactors are likely to be between three and 
five times as costly as the already available technologies to build a low-cost, low-carbon, low-
pollution electricity sector. As Ramana recently put it, 

The estimated costs of the NuScale reactor design have been consistently going 
up. Just in the last five years, the estimated construction cost has gone up from 
around $3 billion in 2015 to $6.1 billion in 2020. Because the NuScale design 
might have to be modified to resolve the problems flagged by the Nuclear 
Regulatory Commission, there could be further cost increases even before 
construction starts. There is a long history of dramatic cost increases when paper 
designs are first constructed.98 
 
Figure 7.3 describes the SMR cost problem. It updates my 2014 analysis by including 

two recent estimates. I have included the current estimate for the only active small modular 
reactors project. The high cost of nuclear power is apparent, and there is nothing in the SMR 
technology that suggests it will result in a cost revolution for nuclear. Using the math of the 
vendor, the first cost estimate was put at $0.055/KWh, so the current estimate is about twice that 
before construction cost overruns. In other words, it is at least three times as costly as the bundle 
of alternatives (efficiency, wind, and solar) and likely to be even more if construction takes 
place. 
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FIGURE 7.3  

 UNIVERSITY OF CHICAGO RECAP OF ENTHUSIAST/UTILITY 
ESTIMATES OF OVERNIGHT COST FOR NEW GW-SCALE NUCLEAR PLANTS AND SMRS 
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Ironically, the main purpose of the original research was to argue that economies 
of scale and learning by doing would be important factors that would drive costs down. 
Hence, the study was optimistic about costs after the first 30 units were built. The only 
active SMR project in the U.S. is heading in the opposite direction. With many of the 
original parties dropping out for various reasons, NuScale is considering the cost 
implications of reducing the initial delivery by one-quarter and one-half.   

Indeed, the SMR project has begun to look like the first of the large nuclear 
reactor projects 60 years ago. They were built as turnkey projects and delivered to 
utilities at a fixed price, even though they were far more costly to build. Ultimately, the 
vendors sold hundreds of reactors (half of which were canceled) on a cost-plus basis. The 
NuScale vendor claims it will hit its target price because the federal government has 
underwritten almost one-quarter of the cost.  It also claims that muni-finance, which is 
backed by a government guarantee, will also lower the cost over 30%. Thus, the 
guaranteed price of power is not a market price by any stretch of the imagination. The 
original cost of the SMR was about $100/MWh, before the cost overrun (of 50%) and 
without the loss of economies of scale. Therefore, the power is likely to be between three 
and five times as costly as the alternative. 

The economic failure of SMR technology should be the end of nuclear power, 
since a low-cost, low-carbon, low-pollution electricity system, in which it can play no 
role, should be in place before any of these reactors are constructed. The principles that 
should govern the RMR subsidy can be reframed to govern any subsidy for SMRs. The 
conditions mean that no SMRs will be built, which is the correct outcome.  

1) Small modular reactors should not be subsidized for economic or 
decarbonization reasons. Nuclear power is more costly in the near term and much more 
costly in the long term. 

2)  Small modular reactors should not be subsidized for purposes of 
decarbonization, because their current, static contribution will be quickly replaced by 
lower-cost alternatives. 

3)  Nor should they be subsidized in the hope of reducing the impact of other 
pollutants and externalities, because the low-cost alternatives can accomplish the same 
outcome without raising concerns about water, waste, decommissioning, and safety. 

4) The only basis to consider a subsidy would be a concern about the impact on 
reliability or the cost of getting to full 100% reliance on renewables. Those concerns are 
far off in the future and not likely to materialize. It is far too soon to make commitments 
of large sums of subsidies, especially given the length of time before the problem 
emerges and the dozens of tools policymakers have to address the issues in a much less 
costly manner.  

5) The principles of least cost and competitive acquisition should be applied to 
any effort to build the last 5% or 10% of the greenhouse gas solution.     

6) The magnitude and direction of the subsidy should be defined by policy, based 
on the economics of the reactors, not the conditions (price) in the marketplace.     
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7) The executor should ensure that any system operator that is utilizing SMR 
reactors is also aggressively implementing the approach to system management 
(flexibility, dynamic matching of supply and demand, etc.) that supports the deployment 
of alternatives.    

Economic challenges are not the only problems with SMRs. SMRs share the 
waste, water, decommissioning, and safety concerns of large reactors, with an added 
element of uncertainty. Much of their claimed advantage arises from claims about the 
lack of need for regulations that have governed nuclear power over the past 60 years, but 
they have not demonstrated that they deserve this relaxed treatment. Just as SMR vendors 
have failed to produce a single unit and are not likely to do so for another decade, they 
have not produced tangible evidence of overcoming the dozen and a half challenges I 
identified in my analysis over half a decade ago.    

The vendors of SMRs have made exactly the same mistake that the vendors of 
large reactors made with the first units in the 1960s. They have tried to leap from the 
conceptualization phase to the production phase, without going through the vetting of the 
demonstration phase that is so important. I summarized this mistake in my analysis of 
SMRs, launching from an observation on early deployment of light-water reactors: 

This rush to market contributed to the crash of the Great Bandwagon 
Market and plagued the “Nuclear Renaissance.”99 
 
For 15 years many of those most closely identified with reactor 
commercialization have stubbornly refused to face up to the sheer 
technical complexity of the job that remained after the first prototype 
nuclear plants had been built in the mid- and late 1950s. Both industry and 
government refused to recognize that construction and successful 
operation of these prototypes – though it represented a very considerable 
technical achievement – was the beginning and not near the completion of 
a demanding undertaking.100 
 
With a technology as complex as nuclear reactors, prototypes and real-world 

experiences are crucially important before full-scale deployment is contemplated. 
Komanoff emphasized that in putting a safe product into the market, design review needs 
to not only be thorough but also ongoing with real-world deployment allowed, to 
continually improve the understanding of safety and therefore the need for design 
modifications.101 

The problem that nuclear technology faces today is not simply a function of its 
inability to control its cost. As I suggested in the introduction, it is also a function of the 
wide range of alternatives that the technological revolution has called forth, all of which 
are much lower in cost, and their cost advantage keeps growing. One recent study that 
cautioned against assuming the “optimum” price on alternatives also concluded that 
many possibilities exist at small deviations from the optimum.  
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Models for long-term investment planning of the power system typically 
return a single optimal solution per set of cost assumptions. However, 
typically there are many near-optimal alternatives that stand out due to 
other attractive properties like social acceptance. … 
Many similarly costly, but technologically diverse solutions exist. Already 
a cost deviation of 0.5% offers a large range of possible investments. 
However, either offshore or onshore wind energy along with some 
hydrogen storage and transmission network reinforcement appear essential 
to keep costs within 10% of the optimum.102 
 
In this analysis, a cost deviation of 10% in the alternative system still leaves it 

about one-third of the cost of a low-carbon system based on central-station facilities. It is 
simply no contest, and subsidies for a central-station option make no sense.  

CONCLUSION 

The urgency of the campaign for subsidies by nuclear advocates is a function of 
the circumstances they face – lower-cost, more-benign alternatives that are ready to go – 
not the technology they are touting. Policymakers and utilities should have said no to 
large-scale nuclear power in the past, which would have saved consumers a great deal of 
money. They should say no to small reactors today.103    

This analysis makes it clear that no subsidies for nuclear power are justified to 
achieve the goals. Moreover, nuclear power has been the recipient of subsidies 
throughout its entire existence – ten times as much as renewables – but it has never 
delivered on its promise of low-cost power. Small modular reactors appear to be 
repeating the path of large reactors, with rising costs and increasing delays. Much of the 
battle to meet the challenge of climate change will be over before even one of these 
reactors is online. Current special treatments enjoyed by nuclear power are massive. 

In spite of 70 years of economic failure (more likely because of the failure), 
nuclear advocates have returned to a favorite strategy, insisting that it is indispensable 
and hoping for (hyping) a new technology. Nuclear power would like to squeeze into the 
picture by claiming to solve niche problems at the beginning and the end of the 
transformation. In the beginning, they threaten to undermine reliability by retiring many 
reactors. At the end, they claim that only the new technology of small modular reactors 
(SMRs) can meet a critical need.   

A sensible set of rules to keep any reactors that are needed for short-term 
reliability is already on the books. If more is needed, a small regulatory must-run 
program can be created. The Biden proposal does so, requiring the nuclear reactor 
operator show the need and keeping the cost to $1 billion per year (see Figure 7.4). This 
is consistent with a recent analysis of the need in Illinois by Synapse. 

Given that the need for additional low-carbon resources on the back end of the 
transformation process is highly doubtful, as is the ability of SMRs to actually get built at 
an affordable cost, there is no need to subsidize these reactors 
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Source: On Biden see, Treasury Department. May 2021. “General Explanations of the Administration’s 
Fiscal Year 2022 Revenue Proposals,” p.42-3; For synapse see, Bhandari. Divita. et al. 2021.  Exelon 
Nuclear Fleet Audit, Findings and Recommendations. Synapse, April 14; On Cardin see,  S.2291/HR. 4024 
The Zero-Emission Nuclear Power Production Credit Act of 2021, from Sen. Cardin in the Senate and Rep. 
Pascrell in the House. 
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1 Illinois Commerce Commission et al., 561, pp. 130-131.  
2 As suggested by Figure 2.2 in Cooper, 271.  
3 Cooper, 271.   
4 Acemolgue and Robinson, 334, use this phrase; Perez, 302, calls it a “turning point.” 
5 Lazard, 332, 14.0.   
6 The energy and communications resource systems are two of the most important, “focal core resource” systems of 

any society, that determine its ability to function and exploit opportunities (Cooper, citing Ostrom). 
7 Energy Information Administration (hereafter, EIA), 436. 
8 Lazard, 434, 2.0. 
9 Id., p. 7. 
10 Id., p. 9. 
11 Id., pp. 11-12. 
12 Id., pp. 13-16. 
13 Id., p. 23.  
14 Id., 3.0, press release, p. 2. 
15 Id.,, 6.0, Additional Highlights. 
16 EIA, 436. 
17 United States Department of Energy (hereafter U.S. DOE), 435.  
18 Lazard, 332.  
19 van Hulst, 349.  
20 Liu et al. 334. 
21 van Hulst, 349, p. 1.  
22 Cooper, 427, 582. 
23 Cooper, 271, pp. 98, 101, 152-179.  
24 For example, Lovins, 535, idenfities lightweighting of vehicles as an important efficiency measure that 
dramatically lowers consumption, whatever the power source. 
25 Cooper, 353, pp. 30-31, and the underlying studies. 
26 I have prepared analyses on individual states, including California and Illinois. See Cooper, 271, pp. 169-201, 

New York (288), South Carolina (289), Wisconsin (286), and Georgia (287). 
27 Takahashi and Nichols, 344.  
28 Hwang and Peak, 228. 
29 Harrington, 253, p. 3. 
30 Worrell et al., 348, p. 1081.  
31 Nadel and Delaski, 361.  
32 Worrell et al., 348. This examination shows that including productivity benefits explicitly in the modeling 

parameters would double the cost-effective potential for energy efficiency improvement, compared to an analysis 
excluding those benefits. (p. 1)   

33 Dale et al., 354.  
34 A multivariate analysis confirms these results. Stricter standards as set by DOE lead to measurable improvements 

in appliance efficiency. This finding is highly statistically significant, with a probability level less than .0001.  
There is a very high probability that the effect observed is real. The underlying trend is also statistically 
significant, suggesting that the efficiency of these consumer durables was improving at the rate of 1.35% per 
year. Given that the engineering-economic analysis had justified the adoption of standards and that standards 
were effective in lowering energy consumption, this means the market trend was not sufficient to drive 
investment in efficiency to the optimal level.  

35 I have built this analysis in the typical way that multivariate regression analysis is conducted. The dependent 
variable is energy consumption with the base year set equal to 1. Later years had lower values. We introduce a 
variable to represent the adoption of a standard. This variable (known as a dummy variable) takes the value of 1 
in every year when the standard was in place and a value of zero when it was not. A negative number means that 
the years in which the standard was in force had lower levels of energy consumption. Similarly, the difference 
between appliances is handled with dummy variables. We include each appliance except furnaces, which shows 
how the other appliance performed compared to furnaces. Again, a negative number means that the other 
appliances had lower levels of energy consumption.   
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36 Nadel and Delaski, 361. 
37 Sperling et al., 347, emphasized the adaptation of producers in the analysis of auto fuel economy standards.   
38 Kahn, 295, p. 11. 
39 Lovins, 274. 
40 Cooper, 541; Perez, 510, p. 2. “The digital mode of production is based on a powerful cluster of interdependent 

new and dynamic industries and infrastructures. These result in explosive growth and structural change ... new 
multipurpose technologies, infrastructures and organisational principles that are capable of modernising all the 
existing industries, transforming the opportunity space and the ways of living, working, and communicating.” 

41 Perez, 508, p. 135. 
42 Perez, 508. p. 124.  
43 Perez, 509, pp. 155-156. 
44 Kanger et al., 474, p. 47.   
45 Rafique et al., p. 207226.  The parallel and interconnected nature of the technological transformations in the 

important core resource systems of the 21st century economy is capture in the titles of two works, Wu’s Mater 
Switch (32) and Kelly-Detwiler’s The Energy Switch (386).  The fact that the former was written ten year before 
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