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Introduction  

 Iôm going to start this with a quote from the person who first co-wrote 

and then produced the most iconic television series that Iôve ever seen, 

Carl Saganôs COSMOS.    

I feel that I am a member of a civilization that cannot awaken to the 

challenges that threaten to destroy it. One of the ways to awaken people 

is to give a dream of what the future could be if we use our science and 

technology with wisdom and foresight and begin to think in the 

timescales of science, not the next balance sheet, the next election, but 

1000 years from now. 

Ann Druyan (Award-winning director, science communicator, coauthor/author of the COSMOS 

series, and Carlôs wife 

Apparently because I am among a minority of scientists (Springer 2014, 

Sims 2011, Hansen 2008, Hansen 2016, and EFN 2018) willing to say 

that todayôs politically correct (non-nuclear) renewable energy sources 

couldnôt support even the near futureôs (2050 AD) human population 

without severe environmental consequences, I was asked to contribute a 

chapter to Professor Ratten Lalôs latest soil science volume describing 

how a "nuclear renaissance" could address Africaôs especially imposing 

future technical and social issues (Siemer 2020). That morphed into one 

of QUORAôs longest-ever winded ñanswersò which, in turn, inspired 

this effort (QUORA 2018).   

Iôm a 75 year old , retired  Idaho National Laboratory (INL) ñConsulting 

Scientistò (first,  analytical research chemist, then chemical engineer, 

and  finally,  radwaste materials scientist) who  had spent much the last 
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ten years of his career trying to ñwhistle blowò about how INLôs 

previous  ñmissionò (serving as DOEôs ñlead labò in radwaste 

management)  had been and is still apparently being  managed
1
.  This 

book will first explain why nuclear power should and likely could 

become the worldôs primary energy/power source and then identify the 

reasons that itôs become so difficult to develop a ñnuclear" technological 

fix  for the worldôs energy conundrum. 

Global electricity demand continues to double every two decades but 

remains the most difficult form of energy to provide in a simultaneously 

sufficient and reliable manner
2
. Some three billion people currently live 

in regions where total per-capita electricity consumption is under that of 

a small modern refrigerator. How well we close the colossal gap 

between the worldôs electricity rich and the electricity poor will 

determine our ultimate success in addressing things like women's rights, 

unemployment, inequality, and climate change. 

In his latest book, ñQuestion of Powerò, journalist Robert Bryce tells the 

uniquely human story of electricity and shows how our cities, our 

money--our very lives--depend upon reliable and sufficient supplies of it 

                                      

1
 Before I went to work for DOE, I had spent my first four post-PhD, years as a tenure track 

Assistant Professor of Chemistry at Marquette University. Iôd quit because it had become 

apparent by then that what I was good at doing -  teaching , student recruitment, and 

experimentation ï wasnôt  nearly as important in academia as  is bringing in ñoutsideò money -- 

something for which  I had (and still have)  neither interest  nor talent.  Iôd also recently been 

informed by a contractor that I had hired to install aluminum trim on my house that my salary 

was under that which he was paying his ñhelpò.  Consequently, when someone made me a ñtoo 

good to refuseò offer at a spectroscopy conference that I had taken my graduate students to (both 

got their PhDôs before I left), I decided to give the ñreal worldò a try.  

2
 The reason for this is that electricityôs supply must always match demand ï consumers donôt 

possess fuel tanks from which more or less electricity can be drawn.    
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(Bryce 2020). Heôs highlighted the factors needed for successful 

electrification and explains why so many of the worldôs people remain 

stuck in the dark.  He also debunks the notion that our energy needs can 

be met solely with renewables and demonstrates why - if we are 

genuinely serious about addressing climate change - nuclear energy must 

play a much bigger role than most of the worldôs energy experts 

apparently assume. After first describing the history & probable future 

of all of mankindôs energy/power sources, another book written by an 

even more veteran journalist arrived at the same conclusion (Rhodes 

2018).  

They are both following in footsteps made by Alvin Weinberg and M. 

King Hubbert over six decades ago.    

This book is neither another review of nuclear powerôs history nor a 

summary of other peopleôs opinions. For the most part, those 

efforts/opinions will be summarized and ñopen accessò references given 

so that its readers can read them themselves (which I strongly 

encourage).  It is largely autobiographical and seeks to encourage its 

readers to do the same thing thatôs guided me throughout my scientific 

career: ñthink for yourself and do it with numbersò
3
.  The biggest 

difference between this and books written by others sharing my 

enthusiasm for nuclear power (e.g., Rhodes 1993, Cravens 2007, Moore 

2011, Till 2011, Bryce 2010, Bryce 2013, Bryce 2010, Beckers 2016, 

Beckers 2017, Crane 2010,  Erickson 2019 & Goldstein 2019), is that 

                                      

3
 The reason for basing decisions/opinions upon ñnumbersò is that many ideas/claims that 

initially appear to be perfectly reasonable prove to be unreasonable when examined 

quantitatively. Most ñadvertisingò ï one of todayôs most lucretive service industries ï relies upon 

most peoplesô reluctance to GOOGLE stuff and do simple math. 
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Iôm a technical ñinsiderò who retained his sense  of humor while 

becoming aware of that  industryôs foibles as well as its strengths.  

Anyway, after Iôd retired, I decided to take advantage of the ñopennessò 

provided by the internet (not my previous employer) to determine for 

myself whether or not we actually needed a ñnuclear renaissanceò, the 

development/promotion of which had become INLôs ñnew missionò.     

After a monthôs worth of pondering the current suite of energy source 

alternatives had convinced me that the world does indeed need such a 

renaissance, I then looked into why we didnôt just go ahead and 

implement a renaissance capable of addressing the Futureôs energy-

related issues; i.e., one based upon breeder-type reactors
4
.   The root 

causes turned out to be the same  cultural ñsymptomsò  responsible for 

turning the treatment of  DOE Hanfordôs/INLôs ñhigh level wastesò 

(HLW),   opening  a HLW waste ñrepositoryò, & building a MOX-type
5
  

reactor fuel factory, into  multibillion dollar boondoggles. My own 

experiences within DOEôs laboratories along with whatôs happened 

since I retired from them leads me to suspect that most of its nuclear 

engineers and scientists are still quite understandably not ñreally 

serious" about much other than continuing to quietly study their little 

                                      

4
 A breeder reactor generates at least as much fissile material as it consumes. It can do this 

because its nutron economy is high enough (it doesnôt waste neutrons) to create (ñbreedò)  more 

fissile (
233

U, 
235

U, or 
239

Pu) than they òburnò(fission) via the transmutation of fertile materials 

(
238

U or 
232

Th)  also within the reactor. At the beginning of the nuclear age breeders were 

considered to be absolutely necessary because they make far more efficient use of  natural 

uranium (NU) than do light water reactors. However, interest plummeted after the 1960s because 

more ñeasyò uranium was discovered and a cheaper way of enriching it (isotopic separation via 

ultracentrifugation) was developed. 

5
 MOX = òmixed oxidesò of plutonium and uranium.  
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non-controversial piece of "all of the above"
6
 until they can retire too.  

The recently revealed root causes of the Boeing 737 Max  disasters & 

the US  Federal Governmentôs  nuclear boondoggling, over 

bureaucratization, refusal to address the issues responsible for its 

younger citizenôs discontent,  or prepare/plan for anything beyond the 

next election cycle demonstrate the same bull-headedness responsible 

for the Fukushima and Chernobyl (Higgenbotham 2019)   ñnuclear 

disastersò. 

Humanity has arrived at a critical moment because by the end of this 

century ïjust one more human lifetime ï we will have effectively 

exhausted the fuels powering todayôs world and our addiction is 

relentlessly exacerbating the environmental (climate) changes degrading 

our environment. For instance, Lelievelad et al. (Lelievelad 2019) 

recently reported that the number of excess deaths due directly to fossil 

fuel consumption is about 3.6 million per year and the total due to all 

anthropogenic effects is over 5 million per year
7
.  There is a tremendous 

need to develop better ways of providing the ñenergy servicesò required 

to fuel economic development and provide energy security for everyone, 

not just for   its ñrichò societies. The best-written description Iôve seen 

yet of both what that problem is and how it might be addressed is a book 

written/published by the Post Carbon Institute and freely available at its 

website (Heinberg & Fridley 2016). Unfortunately its authors donôt 

                                      

6
 During the USAôs last two presidential administrations, "all of the above" has included gas, oil, 

wind, solar (two flavors), geothermal, ñbig hydroò, low head hydro, wood/palm 

oil/switchgrass/corn/rapeseed/soy-based biofuels, ñbeautiful clean coalò, and conventional 

nuclear power. 

77
 Thatôs about the same number of deaths attributed to the 1918-1919 Spanish Flu pandemic and 

probably more than the current ñChinese Fluò (Trump 2020) will cause.    
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include nuclear power in their much constrained
8
,   all renewables-

powered, hypothetical future world because ñnuclear fuel is not 

renewableò.  Heinberg & Fridley were right in the sense that we here in 

the West cannot currently purchase renewable nuclear power, but wrong 

to completely write that possibility off because it should, could, and 

must become so. Addressing the hows and whys of doing that is the 

main subject of this book. 

There are three types of natural primary (or ñrawò) energy sources 

Å The first of these are energy flows -processes primarily driven by 

sunlight from which some useful-to-humans energy can be extracted; 

e.g., solar radiation, winds, and rain water flowing downstream in rivers. 

Most of the potentially useful energy represented by such flows is both 

diffuse (low power potential per unit area or mass - harvesting it requires 

lots of time and large equipment) and intermittent which means 

unreliable with respect to the time periods relevant to satisfying many of 

humanityôs power demands).  However, because the sun will continue to 

shine long after humans become extinct, such flows are also 

ñrenewableò meaning that they are inexhaustible as far as we are 

concerned.   

                                      

8
 ñAs we have seen, relying entirely on renewable energy entails some hefty challenges. We have 

discussed at some length the problem of source intermittency and the need for energy storage, 

grid redesign, and capacity redundancy; the environmental and land use challenges of installing 

very large numbers of solar panels and wind turbines; electrification and the revamping of 

energy-consuming equipment; and the requirements for very high levels of investment. The 

conclusion we have reached so far is that, realistically, a mostly wind-and-solar future will likely 

provide less energy overall, less mobility, and less manufacturing capacity. This conclusion is 

likely to be unwelcome to many readers, again leading to objections regarding the studyôs 

narrow boundary assumptions. This chapter addresses three of the most likely of those 

objections (Heinberg & Fridley 2016)ò 
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Å The second is fuels which comprise relatively concentrated, 

biologically generated, forms of stored solar energy. There are two types 

of fuels:  1)   renewables or ñfreshò biofuels including the wood, 

bioethanol, and sundry biodiesels produced in modest quantities every 

year by still-existing lifeforms, and 2) relatively large fossil (ñdeadò ) 

biofuel accumulations including peat, coal, petroleum, and natural gas 

that Mother Nature does not replace at rates relevant to human 

civilizations. 

Å The third is nuclear fuels comprising natural (i.e., existing, 

meaning long lived) isotopes of elements at the extremes of the periodic 

table (e.g., hydrogen and actinides, uranium & thorium, possessing 

nuclei unstable with respect to those of the elements (e.g., iron) near its 

center. Isotopes at the light end of that table were generated by the ñbig 

bangò that created the universe and their heavier cousins were 

subsequently generated by the supernovas that created the solar systemôs 

heavier elements.  Useful energy can be generated by either fusing those 

light element nuclei together (ñfusion energyò) which the outcome of 

over 50 years of study and experimentation suggests is virtually 

impossible to mplement here on Earth, or by splitting (ñfissioningò) 

isotopes at that tableôs heavy extreme.  Many different fission reactor 

concepts have been proposed some of which been reduced to practice 

(either demonstrated or actually used to do something).   

According to the dictionary, renewable electricity is generated by 

sources that are either naturally replenished or inexhaustible. A 

sustainable source is one that can supply a specified amount of power 

(energy/time) for a definite period of time, e.g., ñthe foreseeable futureò 

if ñforseeableò means >1000 years. Some forms of renewable power ï 

for example, cod liver oil ñbiofuelò - must be used cautiously so that it 

isnôt quicklyused up, destroyed, or otherwise rendered unavailable. 
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Conversely, a non-renewable resource can be sustainable if used at the 

rate that our Neanderthal ancestors burned coal.   However, if such 

things are used as we do now they will be exhausted well within another 

single human lifetime.   As this book will establish,   todayôs civilian 

nuclear fuel cycle is neither sustainable nor renewable but tomorrowôs 

could, should, and must become so. 

 By circa 2100 AD (and preferably sooner) we must build ï not just 

ñdemonstrateò  clean (greenhouse gas (GHG)-free) energy generating 

systems capable of powering the homes, factories, transportation 

systems, and cities of a world thatôs even more environmentally 

compromised with ~50% more people to support than is ours. The 

supply speed and scale of such change is unprecedented.  Those needs 

cannot continue to be satisfied for just ñspecialò people at the expense of 

others ï the rich canôt just keep getting richer while everyone elseôsô 

lives become more precarious. 

Todayôs economic development models are largely based upon the 

continued consumption of fossil fuels and therefore pose serious threats 

to the environment. Local side effects include pollution, land 

degradation, forest fires, and water scarcity. Globally, GHG generated 

climate change increases the risk of extreme weather events such as 

floods and drought, as well as ecosystem changes like sea level rise, 

forest loss and ocean acidification( Figure 1). While some regions are 

likely to get wetter as the world warms, other regions already too dry are 

likely to get drier. Climate modelers expect the amount of land affected 

by drought to grow and water resources in the affected areas to decline 

as much as 30 percent by mid-century. These changes will be partly due 

to an expanding atmospheric circulation pattern known as the Hadley 

Cell in which warm tropical air rises, loses its moisture to 
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thunderstorms, and descends in the subtropics as dry air. As jet streams 

continue to shift to 

 

Figure 1  Norway's winter 2019-2020    record-breaking snowfall 

higher latitudes, and storm patterns shift along with them, semi-arid and 

desert areas are expected to expand
9
. 

Global warming affects evapotranspirationðthe movement of water into 

the atmosphere from land, water, and plant surfaces due to evaporation 

and transpirationð which is expected to lead to increased drought in 

todayôs drier areas (defined as below-normal river, lake, and 

groundwater levels and lack of sufficient soil moisture in agricultural 

                                      

9
 https://www.climatehotmap.org/global-warming-effects/drought.html   
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areas). Precipitation has declined in the tropics and subtropics since 

1970. Southern Africa, the Sahel region of Africa, southern Asia, 

Australia, the Mediterranean, and the U.S. Southwest, for example, are 

all getting drier(Williams 2020). Even areas that remain relatively wet 

can experience long, dry conditions between extreme precipitation 

events. If agriculture continues with current plant varieties and cropping 

systems, climate change on a whole will lead to yield losses in maize 

and increasing yields in wheat. On average, heat stress for all of Europe, 

will not pose a problem for crops when there is sufficient rainfall. 

However, drought stress will pose a problem for crops, maize (the most 

productive food crop) in particular. In years with low yields, drought 

will be a problem that higher CO2 concentrations wouldnôt help as it 

might in the absence of drought. ñMightò because another consequence 

of anthropogenic carbon dumping is that while it may seem that thereôs 

an upside to rising atmosphere carbon dioxide concentrations - some 

plants grow faster - thatôs not necessarily ñgoodò. Researchers at Ohio 

State University (DE martini 2018) have recently shown that for food-

type crops, quantity isnôt the same as quality. Most such plants are 

indeed growing faster, but have more starch, less protein and fewer 

vitamins in them. That change is happening because the atmosphereôs 

carbon dioxide concentration is ~ 50% higher than it was at the 

beginning of the industrial revolution. Consuming atmospheric carbon 

dioxide and light, a plant first forms sugars and starches, followed by 

protein, fat, and antioxidants
10

. Though CO2 is necessary for plants, too 

                                      

10
 Mechanistically whatôs happening is that higher atmospheric carbon dioxide levels reduce 

plant photorespiration during which they take in oxygen, release excess carbon dioxide and 

produce waste byproducts like glycolic acid that they canôt use. For plants to turn glycolic acid 

into something that they can use, glucose, they have to do more photosynthesis.The lowered 

photorespiration rates permitted by higher atmospheric carbon dioxide concentrations lower the    
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much can reduce the amounts of valuable nutrients in them including 

trace minerals like iron and zinc.  

In Europe itôs likely that drought will be a bigger problem than heat, and 

worse for maize than wheat (Webber et al 2018).  

Climate change is already impacting millions of people, particularly the 

worldôs most vulnerable populations which is why humanity really does 

need to embark upon an all-out effort ï a world-wide  ñnuclear green 

new dealñ - to combat both climate change and the economic/social  

consequences of this centuryôs otherwise-inevitable ñpeak oilò, ñpeak 

gasò, and ñpeak coalò.  

While this book will identify the reasons why a properly implemented 

nuclear renaissance could address the futureôs energy-related issues 

more effectively than could any combination of the currently politically 

correct renewable energy sources, it wonôt dwell exclusively upon such 

things ï itôll be pro nuke, not anti-anything except the cultural 

pathologies that have rendered significant real progress in these arenas 

almost impossible here in the USA.  I donôt ñhateò renewables ï I do 

hate liars and cheats.  

 My goals include: 

¶ Show my readers (hopefully including bright, still-willing /able-

to-learn, young people like Greta Thunberg) whatôs really needs 

                                                                                                                        

plantsôstress level which is unfortunate because stressed plants respond by producing additional 

protein and antioxidants such as vitamins C & E. In short, as atmospheric carbon dioxide rises, 

there is less photorespiration stress on plants translating to increased growth but compromised 

nutritional quality. That wonôt be helping our descendants consume a more balanced, better, diet.   
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to happen via lots of accessible references, worked-out examples 

and homework problems. 

¶ Try to convince my ex colleagues at the USAôs national 

laboratories that it is absolutely necessary to ñget seriousò about 

implementing a genuinely sustainable nuclear renaissance 

¶ Remind them that there's a pretty good chance of succeeding if 

they screw up enough resolve to pull their heads up out of their 

leadershipsô drawers. 

¶  Explain why the US federal governmentôs nuclear engineering 

(NE) experts have not yet done ñthe right thingò with respect to 

developing practical solutions to the worldôs nuclear energy 

conundrum.  

To support my often ñcontroversialò opinions I will be presenting many 

examples of both my and othersô experiences with the US Department of 

Energyôs (DOEôs) management of key nuclear power-related projects. 

Since the African continentôs people (and other life forms) are apt to be 

the most severely impacted by the futureôs demographic, environmental, 

resource limitation, and economic challenges, most of my nuclear 

renaissanceôs scenarioôs ñkiller appsò will invoke solutions to Africaôs 

especially ñspecialò issues. Like those detailed in David Mackayôs 

iconic book ñSustainable Energy: Without the Hot Airò (Mackay 2009), 

my examples will be numeric (quantitative) and based upon reasonable 

assumptions and readily obtained (GOOGLEable) data, not sweeping 

generalizations, over simplifications, or the sorts of wishful thinking too 

often  reflected in disquisitions invoking nuclear powered utopias.  I will 

also be putting the results of my examples into proper perspective: 

ñnakedò numbers ï especially, very large or small ones presented with 

ñstrangeò units   ï often even mislead scientists and engineers.   Doing 

so will undoubtedly offend many of my pro-nuclear colleagues because 
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some of the reactor concepts that are currently being championed are far 

less ñequalò than others (Orwell 1945).   

Itôs become too late to continue to do whatever sounds nice or fits the 

nuclear industryôs current business model.  In a finite world, time and 

money wasted doing unnecessary things is time and money not spent 

doing necessary things  

This bookôs basis scenario is that by circa 2100 AD, a ñsustainable 

nuclear renaissanceò ï not an ñall of the aboveò mix of todayôs 

politically correct renewable energy sources either with or without  a 

few more-of-the-same nuclear reactorsï will be addressing the root 

causes of most of mankindôs misery throughout history. Among the 

wonderful  things that such a renaissance would render possible, food 

production would become genuinely sustainable because cheap/clean 

electrical power would simultaneously address the worldôs water woes 

and enable the mining, grinding, shipping, and distribution of sufficient 

powdered basalt over farmland to affect Mother Natureôs too slow, 

notoriously unreliable and sometimes even catastrophic (volcanic) 

approach to both soil-building and atmospheric CO2 sequestration. It 

would also enable the mining, grinding, shipping, and distribution of 

sufficient ultramafic rock-based sand to sea shores and reefs to reverse 

oceanic acidification and protect them from rising sea levels (Schuiling 

& Kingsman, 2006). 

The key advantage of any nuclear power plant relative to wind and solar 

plants is that it can consistently provide greenhouse gas (GHG)-free 

baseload power regardless of which side of the bed that Mother Nature 

happens to get up from. Baseload sources serve around-the-clock energy 

demands:  aluminum production/smelting, glass makings, steel mills, 

electric locomotives, etc.) as opposed to immediate/peak demands which 
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change according to varying consumer requirements (for example, when 

people get home from work and start cooking dinner).  

The major downsides of todayôs civilian nuclear power systemôs reactors 

are their artificially high build costs plus the fact that they are grossly 

inefficient
11

 at converting their natural uranium and/or thorium ñfuel 

supplyò to useful power ï a fact that renders them an unsustainable 

(nonrenewable) & therefore, ñtemporaryò,  energy/power source . The 

worldôs nuclear scientists, especially the USAôs, must screw up enough 

courage to eschew their industryôs current business model and develop 

reactors that could render nuclear power genuinely 

sustainable/renewable.   Addressing the end of this centuryôs energy-

related environmental, economic, and social conundrums will require 

20-30 thousand, full-sized (~1 GWe) such  reactors powering  a world-

wide  "green new deal" like  that envisioned by  Alvin Weinberg a 

lifetime ago, not just more of the USAôs  ñall of the above everywhereò 

ò energy research muddling. If thinking that way means that Iôm a 

ñtrouble maker or ñunpatrioticò, thatôs something that Iôve spent most of 

my life being accused of and therefore donôt lose sleep about.  

Notes: 

¶ Iôve decided to add a GLOSSARY to this Edition. It is by no 

means complete - GOOGLING will eventually dig up the 

meanings of acronyms that Iôve neglected to include.  

                                      

11
 ñInefficientò because <1% of the natural uranium mined to fuel them is actually ñburnedò ï the 

rest is ñwasteò and therefore discarded. Reactors donôt have to be inefficient but rendering them 

otherwise doesnôt fit the nuclear industryôs current business model.  
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¶ One of the reasons that this book has such an awful "tone" in some 

places is lingering resentments. I've always been willing to tackle 

technical problems that experts have already come to consider their 

own bailiwick; e.g., anything having to do with atmospheric 

carbon dioxide removal, "managing" the USAôs reprocessing 

waste, or devising a worthwhile nuclear renaissance. What's 

ñworseô, in quite a few cases I've discovered & then pointed out 

that there's apt to be better ways of doing whatever it is. Already-

established experts almost always hate that which often makes it 

tough to publish in peer-reviewed technical journals dealing with 

anything that I'm not an already-recognized expert in myself (that's 

why my official pub count will probably never exceed 100).  So do 

their managers, which if they also have happened to be in my chain 

of command, translated to career disenhancement.  However, I've 

managed to save up enough money to retire early & become free to 

say & do whatever I wish - mostly think, do simple 

calculations/experiments, & now, write.   

¶ Regardless of why youôve decided to read this book, pay attention 

to its footnotes & try to work out your own answers to its 

homework problems (mine might be wrong.)   Their/my goal is to 

enable readers to learn how to put concepts, claims, suggestions, 

and numbers into proper perspective and thereby become able to 

make reasoned, not feelings-based, decisions about technical 

things. Anyone able to grasp what they were exposed to in their 

high school science/mathematics classes along with internet access 

and a computerized spreadsheet should be able to (eventually) do 

them.  Learning how to do ñtechnical stuffò isnôt really too tough 

but does require sincere effort. 

I do not like to state an opinion on a matter unless I know the precise 

facts. 
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Albert Einstein 

The world would be a better place if its decision makers, talking 

heads, and voters took Einsteinôs sentiment to heart. 

If you want to contact me, correct me, or suggest an addition and/or 

improvement to a future edition of this book, feel free to send me a 

note (d.siemer@hotmail.com). 

ñThere are three kinds of men. The one that learns by reading. The 

few who learn by observation. The rest of them have to pee on the 

electric fence for themselvesò Will Rogers .  

  (technical nerds like me are ñnumber threesò) 
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Chapter 1.   !ÆÒÉÃÁȭÓ ÅÓÐÅÃÉÁÌÌÙ special 

issues 

Since I like to use to use specific examples to support whatever point 

Iôm trying to get across, most of this bookôs examples will address 

Africaôs especially imposing future issues
12

. Unlike most first world 

nations, the majority of Africaôs 54 countries continue to exhibit 

alarmingly high rates of both population growth and poverty (ESA 

2015). Approximately 380 million of its ~1.2 billion people are 

extremely poor ï often hungry ï and ten of the worldôs most 

underdeveloped ( Trump 2018) countries ï Mozambique, Guinea, 

Burundi, Burkina Faso, Eritrea, Sierra Leone, Chad, Central African 

Republic, Democratic Republic of Congo, and Niger ï are located 

therein. Furthermore, although considered exceptionally 

underdeveloped, none of them are among the twenty countries 

recognized to possess  the worldôs lowest living costs (Cheap 2018) 

meaning that Africaôs poor people are considerably poorer in fact than 

are those in more technologically advanced but nevertheless poor by 

OECD standards nations like Romania. Most of Africaôs people are 

plagued by a lack of basic infrastructure due to dysfunctional and, often, 

                                      

12
 More so than other continents, African agriculture is dominated by family farming, relying 

mainly on family labor. ~80% of Africaôs ~33 million farms are tiny - under 2 hectares. While 

women mainly comprise its labor force, the rules governing land ownership and transfer rights 

are less favorable to them than in either Asia or Latin America. Over the last decade, large-scale 

investment contracts in Africa have covered 20 million hectares, representing more than the 

combined arable area of South Africa and Zimbabwe. Whatôs worse is that Africaôs agricultural 

potential is under threat. Many of its farms are struggling to replenish soil fertility due to the lack 

of investment capacity and secure land tenure. Won over by the gains made by industrial farming 

elsewhere, its decision-makers are sometimes inclined to make it easy for ñoutsideò investors to 

acquire land, not always with the greatest transparency (Mayaki 2020). 
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self-serving governance further complicated by long-festering 

civil/tribal/religious conflicts and is therefore facing bleak futures
13

. 

Much of Africa is also apt to be particularly hard-hit by anthropogenic 

driven climate change - the Sahara desert is getting bigger
14

. The fact 

that most of its countries are ill equipped to deal with any sort of natural 

disaster, possess economies comprised primarily of subsistence farming 

on progressively poorer-quality land, and have grossly underfunded 

public health, physical infrastructure, and education services constitute 

only some of the factors considered in compiling quality-of-life 

rankings. Most of the United Nationôs measures of Human Development 

(UNDP 2018) also consider the fairness of income/wealth distribution 

for which Africaôs countries are also especially low-ranking (GINI 

2018). Cambridgeôs Sir Partha Dasgupta, recipient of almost every 

award that economists can bestow, has pointed out that most of the 

recent GNP increases of 2
nd

/3
rd
 world countries have come at the 

expense of their average citizensô personal assets (Dasgupta 2003). 

Africaôs (and the Worldôs) still burgeoning population growth 

exacerbates all of its problems. As of 2015, the UNôs mid-range 

population growth projection is that it will have ~4.5 billion inhabitants 

by 2100 AD ï about three times that similarly anticipated for the worldôs 

currently most populous nation, China. The populations of 28 of 

Africaôs countries are predicted to more than double between 2015 and 

2050 and, by 2100, those of Angola, Burundi, Democratic Republic of 

                                      

13
 ñLife has become more brutal and brutishò, Wole Soyinka (84 year-old Nigerian playwright & 

philosopher). CGTN interview, 16Feb2019. 

14
  Much of Spain, Portugal and southwestern US is becoming more desert-like and each yearôs 

heat waves are killing more people everywhere.   
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Congo, Malawi, Mali, Niger, Somalia, Uganda, United Republic of 

Tanzania and Zambia are to increase at least five-fold. 

Frankly, I consider such projections unrealistic. First, the western 

worldôs increasing ñpopulismò (extreme polarization often bordering 

upon fascism) driven primarily by rapidly increasing class, power, and 

wealth disparities but usually blamed upon foreigners. Second, the 

armed-to-the teeth ñleader of the western worldòôs nervousness about the 

fact that its dominance of the worldôs economic system is rapidly 

diminishing could cause it to become overly aggressive
15

.  Third, more 

refugees than ever are being forced to flee their homes due to human 

violence (war, terrorism, and persecution) and the consequences of 

climate change
16

  but now often have no place to go.  Fourth and finally,   

the fact that the world will soon be facing the consequences of   peak oil, 

peak coal, and peak gas.  Both ñhuman natureò and most of human 

history suggests that those factors may ignite another ñworld warò thatôs 

apt to kill far more people than did the 20
th
 centuryôs and thereby curb 

(or, more likely,  reverse)  the 21
st
 centuryôs  population boom.  

                                      

15
 óòU.S. officials crafting retaliatory actions against China over coronavirus as 

President Trump fumes.ò 

https://www.washingtonpost.com/business/2020/04/30/trump-china-coronavirus-

retaliation/?utm_campaign=wp_evening_edition&utm_medium=email&utm_source=

newsletter&wpisrc=nl_evening  
 

16
 Over human history,   climate changes ïusually droughtðhave driven more people to abandon 

their homes than anything else.  Todayôs world is far more crowded than  were those inhabited 

by Greenlandsô Norse settlers, the Ottoman  & Khmer empires, Mexicoôs  Mayan  or Indiaôs 

Indus Valley civilizations which means that todayôs climate refugees are finding  it more  

difficult to settle elsewhere. 

https://www.washingtonpost.com/business/2020/04/30/trump-china-coronavirus-retaliation/?utm_campaign=wp_evening_edition&utm_medium=email&utm_source=newsletter&wpisrc=nl_evening
https://www.washingtonpost.com/business/2020/04/30/trump-china-coronavirus-retaliation/?utm_campaign=wp_evening_edition&utm_medium=email&utm_source=newsletter&wpisrc=nl_evening
https://www.washingtonpost.com/business/2020/04/30/trump-china-coronavirus-retaliation/?utm_campaign=wp_evening_edition&utm_medium=email&utm_source=newsletter&wpisrc=nl_evening
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A surprising large number of people  fearing the effects of 

overpopulation upon the environment feel that other people should be 

left to starve, or freeze, or die of overwork, oréetc., in order to cut their 

numbers (ñSocial Darwinismò). Over population remains an issue 

because the worldôs approach to implementing its leadershipôs business 

models severely impacts the natural world while leaving many of its 

people poor, ignorant, desperate, miserable, and   overly fertile. These 

are realities that we must confront, not ignore.   

If we sincerely wish to enhance ñbrotherhoodò, ñequalityò, or 

ñcompassionò we must change our leadershipôs ñbusiness modelsò, the 

first step of which be to see that they provide everyone with abundant, 

cheap, clean, and reliable nuclear energy ASAP. If that comes to pass, 

there wonôt be a ñpopulation problemò, global warming will abate, the 

rivers will run free again, and weôll stop converting the worldôs 

remaining natural regions into palm oil plantations, cattle feedlots, 

soybean farms, and deserts   Doing so might even bring an end to the 

Anthropoceneôs galloping ñSixth Extinctionò (Kolbert 2014). 

Unless a new, worldwide, ñFair Dealò ò somehow comes to pass
17

; the 

relative demographic weight of the worldôs developed countries will 

drop shifting economic power to developing nations. The already-

developed countriesô labor forces will age and decline constraining 

economic growth and raising the demand for  

                                      

17
 U.S. President Harry S. Trumanôs Fair Deal revealed in his 1949 State of the Union address 

was an ambitious set of proposals continuing Rooseveltôs New Deal liberalism. Its most 

important proposals were aid to education, universal health insurance, the Fair Employment 

Practices Commission, and repeal of the TaftïHartley (anti-union) Act. However, because then 

as now a ñConservative Coalitionò controlled Congress they were all turned down.   
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cheapò non-documented immigrant workers which will  then likely 

further increase the frequency of killings, burnings, and bombings driven 

by jingoistic populism.  Unless things change, most of the worldôs 

population growth will be concentrated in the poorest, youngest, and 

most heavily faith-based (mostly Muslim) countries many of which will 

continue to be unable to provide adequate education, capital, and 

employment opportunities for most of their young people. 

Finally, most of the worldôs population will likely live in cities, with the 

largest such heavily urbanized areas in the poorest countries, where 

adequate policing, sanitation, health care, and even clean water are apt to 

be available only to their richest inhabitants.  Such urbanization is apt to 

be profoundly destabilizing. People moving to cities within developing 

countries during the rest of this century are apt to have far lower per 

capita incomes than did those of most of todayôs industrial countries 

when they did so. The United States, did not reach 65 percent 

urbanization until 1950, when its per capita income was nearly $118,000 

in 2019ôs dollars. By contrast, countries like Nigeria, Pakistan, and the 

Philippines now approaching similar levels of urbanization, have per 

capita incomes of $2,300ï$5,200. Countries with younger populations 

are especially prone to civil unrest and less able to create or sustain 

democratic institutions. The more heavily urbanized they become, the 

more they are apt to experience grinding poverty and anarchic violence. 

In good times, a thriving economy might keep urban residents employed 

and governments flush with sufficient resources to meet their needs. 

More often however, people living in sprawling, impoverished cities are 

victimized by crime lords, gangs, and petty rebellions. Thus, the rapid 

urbanization of the developing world is apt to bring in more exaggerated 

form, the same problems that urbanization brought to nineteenth-century 

Europe: cyclical employment, inadequate policing, and limited 

sanitation and education which spawned wide-spread labor strife, 
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periodic violence, and sometimes, even revolutions. International 

terrorism originates in fast-urbanizing developing countries. Within poor 

sprawling megacities like Mogadishu and Damascus, neighborhood 

gangs armed with internet-enabled social networking offer excellent 

opportunities for the recruitment, maintenance, and hiding of terrorist 

networks (Goldstone 2010). These cities will become increasing dirty 

and polluted because they are apt to remain on the rising edge of the 

ñenvironmental Kuznets curveò for decades
18

.  

When life is cheap, worthwhile jobs unavailable, and the future looks 

worse, history suggests that young people are apt to go to war.    

US Pentagon studies (CNA 2014) concluded that the root cause of the 

majority of such deaths will be disease and starvation engendered by the 

disintegration of technology-dependent societies dependent upon 

increasingly limited/degraded resources (land, food, fuel, high grade 

ores, etc.). In his book, "Small is Beautiful: A Study of Economics as if 

People Mattered", Ernst Schumacher (Schumacher 1973) observed that 

todayôs technological civilization is unsustainable because the finite 

resources enabling it are treated as inventory (income) rather than 

capital. The sustainability of todayôs economic systems therefore 

                                      

18
 The environmental Kuznets curve (GOOGLE it)) is a relationship between environmental 

quality and economic development: various indicators of environmental degradation (e.g. air 

pollution) tend to get worse as modern economic growth occurs until an average person finally 

becomes rich/influential enough to insist that the powers-that-be implement something like the 

USAôs ñEnvironmental Protection Agencyò. 
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requires continued growth of both population
19

 and nominal wealth 

(GDP), both of which are impossible in a finite world.  

Second, if the futureôs leaders were to decide to address the technical 

issues otherwise apt to lead to war, it would result in lessened fertility 

(CATO 2013).  Figure 1 depicts the effect that increasing a populationôs 

prosperity
20

 has upon their reproductive choices (replacement fertility 

                                      

19
 The Earth now supports about three times as many people as it did when I was born and five 

times more than when my grandfather was. Most of that growth is due to the fact that our 

energy-enabled civilizationôs technological advances have decreased child mortality (not raised 

birth rates) and rendered it possible to feed far more people. I suspect that if this bookôs utopian 

scenario were to come to pass, human population will gradually drop back to a level (2-3 

billion?) consistent with both much more pleasant lives for individuals and more room for other 

living creatures.  

20
Norwayôs performance at the last Winter Olympics exemplifies how the ñUNôs Inequality 

adjusted human development indexò reflects a countyôs citizensô ñquality of lifeò.  Half way 

through that gathering, Norway, with only 1.6% of the USAôs population, had won almost twice 

(37/21) as many medals. Why? Itôs not because its people are ñricherò than are the USAôs: 

GOOGLING reveals that Norwayôs after-tax GDP/capita income level is almost identical to the 

USAôs - $45,348 vs $45,648. The real reason is that because Norwayós people govern 

themselves in a way that benefits them rather than powerful special interests including overly-

entrenched duopolistic political parties ï their tax dollars support them, not serve special 

interests. Its policies have generated a much more equitable distribution of wealth/GDP top-to-

bottom than the USA has (itôs got very few poor and almost no homeless  people); its medical 

service providers canôt force anyone into bankruptcy due to injury or illness; its public schools 

are much better than the USAôs; its federal government doesnôt profit by increasing its college 

studentsô debt burdens; and its employers must grant its citizens far more paid leave than the 

USAôs are entitled to (25 days/year Norway vs zero USA). Itôs also unlikely that Norwayôs 

government routinely forces its ñessentialò employees to work without pay (slavery?) while its 

politicians bicker with each other. Consequently, Norwayôs people feel much more secure, 

freeing them to do whatever they wish, including fun things like skiing that only ñluckyò 

Americans can afford. This argument explains the relative per capita athletic performance of 

other northern European nations and Canadaôs Olympic teams to the USAôs. The USAôs 

electorate also doesnôt seem to care that their top political leadershipôs credo seems to be: "For 

whosoever hath, to him shall be given, and he shall have more abundance: but whosoever hath 

not, from him shall be taken away even that he hathò (Matthew, 13:12). 
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~2.1) - if the future were to become both much richer and fairer than it is 

now, todayôs unsustainable population growth would quickly end.  

 

Figure 2  Prosperity vs human reproductive choices (WIKIPEDIA data) 

Consequently our leadershipôs objective should become encouraging the 

development of a genuinely sustainable and much more egalitarian 

world in which every individual regardless of where they live or who 

they are does indeed matter
21

. Until they acknowledge the above-related 

facts, embrace appropriate goals, and begin to act accordingly, we'll just 

continue to spin our wheels while blaming scapegoats. 

What are those goals?  

                                                                                                                        

It is also no coincidence that Norway and the other Scandinavian countries have since surpassed 

the rest of the world in terms of achieving both high living standards for their own people and 

embracing those principles that will ensure them for their descendants The chairman of the UNôs 

Bruntland Commission, Gro Harlem Brundtland , had served three terms as Prime Minister of 

Norway. That/his commissionôs goal was to unite the worldôs countries in pursuit of the 

sustainable development goals described in its iconic report, ñOur Common Futureò (Bruntland 

1991 ï homework problem: read it!).   

21
 ñThe test of our progress is not whether we add more to the abundance of those who have 

much; it is whether we provide enough for those who have too little.ò ˈ Franklin D. Roosevelt 

Germany 
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Since food represents any living creatureôs most fundamental need and 

its source for humanity is farm land, Iôll begin by describing whatôs been 

happening along those lines in the worldôs currently most undeveloped 

continent, Africa. A recent Brookings Institute report (McArthur 2013), 

points out that, ñno matter how effectively other conditions are 

remedied, per capita food production in Africa will continue to decrease 

unless soil fertility depletion is effectively addressed.ò It goes on to say 

that a second major problem with the oft-assumed African ñland 

abundanceò hypothesis is its inconsistency with convincing evidence 

that its soils are being simultaneously depleted and eroded by current 

agricultural practices including a decline in fallowing. While some 

African leaders along with the management of ñland grabbingò (?) 

international agribusiness concerns seem to feel that Africa still has 

plenty of yet-undeveloped arable land, many of Africaôs poorest people 

(mostly subsistence farmers) canôt afford to let any of theirs lie fallow 

and thereby recover: some families live on 0.36 ha (0.9 US acre) farms 

yielding under 1 t of grain/ha (t=tonne=10
+3

 kg=10
+6

 grams: 

ha=hectare=10
+4

 m
2
=2.59 US acre) while the first-worldôs farmers 

routinely produce 3 to12 t/ha of whatever cash crop they chose to plant 

on several order of magnitude larger farms
22

. 

                                      

22
 Including its little ñhobby farmsò, the average size of  a farm in the USAôs Corn Belt is about 

350 acres and such land is now worth about $9000/acre 
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The key differences between the agricultural practices of developed 

nations and most of Africaôs include: 

Å Developed nations heavily fertilize their croplands ï most of Africaôs 

farmers canôt afford artificial fertilizers and often have to burn any 

manures or crop residues they can gather to cook their food 

Å Developed nationsô farmers can afford to irrigate their croplands ï 

most of Africaôs canôt. That issue is compounded by the fact that much 

of Africaôs nominally arable land doesnôt get enough rain to reliably 

support anything other than skeletal cow or goat grazing. 

Å Most developed-nation farms are both large and productive enough to 

enable their owners to buy/utilize specialized machinery which renders 

their labor far less exhausting and much more rewarding. The worldôs 

poorest farmers still work themselves to death with primitive tools 

ÅDeveloped nation farmers can afford to use hybrid seeds that increase 

yields and resist hazards, such as drought, fungus, or microbes. 

Å Developed nation farmers can afford to use advanced herbicides and 

insecticides 

Å Developed nation farmers are supported by adequate storage facilities 

and efficient food distribution networks 

Chapter 2.   Why everything boils down to 

energy inputs    

It is evident that the fortunes of the world's human population, for better or for worse, are inextricably 

interrelated with the use that is made of energy resources. 

 

M. King Hubbert 
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Those differences simply reflect the relative amounts of raw/primary 

energy supporting the lifestyles of rich vs. poor people, which still boils 

down to their relative per capita fossil fuel consumption. Since Iôm 

going to be supporting most of my contentions with the results of ball 

park calculations, letôs start this off with a table containing many of the 

numbers/terms that will be used throughout complete with their units 

(for brevityôs sake Iôll be leaving the units out of most of this bookôs 

example calculations) 

 

Table 1 ñSpecialò numbers along with their units  

3.15E+7 =  number of seconds per year [3600*24*365] 

24 = 24 hr/day  (8760 hr/year) 

365 = 365 days/year =365 days/a 

3.2E-11  (energy) = # of Joules generated by the fission of a single actinide 

atom  (åôs 200 million electron volts (MeV)  

6.023E+23 = 6.023E+23 = number of atoms, molecules, etc., per gram mole 

of anything 

1.6E-19 = number of electron volts per Joule  (the  combustion of  a single 

carbon atom generates ~ 4.1 electron volts) 

Watt (power) (power) = W =  energy/second = Joule/s = J/second = J/s = 

0.00134 mechanical horsepower 

kWh (energy) kilowatt hour = 1 J/s*3600 s/hr*1000 = 3.6E+6 Joules  

(most common unit for electrical energy) 

GWyear 

(energy) 

= Giga Wxyr = 1E+9*3600*24*365 = 3.15E+16 J where  

 (x) is either  thermal (x=t ) or electrical, x=e (e.g., GWe) 

Calorie 

(energy) 

(energy) = 4.19 J = 0.001 kilocalorie =0.001 kcal 

Acre  (area) = 43560 ft
2 
= 4049 m

2 
= 0.4049 ha = 0.0015625 mile

2
  

BTU (energy) = British Thermal Unit =1055 J (energy required to heat one 

pound (454 g of water) 1  degree F or 5/9 degree C) 

Quad  (energy)= one quadrillion BTU = 1.055E+18 J 

BOE  (energy) = barrel of oil equivalent=6.1E+9 J   (assumes a 42 US 
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gallon barrel, 10 kcal/g, and 0.916 g/cc oil) 

nX = 10
-9
*X  = nano X ,  

kX = 10
+3

*X = kilo X  

MX = 10
+6

*X = Mega X 

GX = 10
+9

*X= Giga X 

TX = 10
+12

*X=Terra X 

EX = 10
+18

*X= Exa X 

 

 

On-farm agricultural energy consumption in rich (developed) countries 

entails the burning of diesel oil, gasoline, and/or LP gas by internal 

combustion engines (ICSs) plus the use of electricity made by burning 

another fossil fuel, usually coal. Consumption is considerably higher in 

high-GDP countries (around 20.4 GJ/ha) than it is in low-GDP countries 

(around 11.1 GJ/ha) and far greater than on Africaôs subsistence farms 

(Giampietro 2002). For example, most of a subsistence farmôs energy 

input consists of human labor which, throughout an 8 hour work day, 

averages about 75 watts per person (Human Power 2018). If 100% of 

such useful (in this case, mechanical) energy  [2.16E+6 J/day = 

75J/s*8hr*3600 s/hr] is devoted to cultivating a 0.9 acre (0.36 ha) plot 

throughout a 6 month growing season, the area-normalized ñenergy 

servicesò devoted to it is 1.08 GJ/ha/a [2.16E+6 J/a*365days*6/12/2.47 

acre/ha/1E+9], which is about ten percent of the raw/primary food 

energy required to keep each person so-occupied alive throughout an 

entire year [2500 kcal/day *365 days/a]. Energy-wise thatôs not very 

efficient ï state of the art farm machinery generates 20-30% a jouleôs 

worth of useful energy from a jouleôs worth of fuel heat energy and 

doesnôt consume anything when not running. 

According to a ñFood and Agriculture Organization of the United 

Nationsò (FAO) report (Sims 2011), the raw/primary energy consumed 
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by the worldôs ñfood sectorò amounts to ~95 EJ (exa (10
+18

) Joules) per 

year ï approximately 20 percent of current total global raw/primary 

energy consumption (~570 EJ/a =18 TW) ï and generates over 20 

percent of anthropogenic greenhouse gas emissions. Land use changes, 

particularly those linked to the deforestation brought about by the 

expansion of agricultural lands to raise food crops and biofuels (IPCC 

2007) constitutes another ~15 percent of anthropogenic GHG emissions. 

Only about 5% of that energy, ~6 EJ, directly supports on-farm activities 

such as cultivating and harvesting crops, pumping water, housing 

livestock, heating protected crops, drying and, short term storage. The 

rest/majority of the agricultural sectorôs energy demand is devoted to 

transport, fertilizer and pesticide production, food processing, 

packaging, storage, and distribution. 

All of the worldôs developed countries have adopted Dr. Borlaugôs 

fossil-fueled ñGreen Revolutionò which enabled ~90% of todayôs 

~7.5 billion people to consume as much food ï both basic necessities 

along with some luxury items ï as they want (Borlaug 2019). 

Approximately one half of the worldôs current population would quickly 

starve if that hadnôt happened. However, the fossil fuels enabling both it 

and the 20th centuryôs industrial and information revolutions generated 

huge environmental impacts including the greenhouse gas (GHG) 

emissions responsible for global warming/climate change. From 1870 to 

the present, fossil fuel burning dumped about 580 Gt (Giga tonnes) C) 

into the atmosphere in the form of ~2100 Gt of CO2. That gas 

partitioned between the atmosphere, oceans and land, warming all of 

them and thereby causing increasingly severe and frequent weather 

events including ñSuper El Ni¶osò (Hong 2016), ocean acidification, 

drought and biofuel production-driven food cost escalation, air pollution, 

deforestation, potable/irrigation water shortages, sea-shoreline 

erosion/flooding, and relentless cost of living increases in the worldôs 
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poorer regions. Those effects constitute threat multipliers that aggravate 

human stressors ï poverty, environmental degradation, hunger, political 

instability, and social tensions ï and thereby engender mass migrations 

plus a great deal of terrorist activity and other forms of violence. 

James Hansen probably possesses the worldôs most ñeducatedò opinions 

about the causes, effects, and consequences of global warming. Theyôve 

been summarized as follows (Hansen 2018): 

 

1. Climate has always changed, but humans are now the main 

driver for change 

a. Rising atmospheric CO2 levels, primarily a result of fossil fuel 

emissions, have become the predominant cause of continuing 

climate change 

b. Climate change is driven by cumulative CO2 emissions.  The 

U.S. has contributed a disproportionately large share of 

cumulative global emissions. 

 

2.  Current levels of atmospheric greenhouse gases (GHGs), 

mainly CO2, cause Earth to be out of energy balance.  This 

imbalance is driving climate change. 

a. Earthôs energy imbalance is now measured and large.  As long 

as Earth remains out of energy balance, the planet will continue to 

get hotter. 

b. If GHG amounts continue to rise unabated, the energy 

imbalance will drive global warming to levels with climate impacts 

beyond the pale (see 3) 
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3. If high fossil fuel emissions continue unabated, consequences will be 

mostly negative for humanity, especially for young people. 

a. Sea level:  Continued high fossil fuel emissions will eventually 

make coastal cities dysfunctional, with incalculable consequences. 

b. Species exterminations:  Shifting of climate zones, with other 

stresses, may commit many species to extinction, leaving a more 

desolate planet. 

c. Regional climate: subtropics and tropics will become 

dangerously hot, if high emissions continue.  Emigration chaos 

may threaten global governance. 

4.  Required actions to avoid dangerous climate change are guided 

by Earthôs climate history and by the need to restore Earthôs 

energy balance 

a. Science can specify initial targets, sufficient to define policy 

needs 

b. Emission reductions must begin promptly, or climate will be 

pushed beyond a point at which changes proceed out of human 

control 

 

5.  The U.S. government, via both actions and inactions, is 

behaving with flagrant disregard of rights and well-being of the 

public, especially young people 

a. Action: authorizing, permitting, subsidizing massive fossil fuel 

extraction 
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b. Inaction: absence of any coherent, effective program to reduce 

them 

 

During the ~150 years since we began to power ourselves with fossil 

fuels, two world wars and numerous smaller ones have been fought over 

access to natural resources ï primarily ñlebensraumò (land) and fossil 

energy resources, usually petroleum. Some of those wars resulted in the 

Christian-country ñwinnersò creating new countries in the especially oil-

rich Islamic Persian Gulf, which, of course, eventually engendered more 

conflict.  

Securing those resources has proven to be expensive to those warôs 

winners. A Princeton University report concluded that simply keeping 

the US Navyôs fifth fleet within the Persian gulf from 1976 to 2006 had 

cost its taxpayers ~$6.8 trillion 2008 dollars and would probably cost 

them another $0.5 trillion during 2007 (Stern 2010) which figures didnôt 

include the costs of actual conflicts. Since that fleet remains on station, 

the total cost of ñmaintaining presenceò therein has now probably 

reached about $12 trillion. A 2013 Kennedy School of Government 

report (Foreignpolicy 2013) concluded that the total cost of the USAôs 

most recent wars in the Middle East and Northern Africa would 

probably be $4-6 trillion and had accounted for roughly 20 percent of its 

national debt increase between 2001 and 2012 (modern wars are fought 

with borrowed money). 

Concerted international effort to address fossil fuelôs environmental 

impacts began with the UNôs 1997 Kyoto Protocol to which many, 

mostly small and not particularly impactful, countries signed up. While 

the billions of dollars spent on climate science research since then have 

generated thousands of papers/reports and paid for hundreds of other 

conferences both large and small, neither that science nor the policy 
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changes of many countries favoring/subsidizing politically correct 

renewable energy have had much effect upon mankindôs GHG 

emissions. As the first edition of this book was being written (December 

2018) representatives from 195 countries had again gathered (in 

Katowice, Poland) for that yearôs United Nations Climate Change 

Conference, COP 24 (COP = ñConference Of the Partiesò). This meeting 

was focused upon producing rules to flesh out the ñdetailsò of the 2015 

Paris Climate Accord (COP 21), the landmark agreement signed by all 

of its attendees except Nicaragua and Syria, to battle climate change and, 

hopefully, limit global warming to 1.5 degree Celsius, one-half degree 

under the 2°C limit set earlier at COP 15 (the Copenhagen conference). 

Since 2015, the International Panel on Climate Changeôs (IPCCôs) 

leadership has been trying to breathe new life into that accord amid 

backsliding from several key nations, most notably the United States, 

over commitments made when they signed it. To date, the IPCCôs efforts 

have not really accomplished much because key ñpartiesò refuse to agree 

upon a mechanism ensuring that they honor their commitments with 

respect to either GHG emissions or contributions to a $100 billion/a 

climate mitigation fund. 

The latest version of the British Petroleum companyôs annual Statistical 

Review of World Energy (BP 2018) contains not only information from 

the preceding year, but also historic data on consumption and production 

of all forms of energy during the last few decades. Its principal 

conclusion is that humanity is not reaching the goals established by the 

Paris Agreement (Figure 3). In 2017, Mankind took a step backwards 

with respect to the timid advances made during the two preceding years: 

the use of fossil fuels had grown, increasing CO2 emissions by ~1.6%. 

That trend continues ï anthropogenic CO2 emissions rose another 2.7% 

in 2018 (Jackson et al, 2018). Worse, most climate models indicate that 

by 2100 AD, even if the emission ñcommitmentsò made by COP 21-24ôs 
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attendees were to be honored, they would likely cause global warming 

of between 2.7 and 3.2 degrees Celsius, well above the 1.5ï2 degree 

threshold that many of the worldôs climate modeling experts consider a 

tipping point beyond which Natureôs positive (?) feedback mechanisms 

will render catastrophic impacts inevitable (Hansen 2008, Hansen 2016). 

One such mechanism would be sudden release of the vast amounts of 

methane trapped along continual shelves in the form of ñmethane 

hydrateò (aka methane clathrate). Such methane is produced when 

microorganisms or chemical processes break down organic matter that 

settles to the seafloor, including dead fish, krill, miscellaneous plankton, 

and bacteria. A methane hydrate ñiceò accumulation can form only when 

temperatures are low and pressures high. If part of such a deposit is 

exposed to warmer temperatures or a drop in pressure, it can suddenly 

turn to gas thereby tremendously expanding its volume which stirs up 

everything surrounding it. That in turn increases convective heat transfer 

to any nearby, more deeply buried, surrounding ñiceò destabilizing it as 

well. This constitutes a positive feedback driven ñchain reactionò which 

may cause sudden release of the entire formationôs methane 

accumulation.   That release in turn further heats the atmosphere some of 

which heat will further warm coastal waters containing other methane 

ice deposits.  This mechanism is probably what set off the Paleoceneï

Eocene Thermal Maximum (PETM), 55 million years ago which spiked 

global temperatures  upwards by 5-8 °C  (far more than that required to 

melt both Greenland and Antarcticaôs ice caps & thereby raise 

worldwide sea levels by several hundred meters).
23

 

                                      

2323
 This mechanism can also work in reverse.  The EoceneôsòAzolla Eventò 47-49 million years 

ago is likely responsible for todayôs subsurface arctic methane hydrate accumulations.  During 
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ñWe are waking up the methane dragon. And thatôs a dragon that we 

really want to keep in the boxò. Samantha Joye, oceanographer and 

microbiologist. 

Scientists with NASA's Arctic Boreal Vulnerability Experiment 

(ABoVE) are using planes equipped with the Airborne Visible Infrared 

Imaging Spectrometer (AVIRIS ï NG) to fly over some 30,000 square 

kilometers of the Arctic landscape to detect methane hotspots. They are 

finding lots of them (Elder 2020). 

Furthermore, a fairly recent paper (Yvon-Durocher. 2014) indicates that 

for each degree that the Earth's temperature rises, the amount of methane 

entering its atmosphere from microorganisms dwelling in lake sediment 

and freshwater wetlands -- currently the primary sources of that gas -- 

will increase several fold. As temperatures rise, the relative increase of 

methane emissions will outpace that of carbon dioxide from those 

sources. Thereôs also vast amounts of methane trapped within the 

Arcticôs currently frozen muskeg, which, along with that emitted by 

more southern wetlands and rice fields, is apt to cause runaway global 

warming. 

                                                                                                                        

that period, the atmosphereôs CO2 concentration dropped fivefold and the surface temperature at 

the Earthôs then almost land-locked ~4 million km
2
 arctic region dropped by over 20 Centigrade 

degrees. Temperatures elsewhere dropped too which is likely the reason that Antarcticaós icecap 

started to develop then.  When Azolla   (a very rapid growing surface water plant which under 

the right conditions can double its biomass via within a day or two) dies, it settles to the bottom.  

Because that regionôs sea-bottom water was anoxic, much of that accumulation didnôt oxidize & 

therefore eventually turned into a mix of fossil fuels, including methane.  Since that water was 

also cool, those reaction s formed methane hydrate deposits with biologically ñsequesteredò 

atmospheric carbon (Stein 2006).   
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Figure 3   Mankindôs CO2 equivalent ñEmissions Gapò 

Another ongoing positive (?) feedback mechanism likely to generate 

ñcatastrophicò thermal runaway is ñalbedo enhancementò.  Surfaces 

covered with snow reflect most of the sunlight striking them back into 

space. When some of that snow/ice melts, more sunlight is absorbed and 

subsequently degraded to heat energy which, of course, tends to melt 

still more snow & ice. Thatôs the main reason that thereôs a lot more 

ñglobal warmingò going on in the Arctic than near the equator. In 

Canada, that mechanism is currently tripling the average warming rate.  

The most important thing we must do is to quickly replace todayôs fossil 

fuel  based energy system with something that is both ñcleanò (no GHG 

gas emissions) and sufficiently reliable (not intermittent) to power a 
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bigger, more interconnected, more prosperous, cleaner, fairer and 

happier world than is the one weôre living in today.  

"To prevent the worst effects of climate change, we need to reach near-

zero emissions on all the things that drive itðagriculture, electricity, 

manufacturing, transportation, and buildingsðby investing in 

innovation across all sectors while deploying low cost renewables," 

Nuclear energy is one of these critical technologies. It's ideal for dealing 

with climate change, because it is the only carbon-free, scalable energy 

source that's available 24 hours a day." Bill Gates 

2.1 How much clean sustainable energy will our  descendants 

need? 

The exceptionally ñrichò lifestyle
24

 of the USAôs ~320 million people is 

nominally supported by about 99.5 EJ (98 quads) of raw/primary energy 

per annum, which figure has remained roughly constant for over two 

decades (LLNL  2018).  Itôs ñnominalò because its consumer-driven 

economy consumes energy and other resources from areas outside of 

and greater than the USAôs not counted in such compilations. 

ñEcological footprint analysisò (Wackernagel 1996) provides us with a 

more realistic measure of the USAôs resource ...consumption.   Table 2 

provides those figures for 2009 ï about 41% of the USAôs GHG 

emissions were incurred in/by other countries.  

é 

                                      

24
 ñRichò in terms of material things ï most of the USAôs people own more ñstuffò,  drive further 

in bigger cars and live in larger houses than do average Europeans.  
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Table 2 US Greenhouse gas emissions including those originating from 

products/services made abroad  

 

Service 
Percent total  GHGs 

Infrastructure 1 

Appliances & devices 7 

Non local passenger transport 9 

Food provision: 12 

Local passenger transport 13 

Building HVAC & lighting 21 

Provision of other goods 37 

(source:  Joshua Stolaro, Products, Packaging and U.S. Greenhouse Gas 

Emissions, Athens, GA, Product Policy Institute, September 2009). 

 

Currently, all of mankind consumes ~2,300 GWôs worth of electrical 

power which works out to about 307 watts/person. However, like most 

of the things that determine our life styles, its distribution is extremely 

uneven. People living in Scandinavian countries consume the most 

power, about 2500 watts per person, followed by the USA and Canadaôs 

~1400 W. However, the majority of Latin Americaôs people consume 

less than 250 W, South Asiaôs below 100 W, and Africaôs, under 25 W 

per capita.  Over a billion people now donôt have access to electricity at 

all. If mankind is to prosper, clean, affordable and dependable (not 

intermittent) power must become available to everyone and it must be 

provided in a way that doesnôt pollute the air, poison the land, or change 

the climate.  

Anyway, ~80 percent of the USAôs  primary/raw energy is provided by 

fossil fuels translating to a mean per capita raw/primary energy 

consumption rate (power) of 9860 watts [99.5E+18J/3.15E+7/320E+6] 
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or about eight [99.5/3.2E+8/570/7.5E+9] times that of the worldôs 

average person today. Since one jouleôs worth of raw/primary (heat) 

energy currently provides about 0.4 joules worth of useful ñenergy 

servicesò (the efficiency of most of fossil fuelôs applications is Carnot-

limited) and Europeans apparently live almost as well consuming one-

half that much raw/primary energy per capita, letôs assume that 

supporting the life styles of each of the futureôs equally EU-rich people 

would require ~2 kWôs [9860* 0.5*0.4 = 1972 å 2000] worth of energy 

services (electricity). Consequently, a world with 11.2 billion such 

people must possess power plants able to supply an average power of 

about twenty two TWe (terawatt electrical) 

[11.2E+9*2000*3.15E+7/1E+12/3.17E+7 = 22.4]. Finally, assuming 

that each individual regionôs peak power demand is about 40% higher 

than its average and that no world-wide, zero-loss, ñsuper gridò exists, 

our descendants would need ~30,000 [22.4*1.4*1012/109] one GWe 

power plants to live that well. 

That power could not be generated with fossil fuels because even if there 

were enough of them (there isnôt
25

), burning it would have catastrophic 

consequences. For example, the raw/primary (heat) energy represented 

by the worldôs remaining 1139 billion tonnes of coal reserves, 187 

                                      

25
 We often see headlines announcing things like, ñthe USA has 7 to 9 trillion barrels of oilò 

which is apparently meant to reassure us that thereôs nothing to worry about (Nextbigfuture 

2012). However, if we bother to read beyond those headlines we discover that such oil is very 

ñtightò and would be extremely difficult (expensive) to recover; meaning that perhaps one 

trillion barrels of it would be recoverable with todayôs fracking technologies. However, weôre 

next assured that with ñaggressive use of new fracking technologies combined with in situ ófire 

floodingô and/or ówater floodingôò perhaps 20-30% of it might be recovered.   One trillion 

barrels of oil represents about 610 Exa Joules worth of raw heat energy which is equivalent to 

about one yearôs worth of Mankindôs current, not a richer and more egalitarian futureôs, total 

energy demand.  
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trillion m
3
 of natural gas, and 1.707 trillion barrels of petroleum, (BP 

2017) is about 5.0E+22 Jôs which, if consumed by 40% Carnot efficient 

power plants, could generate 22 TWe for 29 years - ~35% of a current 

first-world human life span. Additionally, those reserves collectively 

contain about 1200 Gt of carbon which, if converted to CO2 and dumped 

into the atmosphere would push global warming well past any of the 

ñtipping pointsò suggested by the worldôs climate modeling experts
26

. 

 

In order to more clearly see what these facts and figures mean, itôs 

necessary to consider a longer time scale than that which we humans 

customarily do. Figure 3 was excerpted from a paper written/delivered 

by the one of the petroleum industryôs most influential geologists (and, 

eventually, most influential gadfly),   Professor M. King Hubbert,   sixty 

four years ago (Hubbert 1956).  It depicts Mankindôs total energy 

consumption extending from the dawn of recorded history 5000 years 

ago to 5000 years in the future assuming that population eventually 

stabilizes and we choose to replace finite fossil fuels with a sustainable 

(breeder reactor-based) nuclear fuel cycle before our civilization 

collapses. To Professor Hubbert, ñon such a time scale, the discovery, 

exploitation, and exhaustion of the Earthôs fossil fuels will constitute an 

ephemeral event.ò   

                                      

26
 Dr. Chris Turneyôs ñIce, Mud, and Bloodò  (Turney 2008) is the best-written book Iôve  read 

yet about  how Mother Natureôs  sundry ñtipping pointò  mechanisms could convert  ñGlobal 

Warmingò  into ñGlobal Catastropheò.    
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Figure 4: Mankindôs long term energy consumption (Hubbert 1956) 

To put this into proper perspective, Figure 3ôs 10,000-year timeline 

represents only about 5% of the time that modern humans (Homo 

sapiens) have existed.  

 

41 years ago, scientists from 50 different countries met at the First 

World Climate Conference (Geneva 1979) and then concluded that 

alarming trends in both environmental changes and demographics made 

it urgently necessary to begin action. Since then, similar alarms have 

been raised through the 1992 Rio Summit, the 1997 Kyoto Protocol, and 

the 2015 Paris Agreement, as well as scores of other global assemblies 

where scientists have repeatedly raised warnings that insufficient 

concrete progress was being made. However, greenhouse gas (GHG) 

emissions are still rising, with increasingly damaging effects on the 

Earth's weather and climate. Profoundly troubling signs since 1979 

include large increases in human populations, per capita meat and 

livestock production, world gross domestic product, global tree cover 

loss, soil pollution/desertification, fossil fuel consumption, the number 

of airline passengers and automobiles, and both total and per capita 

GHG emissions. Itôs time to quite ñstudyingò those issues and get on 
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with the job of devising and then implementing a practical solution to 

all of those problems ï not more ñall of the aboveò muddling.  

 

Unfortunately, because the worldôs topmost decision makers have been 

kicking the òsustainable nuclearò can on down the road for far too long, 

weôll have to continue to seek, extract, and burn fossil fuels throughout 

much of the rest of this century.   Of them, natural gas represents the 

best choice because it is relatively clean burning (little smoke), generates 

only about one half as much CO2/Joule as coal, and is still in a relatively 

early phase of depletion. According to the German Federal Institute for 

Geosciences and Natural Resources, world cumulative natural gas 

production up to 2016 was 117 trillion cubic meters, world natural gas 

reserves were 197 trillion cubic meters, and resources
27

 were 643 trillion 

cubic meters (BGR 2017, Table A-15). The 197 trillion cubic meters of 

gas that we know for sure(?) could be recovered with current 

technologies (ñreservesò) represents 7.23E+21 Joules of heat energy 

which could produce about one half that much electricity. One yearôs 

worth of  22 TWe  electrical power equates to  6.94E+20 J  meaning that 

the worldôs total gas reserves could power 11.2 billion EU-energy-rich 

people for 5.2 years while its burning kicked the atmosphereôs CO2 

concentration   up another  ~50 ppm. 

 

Because the half-life of CO2 already in the atmosphere is about a half 

century (Moore and Braswell 1994), achieving the goals of the Paris 

climate accord (limiting maximum temperature rise to 1.5 ºC) at this late 

                                      

27
 "Resources" is defined as the sum of   "proven but which cannot currently be exploited for 

technical and/or economic reasons and unproven but geologically possible resources which may 

be exploitable in the future" (world natural gas 2018) 
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point in time would require an almost immediate switch to clean (no 

GHG emissions - see Fig. 2) energy sources plus enough carbon dioxide 

removal (CDR) of  that already in the atmosphere to reduce its 

concentration to a ñsafeò ~350 ppm by volume (Hansen 2008). 

Consequently, some of the IPCCôs more optimistic post-COP 20 

scenarios/reports assume that ñbio-energy with carbon capture and 

storage  BECCS) represents the magic bullet that could 

 
Figure 5 ://www.ipcc.ch/srccl/chapter/chapter-2/2-6-climate-consequences-of-response-

options/2-6-2-integrated-pathways-for-climate-change-mitigation/figure -2-27/ 

simultaneously address the futureôs global warming and energy supply 

conundrums in a politically correct (no nuclear) fashion (Martin 2016). 

All such scenarios are unrealistic because raising sufficient switch grass, 

palm oil, wood, etc. to power 11 billion people would require vast 

amounts of land, water, and fertilizer which most of them (especially the 

hungrier ones) would consider better-utilized if applied to producing 

something other than fuel. It is also unrealistic because carbon capture 

and sequestration (CCS) is intrinsically both difficult and expensive, 

which is why after several decades and many billions of dollars-worth of 

ñstudyò and ñdemonstrationsò, only about 0.08% of anthropogenic CO2 

is currently so managed (CCS 2018). Finally, BECCS-based ñsave the 
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worldò scenarios are literally impossible because they donôt scale. For 

example, burning 100% of the worldôs current annual grain (about 2.5 

Gt, see Statista 2017) plus ñbone dry woodò (about 1.9 Gt, see Wood 

2018) harvests in ñcleanò (CCS equipped) 40% efficient (optimistic) 

heat-to-electricity power plants would generate useful energy services 

(electricity) equivalent to the output of ~935 one GWe (ñfull sizedò) 

nuclear reactors. Thatôs just ~3% of the number required to render 11.2 

billion people one-half as energy rich as the USAôs citizens are now. 

Any backup system for such low ñcapacity factorò
28

 energy sources 

(biofuels, solar, and wind) must be able to satisfy most, not 3%, of total 

demand. Furthermore, the carbon (about 1.8 Gt) in that much biofuel 

(primarily carbohydrate å (CH2O)n, heat of combustion  ~17.4E+3 J/g ) 

represents only about 0.3% of mankindôs total anthropogenic carbon 

emissions to date, which means that even if 100% of the CO2 it 

represents were to be captured and sequestered, it wouldnôt make much 

difference. 

Of all of the biofuel sources palm oil has engendered the greatest level 

of deforestation, with 45% expansion between 2008 and 2015 in high 

carbon stock areas (natural forests). Palm plantations have caused huge 

deforestation in South-East Asia, and that problem is compounded by 

the draining of the peat bogs and ensuing GHG emissions when such 

land is drained and cleared. ñThe problem is that even if biofuels would 

                                      

28
 ñCapacity factorò (CF) is the average amount of energy generated by an energy source divided 

by that sourceôs ñname plate capacityò ï the amount of energy it could provide if always running 

full -out (e.g., for solar panels, if the sun were directly overhead & the sky cloud-free 100% of the 

time - for biofuels,  if such crops grew throughout  the entire year).  Time-averaged CFôs for 

renewables are always well under 1.0 & usually vary substantially from season to season.  

Published CF figures for renewable energy sources usually tacitly assume yearly averages.     
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be targeted, the world would still remain addicted to palm oil for food 

cosmetics,  and household products such as  detergents,  etc.ò. 

  

The answers to this bookôs homework problems numbers 50 h&i  

demonstrate just how terribly inefficient the USAôs favorite biofuel 

production system is at converting sunlight to electricity.  

 

Consequently, because it could not achieve either of the IPCCôs goals 

and would surely compete with food, fiber, and construction-type wood 

production, all rosy primarily BECCS-based scenarios are hopelessly 

unrealistic and therefore do not ñdeserve further studyò (a conclusion 

common to the majority of reports in almost every scientific field
29

). 

Additionally, because growing biofuels removes inorganic nutrients and 

soil organic carbon (ñhumusò), itôs just another extractive technology 

that would further degrade the environment while compromising food 

production (Lal 2008). 

 

                                      

29
 For the most part, scientists are paid to ñstudyò, not solve, technical problems. Whatôs more 

important, theyôre often paid to study issues that are almost entirely political, not technical (e.g., 

the disposition of ñspentò nuclear fuel assemblies and reprocessing wastes). If decision makers 

were to actually commit to looking into this bookôs agricultural suggestions (e.g., substitute 

powdered basalt for artificial fertilizers) there would be lots of opportunities for their scientist 

employees to study/determine how it might best be implemented.  For instance, would heat 

treatment (a properly implemented nuclear renaissance would render heat-type energy dirt 

cheap) somewhere during the powder-making process make it ñweatherò more quickly?  That 

works with clays because most of them are hydroxylated ï driving out that water really breaks 

ôem up.  It might help with basalt too ï who knows? Another thing worth looking into is whether 

adding nitrogen to that powder (either as ònuclear  ammoniaò or nitric acid made from it) would 

be worthwhile. Doing so would make it a more ñcompleteò fertilizer & might also help it to 

weather more quickly ï who knows? Wouldnôt it be nice to be paid to do such work?  
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The downsides of biofuels were best summed up a decade ago by Mario 

Giampietro and Kozo Mayumiôs book,  ñ The Biofuel Delusion: The 

Fallacy of Large-scale Agro-biofuel Production.ò  

 

In my opinion, the most useful outcome of the climate science research 

performed to date is that global warming and oceanic 

acidification/warming/pollution have been absolutely proven to be man-

caused (Hansen 2008) and that reasonably consistent/accurate estimates 

of global carbon fluxes, sources, sinks, etc., have joined the tremendous 

amount of other technical information freely available on the internet.   

Such information along with readily available computerized 

spreadsheets renders it easy for anyone to evaluate any proposal 

described in a properly written/edited paper and thereby decide for 

themselves whether or not it is reasonable. I havenôt yet seen a 

politically correct, peer-reviewed, geoengineering proposal capable of 

passing such muster.  

  

For example, GOOGLEing ñoceanic acidification mitigationò brings up 

several fine-sounding electrochemical-based remediation schemes 

published in peer reviewed journals and subsequently in press 

releases.(APPENDIX XX presents a worked-out  example of how 

atmospheric CO2 influences oceanic acidification)   A typical proposal   

invokes giant chlor-alkali cells which would electrolyze aqueous 

solutions of pure NaCl (natural seawaterôs other components would plug 

up such cells) to generate sodium hydroxide that would then either be 

dumped directly into the ocean to counteract CO2 engendered 

acidification or utilized in gas/liquid contactors to scrub it from the 

atmosphere  (House 2007 -  see reactions below).  The simultaneously 

produced hydrogen and chlorine gases would be recombined by fuel 
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cells to recover some of the electrical energy required by the chlor-alkali 

cells  

 

Electrolysis: 2NaCl + 2H2O Ÿ 2NaOH + Cl2 + H2 

Air scrubbing:  NaOH +water+ CO2 in air Ÿ   NaHCO3  aq 

Energy recovery: H2+Cl2   (fuel cell) Ÿ 2HCl (in a water-based electrolyte) 

HClaq+ Mg/Ca-containing rock powder Ÿ CaCl2 + MgCl2+ rock sludge. 

 

The fuel cellsô product, HCl (a strong acid), would then be neutralized 

via reaction with powdered mafic (basic) rock (e.g., basalt) in giant  

ñpressure cookersò thereby generating a waste stream comprised of 

decomposed rock (mostly silica) slurried-up with a 

magnesium/calcium/iron/etc., chloride-salt brine. Of the numerous 

ñtechnical issuesò raised by such proposals, I will just discuss their 

electrical energy demand.  While this particular example was 

characterized as ñenergetically feasibleò, real chlor-alkali cells require 

about 3.9 volts to operate at a reasonably productive rate (~ 0.5 A/cm
2
) 

and real H2/Cl2 fuel cells generate only about one volt at similarly 

realistic current densities.  This means that the net energy required to 

produce one mole (or equivalent) of hydroxide would be 2.8E+5 J 

[1 equivalent*(3.9-1) volts * 96,500 coulombs/equivalent)*1J/(or 

volt*coulomb)].  Producing sufficient sodium hydroxide to deal with the 

amount of anthropogenic CO2 that some of  IPCCôs analysts apparently 

assumed could/would  be sequestered via BECSS circa 2050 

(~10 Gt/year) would require 6.36E+19J [2.8E+5 J/mole*(10E+9 t*1E+6 

g/t)/44 g/mole]. If it is to be done within one year, the entire output of 

either ~2122 [6.36E+20 J/1 E +9 J/s (Watt)/3600 s/hr/24 hr/day/365 

day/year/0.95] full-sized (~1 GWe 0.95 capacity factor (CF)     nuclear 

reactors, ~4.5 million 1.5 MW-rated 30% CF, wind turbines, or ~21 

billion, 1 kW-rated, 10 % CF solar panels would be required.  
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Such schemes could not be powered with fossil fuels either.  For 

example, since the heat of combustion of average US coal is about 

24,000 J/g and burning one gram of it generates about 2.7 grams of CO2, 

generating sufficient electricity to implement the above described 

scenario with 50% thermal-to-electricity efficient coal fired power plants 

would generate about 14 Gt of ñnewò CO2 ï 42% more than their power 

could sequester in that fashion. 

 

Another well-publicized electrochemical save-the-world scheme  

invoked scrubbing intrinsically acidic CO2 from the atmosphere with a 

strongly basic ~750ºC Li2CO3/Li2O molten salt electrolyte/adsorbent 

from which that carbon would be then electroplated-out/sequestered in 

the form of graphite (Licht 2009). Since both the electricity required to 

reduce carbonateôs carbon to  graphite and the heat needed to keep the 

electrolyte molten is to be provided with ñsolar towersò, it is/was  

eminently politically correct and therefore  received a great deal of 

favorable mention.  Unfortunately, because: 1) STEPôs (ña solar 

chemical process to end anthropogenic global warming ñ) sequestration 

mechanism requires four times as many electrons per carbon atom as 

does that of the above-described electrochemical proposal; and 2) 

scrubbing air with a molten salt would heat it to the latterôs 

temperature
30

, its total energy requirement would be ~four times higher 

if  90% of its process  heat requirement could be recovered/recycled via 

                                      

30
The heat capacity of air is ~1.05 J/g/degree.  Consequently, the scrubbing of 10 Gt of CO2 from 

400 ppmv air within one year  would require  heating  ~1.37E+12 tonnes of it from ambient  to 

~750ºC  requiring ~1.05E+21  J of energy which figure corresponds  to the full-time output of  

33,300 one GWe nuclear (or methane or coal or wood chip or switch grass-fired) power plants. If 

we want to remove  CO2 from the atmosphere,   we canôt invoke schemes  that call for  heating, 

cooling, compressing , or expanding it ï  they are all too expensive 
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heat exchangers and 19 times greater if it could not.  If powered by the 

wind rather than solar towers, the latter figure corresponds to ~89 

million 1.5 MW, 30% CF, wind turbines
31

. 

Schemes like those
32

 do not deserve ñfurther studyò regardless of who 

proposes them or how many warm and fuzzy ñrenewableò buttons they 

push. 

The most alarming thing about how things have been going recently (see 

the Fourth National Climate Assessment - NCA4 2018) is that our 

civilization remains absolutely dependent upon resources that will 

inevitably become prohibitively expensive when most of the cheap/easy-

to-access coal, oil, and natural gas have been consumed, which situation 

is likely to occur well before 2100 AD. Unless the worldôs decision 

makers have already developed/implemented a simultaneously ñcleanò, 

reliable (not intermittent), and affordable alternative by then, civilization 

is apt to collapse, heralding the onset of a dark ages akin to that depicted 

in Mad Max movies. 

                                      

31
 Comparisons like these based upon yearly-averaged energy source CFs (productivity) favor 

wind and solar power (arenôt ñconservativeò) because their CFôs vary substantially throughout 

the year. For instance, in Eastern Idaho,  weekly-averaged PV (photovoltaic) CFs are about five 

times higher in July than January.  Similarly, Idahoôs state-wide, wind turbine CFs vary by a 

factor of about two from season to season. 

(https://en.wikipedia.org/wiki/Wind_power_in_Idaho). The majority of todayôs people and 

industries require reliable power which means that both power source & storage decision making 

should be based upon relatively short term, not yearly-averaged, CFs (see homework problems 

40-42).  

32
 Although Iôve built, performed, & taught  lots  of analytical-type  electrochemical techniques 

& found some to be useful, I donôt feel that that itôs the best way of doing most things (aluminum 

and copper production is an exception).  Reaction rates are almost always severely surface area 

constrained & thereôs usually much more power/energy/time efficient ways to do whatever you 

want to do.    

https://en.wikipedia.org/wiki/Wind_power_in_Idaho
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2.2 This bookôs technological fixôs specifics 

Letôs do some more ball park calculations to demonstrate how the 

realization of Weinberg and Goellerôs vision could address many of 

Africaôs (and the worldôs) energy-related issues. 

First, letôs make some more ñreasonableò assumptions. To begin with, 

Iôm (reluctantly) going to assume that the UNôs population projection 

for whatôs apt to continue to be the worldôs most needful region (Africa) 

ïabout 4.5 billion by 2100AD ï turns out to be right. 

Next, since one of my goals is to demonstrate what a nuclear renaissance 

should be able to accomplish with respect to assuring Africaôs (and also 

the rest of the future worldôs) food security, Iôm going to assume that 

part of the useful energy (electricity) it would provide is devoted to 

doing so ï in other words, nuclear powered machinery would provide 

the water, fertilizer, and soil-building minerals required to render 

African agriculture sustainable. 

Finally, Iôm going to assume that Africaôs future decision makers along 

with who/whatever else chooses to help/enable them decide that its 

citizens should enjoy the same living standards as do average EU 

citizens today
33

. 

2.2.1 Which food crops should our descendants raise and how 

much land would it  take? 

A recently leaked draft of an upcoming Intergovernmental Panel on 

Climate Change (IPCC)ôs report about land use issues scheduled to be 

                                      

33
 ñThe test of our progress is not whether we add more to the abundance of those who have 

much; it is whether we provide enough for those who have too little.ò Franklin D. Roosevelt 
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released in September 2019, indicates that thereôs now a near consensus 

by its climate modeling experts that it will be impossible to keep global 

temperatures at safe levels unless there is a transformation in the way 

that humanity produces food and manages its land (Guardian 2019). ñWe 

now exploit 72% of the planetôs ice-free surface to feed, clothe and 

support our populationò, that report warns.  Currently agriculture, 

forestry and other land uses produce almost a quarter of greenhouse gas 

emissions. 

 

Additionally, about half of all methane emissions (our atmosphereôs 

second most potent greenhouse gas) come from cattle and rice fields 

along with deforestation and peat land removal. The impact of the Green 

Revolutionôs energy intensive agricultural practices enabling the worldôs 

human population to soar has greatly accelerated increased soil erosion 

and seriously reduced the amount of valuable organic material (humus) 

in the worldôs soils. 

 

According to the IPCCôs experts (2019) this situation is apt to be getting 

worse: ñClimate change exacerbates land degradation through 

increased rainfall intensity, flooding, drought frequency and severity, 

heat stress, wind, sea-level rise and wave actionò. That 2019 report is a 

pretty bleak analysis of the dangers ahead and comes at a time when 

rising greenhouse gas emissions have made lost of news by triggering 

severe meteorological events such as -  

 

ÅArctic sea-ice coverage reached near record lows during July  
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Å The heat waves that hit Europe during that month were between 1.5C and 3C 

higher than they would have been if we had not used the atmosphere as a 

ñrepositoryò for our gaseous carbon emissions  

Å Wide spread burn offs of what recently used to be the ñAmazon rainò forest
34

, 

and é 

Å Mean global temperatures ~1.2°C above pre-industrial levels  

 

The last point is particularly alarming because about a decade ago,  the 

same experts had concluded that a temperature rise exceeding 1.5C risks 

triggering climatic destabilization while anything higher than 2.0 C 

renders it almost certain. Bob Ward, policy director at the Grantham 

Research Institute on Climate Change and the Environment concludes 

that ñWe are now getting very close to some dangerous tipping points  in 

                                      

34
 The root cause of the Amazonôs fires is anthropogenic ñland use changeò, not global warming.  

Thatôs also the reason that Californiaôs wild fires (e.g., last yearôs Paradise disaster) have become 

so destructive. Washington State Universityôs Prof. Cliff Mass recently posted an analysis of 

recent California fires that shows that the conditions for such fires are a regular occurrence and 

that global warming should if anything, decrease the wind intensity drivings its wildfires 

(Cliffmass 2018). The biggest problem people-damage wise is that they have disregarded well 

established information about long standing natural processes and built communities in areas that 

have often burned-off previously. In the case of the Paradise fire, logging and earlier fires had 

left a conduit of highly flammable grass and bushes, through which that fire could rapidly move.  

Flammable, non-native invasive grasses had also spread throughout the region. Their new homes 

were not built to withstand fire and roadways were inadequate for evacuation as were warnings 

to its population.  The blown-down powerlines that started those fires had not been de-energized 

even though strong winds had been forecast.   Preventing disasters like these will require tough 

decisions & regulations based upon real data, not just more hand wringing about Global 

Warming.  The University of Coloradoôs Professor Roger Pielke had reached the same 

ñcontroversialò conclusions over a decade earlier (Pielke 2010).  On the other hand,  Australiaôs 

and Californiaôs fires are indeed rendered more likely because climate change  means  ocean 

warming  which increases the amount of water vapor  moved by  the prevailing winds  from 

already-dry regions to already-wet ones; e.g,. from Australia to Africaôs southwest coast. These 

ñDipole eventsò s exacerbate droughts (fires) in the first and flooding in the second. 
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the behaviour of the climateò and  also that ñ it is going to be very 

difficult to achieve the cuts needed to prevent it from happening.ò  

 

That IPCC report emphasizes that agricultural land will have to be 

managed more sustainably so that it releases much less GHG than it 

presently does. Peat lands will have to be preserved by halting drainage 

schemes; meat consumption will have to be cut to reduce methane 

production; and food waste (purportedly ~40% in Africa )  have to be 

curtailed.  Among the proposals in that report is a major shift towards 

vegetarian and vegan diets: ñThe consumption of healthy and sustainable 

diets, such as those based on coarse grains, pulses and vegetables, and 

nuts and seeds é presents major opportunities for reducing greenhouse 

gas emissionsò.   There also should be big changes in how land is used. 

Governmental policies need to include ñimproved access to markets, 

empowering women farmers, expanding access to agricultural services 

and strengthening land tenure security, and early warning systems for 

weather, crop yields, and seasonal climate events must also be 

established.ò  

 

ñPolitical stability, environmental quality, hunger, and poverty all have 

the same root. In the long run, the solution to each is restoring the most 

basic of all resources, the soil.ò  

 Rattan Lal 

 

With all this in mind letôs try to come up with estimates of what my 

exampleôs population (Africaôs future citizens) should eat and how much 

of its land would be required to provide it.   

Since vegetarian diets are much more efficient resource-wise than are 

those generally consumed by todayôs richer people, for simplicityôs sake, 

Iôll assume that by 2100 AD everyone will be consuming 2500 kcal/day 
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(1.05E+7 J), most of which is provided by two especially productive 

crops raised upon the minimum amount of soil capable of providing 

yields currently achieved in the USA. 

A recent paper (Clark and Tillman 2017) discussing the amount of land 

(m
2
) required to produce protein with different crops, USDA reports 

(http://usda.mannlib.cornell.edu/... ) US crop yields/acre, and candidate 

food crop characteristics listed in WIKIPEDIA entries suggest that an 

efficient combination would comprise maize (corn) because itôs 

exceptionally productive, nutritious, and already widely 

produced/consumed/accepted in Africa plus some sort of pulse (legume) 

to complement its unbalanced mix of amino acids (not enough lysine - 

Lal 2017). Of the likely pulses, peanuts seem to make the most sense 

because they are a ñhot weatherò crop, taste considerably better, contain 

more fat/oil, also already widely produced/consumed/accepted in Africa, 

and almost equally important,  apparently would not extract as much 

phosphorous and potassium (key macronutrients) from its soil per food-

calorie as would the next runner-up crop, soybeans. 

Assuming zero waste, providing 2500 kcal/day of food for 4.5 billion 

people translates to 4.1E+15 kcal (1.72E+19 Joule (J)) worth of 

foodstuffs per year. If we also assume that 75% of their food calories are 

to be provided by maize, a bit of algebra (see APPENDIX XXX) will 

suggest that the total amount of land required to feed every African 

person circa 2100 AD adds up to 1.36E+8 hectare (ha), of which 

7.54E+7 ha would be devoted to maize and 6.04E+7 ha to peanuts 

That combination of foodstuffs would provide everyone with ~92 grams 

of ñcompleteò protein per day along with virtually everything else that 
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people need to first grow up and then remain healthy35. Africaôs folks 

would probably also want to (and should) devote perhaps an additional 

5-10% of similarly productive/managed land to raising the lower 

calorie/protein but tastier fruits, vegetables, and spices that render 

vegetarian diets far more palatable than most of the worldôs ñrichò 

people realize. Additionally, if Africaôs much more prosperous  future 

inhabitants were to decide that chicken should provide 20% of their food 

calories (500 kcal/day/person ï about fourteen times as much as they 

currently consume), similar calculations suggest that roughly 10% 

additional land would be required to raise the additional peanuts and 

maize required by those birds as well. The substitution of the 

purportedly equally nutritious/delicious cricket ñmeatò (Van Huis 2012) 

for chicken would require only about 5% more peanuts/corn/land than 

would a strictly vegetarian dietary. 

1.36E+8  ha is only about 40% more cropland than  the USA 

currently devotes to producing  the crops listed in Clark and 

Tillmanôs paper to support its  ~320 million people (~7 % of the 

number Iôve assumed herein in Africa circa 2100 AD). Thanks to 

artificial fertilizers, improved crop genetics, and pesticides, todayôs 

first world farmers  need ~68% less land to produce a given quantity 

of food than did their mid-20th century predecessors utilizing  that 

eraôs more ñnaturalò (aka more ñorganicò) farming practices. A team 

                                      

35
 Of course Iôm just doing semi-quantitative theorizing here because people typically waste 

about one third of their food which means that my calculations similarly underestimate the 

amounts of land, water, fertilizer, etc. needed to feed their descendants. Itôs probably also 

unreasonable to assume that the worldôs agricultural entrepreneurs would ever permit their 

elected representatives to eliminate todayôs lucrative bioalcohol, palm oil, and biodiesel 

subsidies.   
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of scientists led by Professor Andrew Balmford of Cambridge 

University recently showed that the best way for humanity to preserve 

the worldôs biodiversity would be to minimize the amount of land 

used to serve its own needs and thereby allow the set-aside 

(ñsparingò) of larger areas capable of supporting natural lifeforms; 

i.e.., the set aside of ñgoodò land, not already desertified land [Phalan 

2011]. Heading off todayôs galloping ñsixth extinctionò will require 

universal adoption of the Rodale Instiuteôs and a number of other  

groups  energy intensive ñregenerative organicò, farming, not the 

much less efficient traditional  ñorganicò farming.   

A FAO estimate (FAO 2002) of the area under ñmanaged water and 

land development in Africa totals some 12.6 million ha, equivalent to 

only 8 percent of its arable landò.  Since Africaôs total area is about 

30.3 million km
2
, this suggests that 1.58E+8 ha [12.6E+6 km

2
/100 

ha/km
2
/0.08 or 5.2%] of it is considered to be ñarableò.    Since my 

estimate of the absolute total area required to feed its 4.5 billion 

future inhabitants (1.36E+8  ha) represents only 87% of that figure,  

hopefully, they will  choose to continue to share some of their 

continentôs still-useful land with its iconic  suite of wild animals. 

 

2.2.2  The whys and costs of desalination 

Like wind and solar power, water is a renewable resource characterized 

by highly variable and limited ñcapacity ñ. Rainfall, temperature, 

evaporation, and runoff determine its total availability and human 

decisions determine who gets what.  Nearly every country in the world is 

experiencing water shortages during part of the year, and > 80 of them 

suffer from serious shortages. Most of the worldôs 37 major aquifers are 

being ñminedò at rates in excess of natural replenishement and some are 

are near exhaustion. Clean water resources per capita are declining 
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rapidly as human population increases, more water is used to raise 

cattle/pig/chicken feed, and climate change causes more and bigger 

droughts.  Pollution, erosion, runoff, and salinization associated with 

irrigation, plus habitually inefficient use of water, contribute to the 

decline in water resources. Allocation of increasingly scarce fresh water 

generates conflicts between and within countries (e.g., the ñArab 

Springòô), industries, and individual communities with the majority 

everywhere being consumed by agriculture. Water shortages are also 

severely reducing biodiversity in aquatic and terrestrial ecosystems 

(Pimentel et al. 1997). 

Africaôs anticipated 4.5 billion (?) future inhabitants wouldnôt be able to 

feed themselves with ~60% or even all of its arable land unless they 

become able to irrigate it
36

. Because irrigated land almost always 

produces higher yields than do rain fed farms and also permits double 

and sometimes even triple cropping in warmer regions, such lands 

provide around 40% percent of global cereal supply (FAO 2011a). 

Currently only ~4% percent of Africaôs cropland is irrigated due to 

prohibitive costs, insufficient water, and a general lack of commitment 

to infrastructure-related investment in things like power plants and the 

fuel needed to operate them. Consequently, itôs unlikely that this bookôs 

cornucopian future would be implemented by either the African people 

themselves or the institutions/businesses/people that have provided most 

of their ñaidò to date
37

.  However, letôs pretend that will somehow 

happen. 

                                      

36
 Irrigation is one of the key aspects of Professor Bourlagôs Green Revolution.  

37
 It really just boils down to human nature. Rich people usually have lots of options and choose 

the cheapest way to solve their problems whereas poor people without options have to live with 
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Pumping water onto approximately 10 percent of the worldôs total arable 

land (around 300 Mha) currently consumes around 0.225 EJ/yr. Another 

0.05 EJ/yr of indirect energy is devoted to the manufacture and delivery 

of irrigation equipment (Smil 2008). Around two-thirds of the water 

currently used for irrigation is drawn from underground aquifers. Energy 

intensive electricity-powered deep well pumping accounts for about 

two-thirds of that and projections suggest that it will become ~90% by 

2050 when shallow reserves are almost totally depleted. Current aquifer 

water extraction rates exceed recharge rates ï grossly so in many places. 

Additionally, global warming is simultaneously exacerbating droughts 

and melting the glaciers that feed the rivers providing much of the 

worldôs cheap-to-deliver irrigation water. Global warming has caused 

Mount Kilimanjaroôs ñsnowsò to disappear along with most of those 

within the USAôs Glacier National Park. Building more dams wonôt 

solve such problems because dams do not create water. Additionally, a 

comprehensive review of Nigeriaôs outside-funded dam projects 

(Tomlinson 2018) concluded that while they do make money for local 

promoters and the outsiders that fund/support them, they decrease net 

agricultural productivity by turning once-fertile downstream flood plains 

into deserts. In addition to killing wetland-dependent wildlife
38

, those 

                                                                                                                        

their problems even if doing so will prematurely kill them (who cares? - most poor people liveòin 

éthole countriesò and arenôt the right color anyway). Building enough desalination facilities and  

their power plants to ñsaveò the worldôs poor people will cost several $hundred billion & itôs 

pretty darn unlikely that todayôs venture capitalist dominated economic systems will ever do 

anything that doesnôt guarantee them and theirs a ñreasonableò return on investment. 

38
 Dams have almost totally destroyed salmon runs throughout most of the ñdevelopedò world 

including, of course, my current home state of Idaho.  Its trout streams have been similarly  

impacted by both too-warm water and the myriad tiny dams and extra diversions built to take 

advantage of the fact that low head hydropower is heavily subsidized.  Other things that have 

served to devastate its trout fishing include the now almost universal use of neonicotinoid 
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dams have served to lower not raise, the incomes of far more people 

than have benefitted. Most such dams also donôt generate nearly as 

much electrical power as ñpromisedò due to both  inadequate 

maintenance and low (water-limited) capacity factors. Finally, at best, 

dams represent a temporary fix for the problems that they are built to 

address because their reservoirs will eventually fill with mud. 

Water shortages plus the current cost of desalination ï primarily due to 

high energy costs ï has led some countries rich enough to do so (e.g., 

China) to reduce their own crop production and rely more heavily upon 

imported grains. As of 2011, China was both the world's largest 

producer and consumer of agricultural products. However, some 

agricultural experts are predicting that its agricultural output will shrink 

by 14% to 23% by 2050 due to water shortages and other impacts of 

climate change; since 2000 the depletion of its main aquifers has led to 

an overall decrease in grain production, turning China into a net 

importer. This trend is expected to accelerate as water shortages worsen.  

Despite its potential, desalination finds few customers because it is still 

cheaper to over-utilize rivers, lakes and aquifers, even as they are very 

much depleted (Watts 2011) 

This situation is unsustainable which means that Iôll next assume that 

about one half of the water irrigating Africaôs future farmlands (and 

much of the rest of the worldôs too) would be generated by desalinating 

seawater ï the Earthôs only truly inexhaustible/sustainable water source. 

Wikipediaôs description of Israelôs solution to its water issues (Israel 

                                                                                                                        

pesticides (Mason 2013) and refusal to enforce a law requiring irrigation canal companies to 

screen their headgates (Barker 2015).  
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2018), demonstrates how a properly managed and relatively ñrichò 

future could address its water woes. Israelôs ~8.5 million people are fed 

by ~1.045E+9 m
3
 of fresh water applied to its mostly-irrigated farmland 

(Jewish 2016). This suggests that the rest of the even more water-

stressed Middle Eastôs mostly-poor ~101 million people, including the 

majority of those living in Palestine, Iraq, Jordan, Lebanon, Oman, 

Syria, and Yemen (Demographics 2018), could be equally well 

supported by irrigating their potentially arable land (assuming all of it) 

with 1.24E+10 m
3
 of desalinated seawater. Assuming the ~3kWh/m

3
 

energy requirement (RO 2018) of todayôs most popular approach to 

desalination, reverse osmosis (RO), doing so would require an energy 

input of 1.34E+17 joules/a, which corresponds to the full-time output of 

~4.2 one-GWe nuclear reactors
39

. The volume of water corresponding to 

adding 0.51 meter (20ò) of it over 1.38E+8 ha of African farmland is 

7.01E+11 m
3
, which, if generated via RO, would require the full-time 

output of ~240 full -sized nuclear reactors (7.51E+18 Je/a). In principle 

at least, Siemenôs electro dialysis-based desalination technology would 

require only about one-half that number of reactors and is also less apt to 

become fouled by seawaterôs other-than-salt impurities (Hussain & 

Abolaban 2014). 

To continue, Africaôs average elevation is about 600 m (2,000 feet) 

above sea level, roughly the same as that of both North and South 

                                      

3939
 In many cases itôs apt to be sensible to interface thermal desalination (e.g., multistage flash 

(MSF) distillation) with RO (Al-Mutaz 2003).   The reason for this is that any sort of heat-to-

electricity conversion system that the reactor might power will require a cooling system for its 

working fluid (e.g., water or  carbon dioxide).Instead of being wasted as is generally the case 

now, the heat picked up by that coolant could ñfuelò MSF  desalination.  Hybrid RO MSF 

desalination would combine the high desalting performance of distillation with the lower totalr 

energy requirement of membrane-based  processes.    
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America. Assuming that all of Africaôs desalinated irrigation water 

would have to be pumped uphill that far, the energy needed to do so 

would be 4.12E+18 joules [7.07E+11m
3
*1000 kg/m

3
* 600 m*9.8 m/s] 

requiring another 131 full -sized power plants. 

How much would Africaôs desalination equipment cost? The contractual 

cost of the worldôs (Saudi Arabiaôs) biggest (~one million m
3
/day), RO-

based desalination plant is $1.89 billion (Desalination 2018). 

Collectively, these numbers suggest that building enough RO plants to 

irrigate Africaôs future farmlands would require a one-time capital 

expenditure of $3.63 trillion ] ï under 15% of the USAôs current national 

debt. Similarly addressing Californiaôs Central Valleyôs chronic 

irrigation water problems should cost only about $40 billion. 

As mentioned earlier, the Western Worldôs recent Middle East military 

incursions will probably end up costing its citizens ~thirty times more 

($4-6 trill ion) than it would to have built enough nuclear powered 

desalination plants to provide sufficient fresh water for everyone living 

there and thereby address a root cause of their almost perpetual turmoil. 

For example,  a recent paper in the Proceedings of the (US) National 

Academy of Sciences (Kelly et al, 2014 ) points out that the chief driver 

for  todayôs Syrian conflict/diaspora is the unrest/poverty generated by 

relentlessly worsening  droughts and a mined-out aquifer, not the desire 

for ñregime changeò. 

Another plus for desalination is that its product does not add additional 

salts to soil and is also better at remediating already over-salinized soils 

than is ground water. A final plus is that because it doesnôt already 

contain near-equilibrium levels of calcium, magnesium, 

carbonate/bicarbonate, silica, etc., it is a better rock solvent (more 

corrosive) than is ground water. The next section will reveal why that is 

important. 
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2.2.3 Fertilizers  

 

Another reason that the productivity of Africaôs farmlands is 

considerably lower (typically~ one third) than that of more developed 

regions is that relatively little fertilizer is used. The three most important 

components of fertilizers (macronutrients) include nitrogen in either its 

negative three (ammonia-type) or positive five (nitrate-type) oxidation 

states, potassium (invariably in its plus one oxidation state), and 

phosphorous (invariably in its plus five oxidation state). Nitrogen 

fertilizer production currently accounts for about one half of the fossil 

fuel (mostly natural gas) used in primary food production. 

 

2.3.3.1 Nitrogen and the cost of fixing enough of it  

 

Weôll start with nitrogen. US farmers hoping to produce 13.1 t/ha (200 

bu/acre) of maize (corn grain) are advised to add ~ 258 kg of N/ha (PSU 

2005). Since peanuts (a legume), can recover/fix its own nitrogen from 

air, much less nitrogenous fertilizer would be needed for its cultivation ï 

letôs say 50 kg N/ha. Assuming those application rates, fertilizing 

Africaôs future crop land would require ~ 2.9E+7 tonnes of ammonia 

each year (one kg N å 1.21 kg of ammonia) An up to date estimate 

(Thyssenkrupps 2019) of energy costs concludes that each tonne of 

ammonia made with electrochemically-generated hydrogen, pressure 

swing-generated atmospheric nitrogen, and conventional Haber Bosch 
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processing equipment would require about 10 MWhôs [10*3.6E+9 J] 

worth of electricity
40

. That, in turn, suggests that satisfying this 

scenarioôs nitrogenous fertilizer requirement would require the full-time 

output of ~29 one-GWe power plants. 

Universal adoption of the Rodaleôs Instituteôs approach to ñorganic 

farmingò (see section 3.1) would greatly lessen the worldôs ñartificialò 

nitrogenous fertilizer requirement. 

2.3.3.2 The reasons that  powdered basalt  should supply the 

necessary phosphorous and potassium   

Sinceé 

¶ Much of Africaôs (and the rest of  the worldôs) farmland has 

already lost a great deal of its topsoil via erosion,· 

¶ Much of its remaining topsoil is mineral-depleted,· 

¶ Basic (mafic) rock-weathering is how Mother Nature limits the 

Earthôs atmospheric CO2 concentration (Figure 6   The Earthôs 

carbon cycle (commons Wikipedia.com)6) via ñmineralizationò, 

¶ Basaltic rocks are both intrinsically basic (contain a good deal of 

magnesium and calcium) and relatively rapidly weathered by the 

natural phenomena extant in cultivated soils (Moulton 2000), 

¶ Most of the Earthôs crust consists of basaltic rock, a good deal of 

which is either on or close to the surface of its continents, 

¶ Basaltic rocks contain relatively high concentrations of 

potassium and phosphorous along with all of the other 

biologically important elements. This is why soils comprised 

                                      

40
 Roughly 50% of all ammonia is currently combined with CO2 to make urea. That CO2 is re-

emitted to the atmosphere when the urea is applied to soils.  
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primarily of weathered volcanic ash most of which originally 

consisted of molten basalt are exceptionally productive (Beerling 

2018)
41

, 

éweôll next assume that the phosphorous and potassium required to 

produce Africaôs circa 2100 AD food crops will be provided by 

amending its farmland with powdered basalt. In order to be effective, 

any such amendment must weather rapidly enough to release sufficient 

potassium and phosphorous to support high-yield 

 

Figure 6   The Earthôs carbon cycle (commons Wikipedia.com) 

agriculture which, in turn, means that the raw crushed silicate rock 

surfaces must be ñfreshò (not already equilibrated with the atmosphere 

                                      

41
 The use of rock powders for soil fertilization was initially proposed by Julius Hensel in 1894 

in his book ñBread from Stonesò, where he outlined the benefits of the use of ground rock in 

agriculture, often now characterized as ñstone meal soil remineralizationò. Forgotten over 

decades, the use of stone meal in agriculture has been increasing and several studies evaluating 

different ways of doing it have been published.   
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and thereby covered/blocked with secondary phases), ground to a 

considerably smaller particle size than is the quarry waste-type soil 

amendment rock powder currently being marketed to hobby farmers, 

and also mixed with root-zone topsoil, not just dumped upon the surface 

of the ground (Campbell 2009 and Priyono/Gilkes 2004). Based upon 

the rather limited amount of scientifically planned/supervised 

experimentation described in the open-access (not pay walled) technical 

literature, Iôm next going to assume that this would require grinding it so 

that the particles comprising >80% of it possess diameters <10 microns. 

Since rock grinding is highly energy intensive ï much more so than is 

simply recovering it from a quarry rock outcrop or waste dump ï the 

cost estimate for this part of my what-if will be based upon that stepôs 

energy demand plus the resulting powderôs transport and distribution 

costs. 

First, how much powdered rock must be made? The food stuff P and K 

concentrations, land areas, and crop yield figures in the papers 

referenced earlier  suggest that the food consumed each year by Africaôs 

4.5 billion future inhabitants would contain 2.64E+9 kg of potassium 

and 2.05E+9 kg of phosphorous. Assuming (wrongly I hope, but 

consistent with the way that things usually happen) that neither nutrient 

is subsequently recycled back to the soil (composted night soils?), both 

must be replaced each year via basalt weathering. The compositions of 

flood basalts vary considerably but since all originate from the Earthôs 

fairly well mixed underlying magma, for the following estimates Iôm 

going to assume a composition with which Iôm familiar (Leeman 1982 

and Siemer 2019) ï that of the basalt comprising Idahoôs ñCraters of the 

Moonò National Monument and covering much of the rest of Idahoôs 

Snake River Plain. It contains an average of 0.61 wt% K2O and 0.55 

wt% P2O5 which translates to requiring 5.21E+8 tonnes of it per year to 

provide my African scenarioôs potassium and 8.69E+8 Mg to supply its 
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phosphorous. Since phosphorous happens to be the limiting nutrient in 

this case, at steady-state, weôd be adding 8.95 tonnes [8.69E+8/9.71E+7] 

of powdered basalt/ha/a. 

A review of rock grinding technologies (Jankovic 2003) suggests that 

producing one Mg of <10 micron basalt powder would require about 

100 kWhôs worth of electricity. If so, making 8.69E+8 tonnes of it 

would require 3.13E+17 J, which if done throughout one year would 

require the full-time output of 13.9 one-GWe nuclear reactors. 

If that powder were to be transported an average of 1930 km (1200 

miles) from mine-to-farm via an electrified rail system as energy-

efficient as that currently used to move US coal (185 km/L diesel 

fuel/short ton), its energy cost would be about 6.80+16 J (assumes 

1.1 Mg/short ton, 33% heat-to-mechanical engine efficiency and 

44.5 MJ/kg diesel fuel with a SpG of 0.85). Doubling that figure to 

account for fuel consumed by trucks and tractors at rail heads, brings the 

total to 2.92E+17 joules/a, which corresponds to an annual 

transportation/distribution energy demand that would require another 9.4 

one-GWe nuclear reactors to satisfy. 

An application rate of 8.95 tonnes/ha/a is not ñlargeò because it 

represents only about 0.5% of the mineral matter already within a six 

inch deep (typical annual crop root zone) layer of normal 

density/composition topsoil and also considerably less than what 

conventional tillage-based farming practices often lose per year via 

wind/water erosion (typically ~30 t/ha/a - Pimental 2009). 

Consequently, since this scenarioôs rock grinding/distribution costs are 

much lower than its irrigation water and nitrogenous fertilizer costs, it 

would be a good idea to at least start out with considerably larger 

powdered rock application rates, perhaps 40-50 tonnes/ha. Doing so 
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would also reduce the chances of crop ñstarvingò due to slower-than-

Iôve assumed rock weathering rates. 

The 419 [240+131+29+9.9+9.4] GWeôs worth of ñcleanò power plants 

required to implement the agricultural aspects of the above-described 

African scenarioôs clean/green utopian future is about the same amount 

of power currently generated by all of the worldôs civilian reactors and 

~three times greater than all of Africa currently produces in any fashion 

(about 650 TWh, see Energy in Africa 2018). However, it represents 

only ~4% of the total energy services required by this exerciseôs  4.5 

billion EU-rich future inhabitants. 

All of the necessarily huge machinery and manufacturing facilities 

required to implement this bookôs or any other technological fix capable 

of ñsaving the worldò would be much cheaper to build and operate far 

efficiently with reliable power than with that provided by intermittent 

sources
42
. While it would indeed be ñpossibleò to run 

desalination/ammonia plants,aluminum smelters (see APPENDIX 

XXVIII) ,  rock crushers, tractors (see APPENDIX XXX), locomotives, 

etc., with windmills and/or solar panels, doing so would be expensive, 

dangerous, and frustratingly unproductive to both such machineryôs 

owner-operators and their customers. It would also require 1/CF times as 

much machinery to do the job at the same rate that a CF å 1.0, molten 

salt reactor (MSR)-powered world could: typically ~3 times as much 

machinery for wind and 4ï10x as much for solar-sourced power.  

Again, intermittent power supplies are suitable for some niche 

applications (e.g., charging a terroristôs cell phone), not for powering a 

                                      

42
 see APPENDIX  XXII 
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technological civilization (Brook 2018).  Thatôs why todayôs farm 

tractors, locomotives, container ships, cruise liners, air liners, etc. are 

fossil-fueled, not wind or solar powered.  

Also again, the above-derived ball park numbers are just approximations 

because the rate and degree to which powdered basalt would release its 

constituents (weather) under field conditions is affected by a host of 

factors/variables. A nutrient-specific discussion of some of them may be 

found in a FAO report describing the use of raw phosphate rock as 

fertilizer (Zapata and Roy 2004). Thankfully, this subject is beginning to 

receive a good deal of attention (Taylor 2017) and some hopefully 

realistic experimental studies have begun (Beerling 2018).   

 Of course thereôs more to implementing genuinely sustainable 

agriculture than just doing what Iôve suggested so far. Soil conservation 

invokes three guiding principles:  don't till the soil more than absolutely 

necessary, keep it covered, and keep its crops diverse. Reduced tillage 

preserves pathways forged by the roots of preexisting plants, insects, and 

earthworms. Those pathways comprise porosity which allows the ground 

to store water for use in dry times and soak it up more effectively during 

floods. Cover crops, like alfalfa, rye, clover, and sorghum, keep the soil 

loose after the cash crop has been harvested and suppress weeds. When 

they become part of the soil during its preparation for planting crops like 

corn, wheat, rice and peanuts, they increase soil moisture and enhance 

yields. Since they keep the field's soil covered and preserve its porosity, 

cover crops also reduce its chances of being blown away by wind or 

carried off by sudden flooding due to heavy rainfall. Planting diversely 

prevents the nutrient drain occurring when the same crops are grown 

season after season. Rotating through different plant varieties acts rather 

like a multivitamin, adding a variety of nutrients to the soil over time. 

When necessary, drought-resistant crops (e.g., cowpeas instead of 
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peanuts) could save water and use that which is present more efficiently. 

Soils would also be conserved by diversifying portfolios. Farmers might 

plant several kinds of crops in one area and keep livestock on another so 

that extreme weather shifts would not put their entire enterprise at risk. 

Recycling consumed K & P back to such soils in the form of composted 

human & domesticated animal waste would also greatly reduce their 

powdered rock requirements. If all of these ñgood practicesò were to be 

implemented, high tech/high yield farming would require considerably 

less energy than my numeric examples have suggested.  

2.3 The reasons why politically  correct renewables 

ÃÏÕÌÄÎȭÔ ȰÓÁÖÅ ÔÈÅ ×ÏÒÌÄȱ 

First, letôs define what ñrenewableò means.  According to the dictionary, 

renewable electricity is generated by a source that is either naturally 

replenished or inexhaustible.   As this book will firmly establish, todayôs 

civilian nuclear fuel cycle is neither sustainable nor renewable. It will 

also prove that one based upon breeder reactors coupled to fuel 

cleanup/recycling (aka reprocessing) systems would be renewable.  

Assuming that ñenergy servicesò means electricity (reasonable because 

most of its applications are nearly 100% efficient) and that no 

worldwide, zero loss (magic) power grid has been built, generating 

Africaôs share of the futureôs total energy/power supply would require 

about 12,000 [30*4.5/11.2*1012/109] full-sized (~one GWe) 

ñrenewableò nuclear power plants generating an average output power of 

~9 TWe [4.5E+9*2 kW]. 

The following example demonstrates why todayôs politically correct 

renewable energy sources could not meet that demand. 



 

83 

 

First, letôs see how many of todayôs purportedly ñcheapò, roof top-type, 

solar panels would be required to produce future-Africaôs 9 TWeôs worth 

of useful energy. At Home Depot (Dec. 2018) one can purchase four, 

real, state of the art (19% efficient), 265 watt-rated, 1.61 m
3
 (39ò by 65ò) 

solar panels for $1412. If they were to be employed in Nigeria, which 

purportedly exhibits an average solar irradiance of 5.5 kWh/m
2
/day 

(Ojuso 1990), each of those panels could theoretically generate a yearly-

averaged power of 70.1 Watts [1.61*0.19*5500*3600/(24*3600) ] 

which means that their annual ñcapacity factorò (CF) when so-situated 

would be 26.4% [70.1/265]. That CF is  about four times greater than if 

the same panels were to be installed in northern Europe and ~50% 

greater than that anticipated by South Africaôs energy experts circa 2050 

(Table 3).  

Anyway, a CF of 26.4 % suggests that powering Africaôs 4.5 billion 

future citizens with them would require 128 billion [9000E+9/70.1] such 

panels costing about $45 trillion 2018 dollars. Since solar power is 

ineluctably intermittent (unreliable), they would also have to buy enough 

batteries (or something) to keep things running during the roughly 

73.6% [100-26.4] of the time that their solar panels would not be 

producing much. How many batteries would that be? Assuming that 

Africaôs future inhabitants decide that they could get by with just one 

dayôs-worth of energy storage (thatôs not conservative- widespread 

cloudy and windless periods often last longer than one day) they would 

have to build/buy about 216 billion kWhôs worth of storage capacity 

[2000 J/s*4.5E+9*3600 s/hr*24 hr/day/3.6 E6 J/kWh = 2.16E+11 kWh], 

which, if implemented with Tesla's equally real and state-of-the-art 13.5 

kWh, ~$7000, lithium ion battery-based  "Power Walls", would cost 

today's subsistence farmersô hopefully much more prosperous 

descendants another $100 trillion [$7000/13 kWh*200E+9 kWh/3.6E+6 
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J/kWh] 2018 dollars to purchase the first time around (& donôt forget 

that lithium ion batteries only last for a few years)
43

.  

It only takes a few days to weeks for people to starve or freeze to death 

which means that decisions based upon yearly-averaged renewable 

energy resource data (annual CF * nameplate capacity) arenôt 

sufficiently conservative. 

For this sort of application Li ion batteries donôt scale for several 

ñtechnicalò reasons one of which has to do with their most expensive 

major component, cobalt. 

When a Li ion battery charges/discharges, the cobalt within its cathode 

shifts back and forth between its tri and quadrivalent oxidation states. 

Since é 

¶ a lithium ion batteryôs voltage averages about 3.5 V 

¶ one equivalent ós worth of charge is  96500 coulombs (one 

Faraday), and 

¶  cobaltôs equivalent weight for this reaction is 58.9 grams 

éone kWhôs worth of storage would require an absolute minimum of 

628  grams [3.6E+6/96500*58.9/3.5 ]  of cobalt.   One dayôs worth of 9 

TW power storage adds up to 1.58E+11 kWh which translates to a 

cobalt requirement of 1.35E+11 kg. Last yearôs (2018) total world cobalt 

                                      

43
 As far as economy of scale is concerned, in 2017 Tesla built the then world's largest utility 

backup battery (129 MWh) in South Australia for $50 million. Assuming those figures 

($387/kWh)  the purchase cost of this exampleôs single day's worth of energy storage would be 

ñonlyò $184 trillion. 
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production was about 1.5E+8 kg or just 0.11% of this particular ñwhat 

ifôsò requirement for that battery component. 

The situation is equally bleak if we consider their lithium instead.  A 

state of the art, 2Ah 18650 Li-ion battery contains about 0.6 grams of 

lithium 

(http://batteryuniversity.com/learn/archive/is_lithium_ion_the_ideal_battery ).   

That works out to about 86 grams of lithium/kWh 

[0.6*3.6E+6/(3.5*2*3600) = 85.7]. Scaling that up to 216 billion kWh 

translates to 18.5 million tonnes of lithium - about 394 yearsô worth of 

the worldôs current total production/demand (~47,000 tonnes/year)
44

.  

Sovacool et alôs Jan 3, 2020 Science paper lays out the near-

impossibility of mining enough ñtechnical metals to reach a 100% 

renewable objective by 2050. Envision 7100 GW of solar panels!  Not 

surprising to me anyway, that paperôs authors donôt mention the 

possibility of a renewable nuclear alternative to their customersô 

paradigm (Sovacool 2020).  

Real-world windmills exhibit similar capacity factors to that 

assumed/calculated  above  meaning that if they were to be used instead 

of solar panels, a similar amount of energy storage capacity or some 

other sort of ñcleanò backup power would be necessary. Natural gas ï 

                                      

44
 At the moment,   an all-solid-state battery concept featuring a lithium metal anode appears to 

be a andidate for surpassing conventional lithium-ion battery capabilities (Lee et al 2020).   lt 

features a sulfide ïbased electrolyte (e.g., Li 9.54Si1.74P1.44S11.7Cl0. 3) enabled by a  silver 

sulfide  elemental ïC composite anode with no excess Li that supposedly can  prevent Li 

dendrite formation  and therefore lead to genuinely long electrochemical recyclability   (Lee  et 

al., 2020) . However,  it would still suffer from the same component (Li & Co) availability  

limitations of its  already real Li ïion  battery cousins along with the fact that silver is an even 

more precious (rare) metal . 

http://batteryuniversity.com/learn/archive/is_lithium_ion_the_ideal_battery
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todayôs primary enabler of todayôs heavily subsidized and therefore  

burgeoning  wind and solar power ñcapacityò growthï will probably be 

prohibitively expensive by then because all of the ñcheapò natural gas 

will have already been discovered/fracked/consumed. Leaving it in the 

ground along with most of the worldôs remaining coal and oil would be 

an excellent idea because burning them would otherwise add to the 

already excessive amounts of anthropogenic greenhouse gases (GHGs) 

responsible for climate change ï coal as CO2 and methane both as-is
45

 

and after itôs been oxidized to CO2. 

The above-derived numbers are actually somewhat optimistic because 

Africa is a better site for todayôs most popular ñnewò renewable energy 

sources than is most of the already-developed world.  For example, by 

2014 European Union countries had invested approximately ú1.1 trillion 

(about 1.4 $trillion) in large scale renewable energy installations ï 

mostly wind turbines and solar panels. That money provided a nominal 

nameplate electrical generating capacity of about 216 Gigawatts, 

nominally ~22% of total current European energy demand (~1000 

Gigawatts). Data supplied by Europeôs Renewables Industry indicate 

that its total output throughout 2014 averaged 38 Gigawatts (~3.8% of 

Europeôs current electricity demand) at a combined mean capacity factor 

                                      

45
 While carbon dioxide is typically painted as the bad boy of greenhouse gases, methane is an 

initially ~100 times more potent heat-trapping gas and several percent of that now being fracked 

leaks directly into the atmosphere (Alvarez 2012).  Any gaseous substanceôs mass-wise Global 

Warming Potential (GWP) relative to CO2 depends on the timespan over which that potential is 

calculated. A short half-life gas which is quickly removed from the atmosphere may initially 

have a large effect, but over longer time periods, become less important. Thus methaneôs GWP 

over 100 years is about 34 but 86 over the first 20 years (see APPENDIX  XXI). Agricultureôs 

contribution to anthropogenic GHG emissions (~9%) is primarily due to methane (cow 

farts/burps, rice fields, etc.), not the CO2 emitted by farm machinery engines.  
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of ~18%. When adjusted for that factor, the capital cost of Europeôs 

wind/solar energy installations was ú29 billion/GWe -  about 30 times 

that of its conventional gas-fired electricity generation facilities and 3 to 

10 times greater than GEN III nuclear power plants.  

Since the output of most renewable energy plants depends upon the 

season, local weather conditions and what time of day it is, their 

contribution to the electricity grid is erratic, intermittent, and non-

dispatchable. This means that they often canôt contribute supply when 

itôs needed, thereby rendering them useless (decorative?) much of the 

time. On the other hand, rules mandating use/priority of renewable 

electricity cause major grid disruptions when their output suddenly rises 

because dispatchable thermal (fossil fuel and nuclear) power plants must 

then be cut back to a zero-efficiency ñidlingò state so that mandated 

more politically correct  source(s) can  satisfy demand.  Consequently, 

despite virtually zero fuel costs, according to US EIA renewable energy 

installations data can still cost up to 1.5 ï 2.5 times as much to operate 

and maintain as do conventional gas fired power plants. 

The western worldôs governments have gotten into the business of 

ópicking winnersô. Unfortunately, losers are good at picking 

governments, and inevitably ï as in most such situations ï the results 

end up being determined by lobbying to the general detriment of its 

residential and industrial customers.ò 

Our leaders have fallen into the error of thinking of their nations as 

businesss. That serves the interests of producers rather than those of   

consumers (citizens) that they were elected to represent. Businesses are 

command economies which is why their managers generally do not 

make good politicians.    Populations and the nation states theyôve 

created to represent their common interests are volunary collaborations,  

not businesses. Todayôs ñclimate crisisò  as with any other  provides  a 



 

88 

 

pretext for the creation of a overly bureaucratic command economy 

thatôs apt to fail to address that problem .  If we donôt pay more attention 

to doing things correctly we will not only become economically  

uncompetitive, but also, like most of the other such economies in the 

past,  (e.g., Cuba, North Korea, and the Soviet Unito ) both poor and 

ñdirtyò 
46

(Ridley 2020). 

Chapter 3.   A ÓÕÓÔÁÉÎÁÂÌÅ ÎÕÃÌÅÁÒ ÒÅÎÁÉÓÓÁÎÃÅȭÓ 

oÔÈÅÒ Ȱkiller appsȱ 

An appropriately-scaled sustainable nuclear renaissance would enable us 

to do several good things that wouldnôt be possible otherwise.  

3.1 Atmospheric carbon sequestration 

Letôs begin this subsection with another especially relevant ball park 

calculation: 

Wikipedia entries indicate that our climate modeling experts have 

concluded that the effect of doubling the atmosphereôs CO2 

concentration corresponds to a forcing factor of ~3.7 Watts/m
2
 at the 

earthôs surface.  

Thereôs also a consensus that mankind has dumped about 580 Gt (or Pg) 

of carbon into the atmosphere since the beginning of the industrial age 

and also that doubling its concentration from its pre industrial age level 

(~280 ppm) is apt to cause a mean global temperature rise of from 1.5 to 

                                      

46
 China has been a mixed, not command, economy since circa 1980 ( features both communistic 

and capitalistic elements)  
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4.5 Centigrade degrees ï for the purpose of this example, letôs say 3 

Centigrade degrees/atmospheric CO2 doubling.  (The data plotted in Fig 

7 supports that figure.) 

If we assume that that carbon was all derived from burning petroleum 

(CH2)x, thatôs about 677 Gt [580*14/12] tonnes of it. 

At ~43MJ/kg, the useful heat energy we got by burning it comes to 

~2.84E+22 Joules.   

 

Figure 7 Atmospheric CO2 concentration (parts per million  by volume, NOAA) and Global 

Temperature Anomaly (C GISS) from 1964 to 2008 

Todayôs ~410 ppm atmospheric CO2 concentration corresponds to ~46% 

of a doubling of the worldôs pre-industrial, ~280 ppm level. 

Since the Earthôs surface area is about 5.2E+14 m
2
, that figure 

corresponds to an anthropogenic carbon (global warming) heat input rate 

of 7.17E+14 W [0.46*3.7*5.2E+14].  

The point of this little exercise was to show that a fossil fuelôs ñbadò 

energy effects (global warming) likely exceeds its ñgoodò energy effects 
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(the reason that it was burned in the first place) within about one year 

[8.85E+14J*3.15E+7 s/a/2.84E+22J = 0.98]. Whatôs worse is the fact 

that its bad effects are likely to continue for at least another ~50 years 

(the ñhalf-lifeò of CO2 in the atmosphere). 

 

The energy generated building and using nuclear power plants releases 

relatively little GHG/J ï considerably less than of either wind turbines or 

solar panels (Figure 8). The futureôs more compact & thermally efficient 

reactors would generate even less. 

 

 
Figure 8 Greenhouse gas emissions of various energy sources (a more up-to-date but too 

ñfuzzyò to reproduce such figure along with its literature citations may be seen on p. 35 of  

https://www-pub.iaea.org/MTCD/Publications/PDF/CCNAP-2018_web.pdf) 

 

The speediest large scale reduction in anthropogenic greenhouse gas 

pollution occurred in France during the 1970s and ó80s, when the  1973 

OPEC oil crisis drove it to switch from from fossil fuels to nuclear 

fission for electricity generation loweringreenhouse emissions by 
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roughly 2 percent per year (APPENDIX XXIII  describes more of what 

happened there).  
 

Figure 9  Lifecycle GHG emissions inluding "back up" & leakage 

(natural gas) effects GHG to other power sources taking into account the 

fact that their ñcapacitiesò are invariably backed up by fossil fuel-

burning.   GHG emissions attributed to nuclear power have to do with 

the fossil fuels consumed in first building and then ñfeedingò them in the 

fashion that it is done today.  

 

 
 
Figure 9  Lifecycle GHG emissions inluding "back up" & leakage (natural gas) effects 
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According to James Hansen et al,   (Hansen 2013) the task facing the 

entire world today is more difficult because ñemissions reduction of 

6%/year plus 100 GtC storage in the biosphere and soils are needed to 

get CO2 back to 350 ppm, the approximate requirement for restoring the 

planetôs energy balance and stabilizing climate this centuryò. His 

colleague & coauthor, Jeffrey Sachs, director of the Earth Institute at 

Columbia University says that, "On a global scale, it's hard to see how 

we could conceivably accomplish this without nuclear". 

 

It has  been known for almost two centuries now that the ultimate sink 

for the atmosphereôs  carbon dioxide is basaltic crustal rock which, when 

exposed to atmospheric CO2 and moisture, eventually weathers to form 

the oxides, clays, feldspathoids, and carbonate minerals that make up 

much of the inorganic components of soils (Ebelman 1845).  The Earthôs 

soils currently contain more than three times as much carbon as does its  

atmosphere (Kramer 2017), yet their potential for deliberately reducing 

atmospheric carbon-dioxide(CDR) and thereby mitigating global 

warming, although much studied, is not being exercised (Beerling 2018). 

When completely weathered by the mechanisms collectively responsible 

for doing it in soils, each gram of my exampleôs basis basalt (10.06 wt% 

CaO and 7.65 wt% MgO) would release 7.35 milliequivalents 

[0.1006*2/(40+16)+0.0765*2/(24.32+16)] worth of base. If we assume 

that that base converts acidic soil-gas CO2 which  would otherwise 

transpire (to the atmosphere
47

) to bicarbonate anions (Hartmann 2013), 

                                      

47
 This phenomenon is termed ñrespirationò. It does not necessarily represent a net transfer of 

carbon from soil to the atmosphere because at equilibrium it is offset by vegetative carbon input 

to the soil. It is biologically driven (plants suck atmospheric CO2 down into the soil) and 

currently releases about eight times as much CO2 to the atmosphere as does mankindôs fuel  

burning (Carey 2016). However, that cycle is currently not at equilibrium and is soon apt to be 
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the application/weathering of 8.95 t/ha of such basalt over 9.71E+7 ha of 

African farmland would remove/sequester 0.076 Pg (76 million tonnes) 

of carbon. That sounds like a lot of ñsequestrationò but represents only ~ 

0.009% of that currently in the atmosphere (~ 3300 Gt CO2). 

If atmospheric carbon sequestration is to become one of future 

mankindôs primary goals, another way to go about doing it would be to 

collect/convert my African exampleôs corn stover 48 and peanut 

hulls/stems (their leaves would probably end up on the ground) to 

ñbiocharò. Assuming that scenarioôs crops, this translates to converting 

about ~11.6 tonnes of biomass to ~3.1 tonnes of biochar and 5 tonnes of 

bio oil per ha (Extension 2002 and Fortress 2011). Because biochar is 

~70% elemental carbon, burying it would simultaneously increase 

Africaôs soilôs organic carbon (SOC) and sequester atmospheric carbon 

at the rate of ~0.25 Pg (250 million tonnes) per year. Another reason for 

ñbiocharingò some
49

 of  the futureôs agricultural residues would be that 

                                                                                                                        

less so due to more ñland use changesò  combined with the effects of global warming, especially 

within the Arctic, Central Africa, and  the Amazon. Consequently, many climate scientists 

believe that a catastrophic ñtipping pointò is imminent.  

48
 Stover is above-ground, not grain or roots, crop matter - thereôs generally about as much of it 

as grain and approximately 80% of it can be readily collected. 

49
 There are huge efforts under way to discover more efficient ways of converting structural plant 

material (mostly cellulose) to motor fuels (primarily ethanol). It isnôt really commercially 

feasible yet but that could change in the future. One of the impending threats to agricultural 

sustainability is that if the conversion of plant structural material (not grain) to ethanol does 

become commercially viable, people will be tempted to use crop residues as an energy source, 

thus depriving the soil of necessary organic inputs. For example, extensive studies have 

concluded that most above-ground corn residue (2-5 tons/acre) should be returned to the soil to 

maintain its quality.  Consequently, we must be cautious when considering quantitative removal 

of crop residues as a routine practice. As the legendary soil scientist Hans Jenny put it, ñI am 

arguing against indiscriminate conversion of biomass and organic wastes to fuels. The humus 
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doing so should simultaneously produce more than enough carbon-

neutral ñoilò to fuel the machinery required to run the farms and thereby 

become a profitable side line for their owners. Figures in a recent report 

having to do with Nebraskaôs farm fuel costs suggest that todayôs high-

input corn farming requires about 70 US gallons of diesel fuel/ha/a 

(Agecon 2015). Five tonnes of bio oil purportedly has the energy content 

of ~37% that much No. 2 diesel oil (i.e., 2176 liters, 575 US gallons, or 

82 GJôs worth) and it should be possible to convert it to a diesel-type 

engine fuel (Cataluna 2013).  Consequently, in principle anyway, such 

farms would generate about seven times as much motor fuel as they 

consume.   

If everyone in the world circa 2100AD ïnot just its Africans - were to 

char their stover and fertilize fields with Snake River Plain basalt at the 

rate mentioned above, they would collectively sequester ~3 Gt CO2 per 

year. However, since the atmosphere already contains about 500 Gt of 

excess CO2 [(~412ppm-350ppm)/412ppm*3300 Gt =496] and will 

surely become further polluted before weôve  kicked our addiction to 

fossil fuels, it would probably take over two centuries for the futureôs 

farmers alone to reduce it to a ñsafeò (350 ppm) level via just those 

means. 

Universal adoption of the sustainable ñorganicò agriculture principles 

developed/tested by the Rodale Institute among others since circa 1980 

would be a quicker way to restore the atmosphere to a ñsafeò ( <350 

ppm CO2 ) condition. That instituteôs primary goal is/was to restore 

                                                                                                                        

capital, which is substantial, deserves being maintained because good soils are a national assetò 

(Jenny 1980). 
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agricultural soils (both their biota - insects, worms, microorganisms, 

fungi, etc.,   and total soil organic carbon (SOC) -aka ñhumusò levels) 

back to what they were before we began to farm them.  Those principles 

include minimal tillage, rotation through a wide range of product crops 

(e.g., not just the US corn beltôs habitual corn & soybean rotation),   and 

the planting of a variety of cover crops including legumes all of which 

are ñcrimpedò (killed & flattened) prior to product crop planting & left 

in place  ï not removed -  while the latter is being grown and harvested
50

 

.     

For instance, the amount of carbon ñsequesteredò in the uppermost 0.3 

meter of the worldôs soils is now ~670 billion tonnes (Lal 2018).  If we 

assume that one half of the Earthôs land surface (1.56E+14m
2
)  is soil 

possessing  a bulk density of 1.3 g/cc contains that SOC, its 

concentration therein  must be ~2.2 wt%.  The amount of excess carbon 

in the atmosphere (i.e., that over 350 ppm CO2) is now about 122 billion 

tonnes. This means that all we have to do is to adopt farming practices 

that will raise that soilôs SOC from 2.2 up to 2.6 wt%. Thatôs something 

that should be easy, cheap, and ñnaturalò for todays highly 

industrialialized especially sapient homos to accomplish.    

                                      

50
   This isnót just conventional ñno tillò farming.  The crimped cover crop (often a mix of plants) 

initially serves as mulch and thereby suppresses weed growth. When worms and bugs 

subsequently incorporate it into the soil, it then provides a natural fertilizer (esp. nitrogen), feeds 

beneficial soil organisms,   improves water retention, and restores SOC to natural levels. 

Rotation through a wider range of ñproductò crops discourages the establishment of crop-specific 

pests and root/foliar diseases. Ex US Vice President Gore compensates for the GHGs emitted by 

his jetting around the world to attend environmental conferences practicing regenerative organic 

farming on his own family farm. The majority of his fellow attendees donôt.  
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The rate at which the adoption of organic regenerative agriculture (no till 

plus cover crops) increases SOC is apparently on the order of 0.55 

tC/ha/year (Franzleubbers 2010).    Scaling that up to the entire worldôs 

~1.6 billion ha of cropland, translates to 0.88 Gt of carbon sequestration 

per year.  

Other reasons for adopting this approach to ñorganic farmingò include 

equivalent or even higher crop yields, virtual elimination of both wind & 

water soil erosion, and much lessened herbicide, artificial nitrogenous 

fertilizer, and irrigation water requirements.  

Another reason for adopting it is that it would addresses the root causes 

of the ongoing mass extinctions of the insects serving as food for  much 

of the Earthôs other wildlife (especially birds and fish - see S§nchez-

Bayo 2019). Those causes in order of importance areé  

¶ habitat loss and conversion to intensive agriculture and 

urbanization 

¶  pollution, mainly that by synthetic pesticides and fertilizers 

¶ biological factors, including pathogens and introduced species 

¶ climate change.  

The last factor is particularly important in tropical regions, but affects a 

minority of species in colder climes and the mountainous settings of 

temperate zones.  

Of course since the potassium, phosphorous, and trace minerals in such 

soils would eventually become depleted, it would still be necessary to 

replace them with some combination of recycled ñnight soilsò 

(manures), artificial fertilizers, and/or powdered basalt (ñnatural 

fertilizerò).  

3.2 Oceanic acidification mitigation  
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A ñnuclear clean new dealò could address another environmental 

consequence of fossil fuel burning.  

The Earthôs oceans have become an especially tragic ñcommonsò with 

respect to the effects of the excessive atmospheric CO2 causing global 

warming-driven oxygen loss and acidification (Orr 2005) - see 

APPENDIX XX. Acidification is currently killing a host of pelagic 

creatures with aragonite (calcium carbonate) skeletons/shells which are 

dependent upon oceanic chemistry (pH and temperature) remaining as it 

was while they were evolving. Such calcifying creatures constitute the 

Earthôs dominant natural CO2 sequestration mechanism, converting ~1 

billion tons of CO2 each year to oceanic sediments
51

 and limestone 

(coral reefs). Land plants and soils currently donôt accomplish that much 

sequestration because soils arenôt being fertilized with powdered basalt 

and todayôs industrialized farming usually depletes SOC.  Today, in 

many regions (e.g., China) soil microorganisms are still adding (via 

respiration) net GHG to the atmosphere via metabolism of the organic 

carbon within the small amounts of crop residues left in them. Our 

civilizationôs conversion of the Earthôs fossilized carbon to atmospheric 

CO2 is driving oceanic extinctions apt to eventually eliminate a host of 

animal species ranging from coccoliths to whales, and thusly about 15% 

of human food protein.  

A relatively inexpensive and practical way to address those effects 

would be to implement the suggestion proffered by Professor Schuiling 

                                      

51
 About 80% of the carbon stored in the geosphere is limestone and its derivatives formed from  

the calcium carbonate comprising the shells of deceased marine organisms. The remaining 20% 

is stored as kerogens/peat/oil/gas etc., formed via the sedimentation and subsequent burial of 

terrestrial organisms under elevated  heat and pressure (Berner 1999).  
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and his colleagues well over a decade ago (e.g., Schuiling & Krijgsman, 

2006): i.e., crush basalt, or maybe even better, dunite (itôs more basic
52

), 

into coarse,  sand-like, particles and scatter them along coast lines and 

shallow reefs. When so situated, particle grinding driven by natural 

wave action would greatly accelerate their weathering and thereby 

quickly relieve over-acidification while simultaneously rendering that 

water a better sink for atmospheric CO2.  

Another and probably more effective driver for implementing Dr. 

Schuiling et alôs proposal is that a global sand shortage has come to be 

because we humans  make brick and concrete out of it ï especially in 

and around Southeast Asiaôs burgeoning urban areas. Consequently, vast 

amounts of sand is being ñstolenò from beaches and river banks at the 

same time that rising sea levels and climate change-induced river 

flooding is increasingly threatening homes and businesses situated in 

such denuded areas. Thatôs apt to render artificial basalt/dunite sand 

valuable enough to tempt entrepreneurs to make/sell lots of it when the 

power required to do so becomes cheap enough.  

Saving especially valuable waterfront-situated homes, resorts, & hotels 

is apt to be at least as strong a motivator to most  people and their 

elected representatives as is making everyone equally energy ñrichò, 

rendering agriculture sustainable, or protecting any sort of commons (the 

Earthôs oceans).  

                                      

52
 Dunite is an ultramafic plutonic rock possessing a chemical composition (majors only) falling 

somewhere between pure forsterite (Mg2SiO4) and pure fayalite (Fe2SiO4). High magnesium 

dunite is about four times as basic as is typical flood basalt.  Itôs a better CO2 absorber but poorer 

fertilizer.  
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Other ways that this bookôs proposals would mitigate the Earthôs 

excessive atmospheric CO2 issues include the cement/concrete-related 

suggestions discussed in section 3.3. 

3.3 Nuclear powered transportation  

3.3.1 Requirements  

 

ñThe automobile is especially addictiveéit is a suit of armor with 200 

horses inside, big enough to make love in. It is not surprising that it is 

popular. It turns its driver into a knight with the mobility of an aristocrat 

and, perhaps,   some of his other vices.  The pedestrians and people that 

use public transportation are by comparison, peasants looking up with 

almost inevitable envy at the knights riding by in their mechanical 

steeds. Once having tasted the delights of a society in which almost 

anyone can (pretend to) be a knight, it is hard to go back to being a 

peasant.ò    Kenneth Boulding 

Many of the good things that the citizens of today's richer countries have 

come to take for granted depends upon a world-wide transportation 

system that will inevitably suffer from price shocks and shortages when 

petroleum finally peaks out and then declines. Petroleum still provides 

about 40% of the worldôs total primary energy supply, the largest share. 

Changes in its price and availability will have tremendous impact 

because todayôs alternatives donôt contribute much to the transportation 

sector.  Petroleum production will decline due to the same real world 

laws underlying almost everything else that we need/use that isnôt 

renewable.  It is often claimed that Hubbertôs ñpeak oilò concept  ï the 

fact that oil production via any means from any/all sources will reach a 

maximum level then decline, ï is only about geology. Instead, it is a 

consequence of geology, reservoir physics, economics, government 
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policies and politics. Their intrinsic limitations will eventually affect all 

human activities because neither economic incentives nor political will 

can break or even bend them. Several natural depletion mechanisms 

affect petroleum production.  Depletion-driven decline occurs during the 

primary recovery phase when decreasing reservoir pressure leads to 

reduced flow rates. This phenomenon is especially prevalent in fracked-

type oil and gas wells.  The secondary recovery phase involves water 

injection to maintain pressure but increasingly more water and less oil is 

recovered over time. Additional invested capital and technologies, e.g., 

CO2 injection, can enhance oil recovery in a tertiary recovery phase but 

it comes at a still higher cost. Itôs like squeezing water out of a soaked 

sponge ï easy to begin with but increasing effort is thereafter required 

for diminishing returns. Eventually, squeezing a sponge or oil basin 

harder isnôt worth the cost/effort and will inevitably cease. 

Another natural analogy is the relationship of predator to prey 

populations:  ñeasyò oil leads to increasing profits and therefore further 

investment in extraction capacity (easy mice means more kittens). The 

easiest (typically the largest) resource reservoirs are inexorably depleted 

ï slowly with ñconventionalò oil wells, quickly with fracked ones. 

Extraction costs in terms of both energy and monetary inputs rise as 

production moves to lower quality deposits. Eventually, investments 

canôt keep pace with rising costs, declining production from mature 

fields cannot be overcome and total production begins to fall. 

Additionally, regardless of capital availability or increasingly high 

prices, at some point, an oil well can no longer deliver net energy (most 

of the cats along with their kittens die). In 1982, U.S. petroleum 

geologist M. King Hubbert said: ñThere is a different and more 

fundamental cost independent of the monetary price: if oil is used as a 

source of energy, when the energy cost of recovering it exceeds its 
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energy content, production will cease no matter what the monetary price 

may be.ò 

LLNLôs 2017 energy flowchart (Figure 10) indicates that amount of 

fossil fuel consumed by the USAôs non-nuclear thermal power plants 

(22.45 quads worth [9.54+12.7+0.21]), is about 85% of that consumed 

by its transportation system ~100% of which is petroleum-based. The 

efficiency with which its electrical power plants convert their fuelsô heat 

energy to electricity is about 40% while its transportation system is only 

about 21% [5.91/28.10] efficient.  

 Consequently, ignoring other losses replacing the USAôs fossil fuel 

powered transportation system with one powered with electricity 

generated by 40% efficient thermal-to-electric nuclear power plants 

would require 7.76 [5.91*21/40/0.4] quads of heat. Thatôs almost exactly 

the same as currently generated by its ~100 civilian LWR fleet (8.42 

heat-type quads).  At 3.2E-11J/fission, doing this would require the 

fissioning of 96 tonnes of uranium per annum (a 5.5 ft./side. cube if 

metallic) which reaction would generate ~96 tonnes of fission product 

radwaste. 
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Figure 10    LLNLôs 2017 US energy Sanky diagram 

 

3.3.2 Direct electrical  transportation  

Electricity represents an almost ideal future transport ñfuelò (Gilbert and 

Perl 2010) ï lightweight electrified vehicles for local passenger and 

freight moving and high speed trains for almost everything else
53

.  

Unlike other alternative transport energy scenarios, only electric 

mobility can move people and goods using any combination of raw 

energy sources ïhydroelectric, wind turbines, and photovoltaic panels or 

gas  turbines powered with coal, natural gas, oil, wood waste, 

switchgrass, solar energy, bio oil or, preferably,  nuclear fission.  

                                      

53
  see APPENDIX  XIX  
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Energy-wise, the majority of the large vehicles should be grid-connected 

(GCVs) meaning that their electricity is generated remotely and 

delivered directly by wire or rail to its motor(s). GCVs currently do the 

majority of electrified people/freight moving. Electric streetcars and 

trains were operating in many cities by the end of the nineteenth century 

and ~150 cities around the world already have or are developing electric 

heavy-rail (e.g., metro and commuter rail) systems running at either the 

surface, elevated, or underground. Some 550 cities in Europe and Asia 

have streetcar and/or light-rail systems and about 350 have trolley buses. 

Electrification of intercity railroads began early in the twentieth century, 

though mostly occurred after 1950. Now most rail routes in Japan and 

Europe are electrified. Russia has the most extensive system; 

approximately half of its 85,000 kilometer total, including the whole of 

the 9,258-kilometer Trans-Siberian Railway is electrified. Chinaôs rail 

system is being rapidly electrified and now boasts the worldôs second-

most extensively electrified transport system: 49 lines totaling about 

24,000 kilometers. In these countries and elsewhere, those are mostly 

main routes and thus carry a disproportionately large share of their 

countyôs passengers and freight. The revolution caused by introducing 

high-speed electrified passenger rail has transformed the way that people 

move between major cities in China, Japan and Western Europe.  Their 

primary advantage relative to battery-electric vehicles (BEVs) is lower 

cost and greater efficiency. No matter how good powerful/long range 

BEVs might become, they would still have to carry around a huge load 

of very expensive batteries which would take up space and increase 

energy consumption.  For example, an 85 kWh, ñTESLA 3ò car battery 

weighs 478 kg, currently costs about $12,000 and stores as much 
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primary energy as does about 2 gallons of diesel fuel. AGCVs would 

either need no batteries at all or only relatively small/cheap ones for 

limited ñoff-wireò travel
54

. A GCV is subject only to energy distribution 

losses in moving the electricity from its source to the motor. For a BEV, 

losses incurred during the charging and discharging of its battery would 

likely be several times that distribution loss
55

. 

3.3.3.3 Private automobiles  

Nevertheless, as the Boulding quotation heading up this section 

suggests, there would definitely be strong demand for small lightweight 

BEVs suitable for short range commuting, grocery shopping, joy riding, 

etc.  Such vehicles should utilize government-standardized 10-25 kWh 

batteries which could either be fairly quickly charged at home or 

switched-out at the ñfilling stationsò envisioned by Thomas Edison over 

a century ago. 

To generate a numerical example, letôs translate some of the figures in a 

recent analysis (Romare and Dahllöf 2017) of lithium ion battery-

powered automobiles to figures facilitating comparisons of BEVs and 

ICE powered transportation.  

                                      

54
 Another reason for ñsmallò is that resource limitations (e.g., cobalt & lithium) are apt to limit 

the number of big (e.g., 75 kWh) BEV batteries that could be made. 

55
 Another scheme being bandied about envisions BEV energy storage via capacitors rather than 

batteries. Its much hyped advantage would be almost instantaneous recharging. However itôs 

non-sensical because after several decades of development,a really big state of the art  166 Farad,  

54 V supercapacitor costs ~$1500  (https://www.tecategroup.com).  Its specifications correspond 

to 0.067 kWhrôs worth of energy storage  (E=.5*F*V
2
) ï enough to move  one of Mr. Monkôs 

TESLA cars about 120 feet (not miles) down the road if itôs already up to cruising speed-less 

otherwise .  
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According to them, the energy required to make these batteries ranges 

from 350 to 650 MJ/kw.  That's equivalent to from 7.6 to 14.1 kg or 

from 23 to 43 gallons of 46 MJ/kg, 0.8 SpG petroleum/gasoline.    

If we then assume that Mr Musk's 75 kWh BEV  batteries last for 

500,000 miles, we can equate  each kWh's worth of its battery to 6667  

[5E+5/75]  miles worth of transport.    

Assuming that an ICE-powered car driving that far would average 30 

mpg, that lifetime (6667 miles/kWh) corresponds to ~222 gal gas/oil 

So, assuming free electricity, in principle we'd be over five times better-

off with the BEV   (222 /43= 5.16) in terms of both energy use & CO2 

emissions. 

On the other hand if the energy charging the batteries comes from a coal 

powered grid with an  overall  coal energy to battery energy charge 

efficiency of 30%.   the BEVôs energy/CO2 advantage relative to the 

ICE isnôt overwhelming   ( 222/43/0.3) = 1.55 ).  

The trick of course is to power everything - the car & battery factories 

plus the  electrical grid  thatôs to  charge them - with clean, green & 

reliable (nuclear) power*.  

Mr Musk is now promising that his car batteries will soon be lasting a 

million miles!  Even better,  Dilbert has shown us a way to produce the 

necessary power sustainably - see Figure 49 (the corpse could be that of 

either Alvin Weinberg or Admiral Rickover). 

 

 

 



 

106 

 

Figure 11  puts the energy costs of first-world -moving into proper 

prospective. 

 

Figure 11 The USAôs people-moving costs 

 

The surprising thing about it is that public transportation systems (esp. 

buses the way that we apparently use them) are often worse than 

automobiles, efficiency-wise.    The keys to car use efficiency is to not 

buy giant gas guzzlers & becoming  willing to wait until your wife wants 

to go to town too  so that you both don't have to drive there  separately. 

A little car with 3 (not 1.5) people in it would be more energy efficient 

than commuter rail as well as a lot more flexible because it could go 

almost anywhere, not just to a few widely-scattered stations.  

We have too much stuff/resources invested/wasted in our privately 

owned vehicles (POVs). 
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There's absolutely no good reason for us (Americans anyway) to be 

driving around, usually alone, in 3500 lb. cars or F 150 pickups unless 

we weigh over 1000 lb. ourselves. 

A 1000 lb car could carry around normal sized two people plus enough 

groceries to feed them for a week. The problem is that few people here 

in the good 'ol USA would buy one.  The best little reasonably-popular 

car I've seen here in the USA was Chevroletôs, Japanese-built (Suzuki), 

GEO metro hatchback. It got >60 mpg, weighed about 1700 #, & could 

carry four people & enough groceries to feed 'em for a month. 

They were popular for a while but when gas got "cheap" again after 

2009ôs recession we decided to buy ~1.5  tonne crossoversò instead. 

We ourselves are the "enemy", not the cars weôve bought. Itôs just 

another unfortunate manifestation of  human nature. 

Other types of GCVs have been and continue to be used to move goods. 

These vehicles include diesel trucks with trolley assist such as were used 

in the Quebec Cartier iron ore mine from 1970 until that mine was 

worked out in 1977. Those trucks were in effect hybrid vehicles with 

electric motors powered from overhead wires that provided additional 

traction when heavy loads were carried up steep slopes. A diesel 

generator provided their electricity. The result was an 87 percent 

decrease in total diesel fuel consumption and a 23 percent increase in 

productivity. 

Several direct comparisons of raw/primary energy consumption by 

GCVs with similarly capable vehicles with diesel-engine drives 

confirmed that energy use at the vehicle is invariably lower. For 

example, in 2008 San Francisco electric trolleybuses used an average of 

0.72 megajoule of energy per passenger-kilometer; in contrast, the 



 

108 

 

average for diesel buses in the same city was 2.67 megajoules per 

passenger-kilometer. 

If the electricity powering trolleybuses were to be produced by a diesel 

generator operating at 35 percent efficiency, with 10 percent distribution 

loss, the buses would still use less energy overall than do conventional 

direct diesel-powered buses. When electricity is produced renewably 

(e.g., via this bookôs thought experimentôs sustainable nuclear fuel 

cycle) the only thing that would count is such vehiclesô energy demand.  

3.3.3 ñNuclear hydrogenȱȭÓ ÓÙÎÔÈÅÔÉÃ transportation  fuel s 

Though the manufacture of substitute transport fuels (synfuels) such as 

coal or gas to-liquids is likely to increase over the next several decades,  

it is unlikely to compensate for the inevitable decline of oil production 

and would certainly not address fossil fuelsô environmental impacts. 

Todayôs alternative energy sources are not replacements for todayôs oil. 

They (wind, solar, etc.) produce ñintermittentò electricity ð not the 

liquid fuels currently serving as our vehiclesô giant energy-wise storage 

ñbatteriesò   .  

Table 3 Comparison of batteries to jet fuel 

Specific energy Energy Source Ex/E jet  

fuel/kg 

Useful energy 

ratio /kg 

~42 MJ/kg    jet fuel   1.00 1.00 

500wh/kg Li -metal battery   0.045 0.103 

340 why/kg Li -S battery 0.0309 0.0701 

250 why/kg Li -ion battery r 0.021; 0.0487 

55 why/kg Ni-Cd battery 0.0046 0.011 

25 why/kg Pb-acid battery 0.0021 0.0049 

*assumes 33% fanjet and 75% electric motor/propeller efficiencies  
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Table 3 compares specific energies (Wh/kg) of todayôs more popular 

secondary (rechargeable) batteries to that of todayôs hydrocarbon-based 

aviation fuel. Itôs pretty obvious that batteries are unlikely to replace 

fuels for any ñheavyò transport system requiring long ranges between 

fillups. 

The fact that a properly implemented nuclear renaissance would render 

electrolytic hydrogen much cheaper than it is now raises a host of other 

transport fuel possibilities. For instance, hydrogenation of the ~11.6 t/ha 

of product crop stover mentioned in Chapter 3.1  would produce about 

3x as much synthetic fuel oil (~4.9E+8 tonnes/a) as would making it 

from biocharingôs  bio oil byproduct (Agrawal 2007). Such synfuel 

would be carbon-neutral because it is derived from plant matter that had 

received its carbon from the atmosphere. 

Dimethyl ether represents an especially promising synfuel because itôs 

an especially clean (no particulate emission), especially efficient (Cetane 

number almost twice that of #2 diesel oil), and easily handled (a readily 

liquefied gas like butane) diesel fuel that can be made by hydrogenating 

carbon derived from anything from carbon dioxide to corn stover.  Its 

chief downside is that liquefied DME has about one half the specific 

energy (J/cc) of petroleum-based diesel fuels and thereby requires a 

larger fuel tank if  used in the same engine.    However, the greater 

engine efficiencies possible with it would partially compensate for 

that
56

.   

                                      

56
 In 2009,  a Danish Universityôs Shell Eco-marathon  DME-fueled ñUrban Concept Carò entry 

set a ñgasò mileage record  of 1385 miles/US gallon (DME 2019). 
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What would the hydrogen required to do such things cost? 

According to WIKIPEDIA as set out in DOEôs 2015 hydrogen 

production report ( https://en.wikipedia.org/wiki/Hydrogen_economy  ), at an 

electricity cost of $0.06/kWh, hydrogen would cost  $3/kg. 

Since thereôs no good reason to expect that power generated by a 

sustainable nuclear renaissanceôs reactors would cost more than does 

that generated by todayôs burner/converters, ~3.4 cents/kWh, letôs 

assume that figure.   Since that same WIKIPEDIA entry also says that it 

currently takes approximately 50 kilowatt-hours worth of electricity to 

generate one kilogram of hydrogen and $0.06*50 = $3, most (100%?) of 

the cost of such  hydrogen must be that attributed to the electricity going 

into making it.   If so, then the cost of nuclear hydrogen should be 

~$3*0.034/0.06 or $1.70/kg. 

Letôs put that number into perspective by comparing it to something that 

we do have a pretty good feeling for ï the cost of gasoline. 

Assuming 0.7489 g/cc, 76.4 MJ/kg gasoline, what would that hydrogen 

cost translate to in terms of gasoline cost?  ?  Well, since thereôs 3.785 

liters/gallon a kg of gasoline must weight 2.835 kg. Dividing letôs say 

$3/gallon gas, by the  joules worth of heat burning it would  generate  

results in a cost per joule of  2.24E-8 $/J.   Dividing nuclear hydrogenôs 

cost per kg ($1.70) by its combustion heat of (143 MJ/kg) we come with 

1.19E-8 $/J.  That means that nuclear H2ôs cost energy-wise would be 

equivalent to $1.59/gallon gasoline [$3*1.19E-8/2.24E-8].  

Thatôs pretty darn affordable. 

(For some exercises having to do with wind power-generated hydrogen, 

see homework problems 76-81.)  
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Letôs look at some more transportation fuel possibilities that cheap 

nuclear hydrogen would render doable. 

If Africaôs 4.5 billion future citizens were to produce/consume as much 

Portland-type  cement per capita as we do now, Fisher Tropsch 

hydrogenation of the CO2 so-generated would produce about 8.2E+8 Mg 

(metric tonnes) of transportation fuel/a, which figure divided by 4.5 

billion represents ~28% of current world per capita petroleum 

consumption rate. Unfortunately, even if that cement were to be made 

with nuclear powered kilns, such fuel would still not be carbon neutral 

because the carbon in question would still be derived from limestone.    

Another possibility that would not dump such carbon into the 

atmosphere would be to make additional ñnuclear ammoniaò and use it 

to fuel engines and/or fuel cells (Kanga and Holbrook 2015).   For 

example, the shipping industry is beginning to evaluate ammonia as a 

potential carbon-free alternative to the heavy fuel oil (ñbunker fuelò) 

used in maritime transport.Table 4 compares key characterisitics of both 

real and potentials fuels. 

 

 

Fuel/energy source MgJ/kg MJ/liter 
Relative 

volume 

Storage 

pressure 

bar 

Fuel oil  40.5 35 1.0 1 bar 

LNG (-162°C) 50 22 1.59 ~350 

LPG   (-25°C)  42 26 1.35 50 

methanol 19.9 15 2.33 ~1 

ethanol 26 21 1.75 ~1 

Ammonia  18.6 12.7 2.726 70 

Liquid H2 (-253°C)  120 8.5 4.117 ? 
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Marine battery 0.29 0.33 106,000  

Tesla 3  battery 0.8 2.5 14,000  

See https://www.ammoniaenergy.org/articles/man-ammonia-

engine-update/ 
Table 4. Alternative transporation energy sources 

 Putting proposals like that into proper perspective requires another ball 

park calculation.  

According to the EIA, of the 7.3 billion barrels of petroleum consumed 

by the USA during 2017, 47% was motor gasoline, 20% was distillate 

fuel (heating oil and diesel), and 8% was aviation fuel ï other words 

about 75% of petroleum is used to fuel some sort of engine. That year, 

the entire world consumed about 83 million barrels of it per day or 30.3 

billion barrels total.   Oilôs raw combustion heat energy is about 6.1 

GJ/barrel (159 liters or 42 US gallons) which translates to about 42 

GJ/tonne:  liquid ammoniaôs combustion heat is 383 kJ/gram mole (17 

grams) which translates to 22.5 GJ/tonne and making it via electrolytic 

ally-generated H2 requires about 14.2 MWhôs worth of electrical energy.   

75% of 30.3 billion barrels of oil consumed by 35% heat-efficient 

engines adds up to 4.85E+19 (0.75*30.3 E+9*6.1E9) Joules worth of 

energy services (useful work). Providing that much useful energy via 

ñdirect electricityò would require the full time output of 1538 

[4.85E+19/1E+9/3.15E+7] one GWe reactors.    

If we assume that those energy services were to be provided by engines 

burning ñnuclear ammoniaò, 6.19 billion [ 

0.75*30.3E+9*6.1E+9/22.5E+10] tonnes of it would be needed per year.   

At 14.2 MWh/tonne, making that much of it with electricity would 

require the full-time output of 9970 

[6.19E+9/14.2*3.E+9/1E+9/3.15E+7] one GWe nuclear reactors ï over 

six times as many.  
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The lesson that ball park calculations like this one should teach us is that 

our descendants should electrify as much of their worldôs transport 

system (and almost everything else) as possible.   

In battery-powered electric vehicle (BEV) scenarios fuel is burned to 

produce mechanical energy similar to what happens in todayôs 

automobiles except that latter powers the vehicle directly, not converted 

to electrical energy, stored somehow, and then converted back to 

mechanical energy.  The more steps there are between a raw energy 

source and its ultimate use, the more complex, less efficient, and costly 

everything becomes.  If we were to require that wind machines and PV 

cells be made with ONLY wind + solar-generated electricity weôd 

quickly find out what their real costs are. 

A fairly recent NREL paper (Antonia and Saur 2012) modeled a 

dedicated wind-to-H2 plant situated in the desert hills of Southern 

California. Its conclusions were as follows:  The hydrogen produced 

from a hypothetical, optimally-sited (CF >43%),   wind farm site near 

the Mohave Desert and delivered/dispensed at Los Angeles refueling 

stations would cost $9.4/kg in 2010 dollars, $5.5/kg from the production 

plant costs and $3.9/kg from the storage and delivery costs for the base 

case scenario employing compression-less refueling stations. The total 

delivery cost for delivery pathways employing 350 bar and 700 bar 

conventional hydrogen refueling stations increased by $0.7/kg and 

$1.0/kg, respectively. A significant portion of their scenarioôs production 

cost was due to the variability of the wind farmôs energy output.   (1 

2010 dollar = 1.184 2020 dollars). 

It seems to be difficult for many of the USAôs energy experts to 

understand that the renewables-to-hydrogen scenario represents an 

extremely expensive way to retire fossil fuels.  Energy generated by 

ñadvancedò fissionïbased nuclear reactors should be able to produce H2 
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more cheaply but is unlikely to match the cost of that from natural gas at 

current US gas prices.  However, thatôs just a temporary hiccup. Todayôs 

(March 2020)  Corona Virus scare is throttling global economic activity 

along with fossil fuel prices which means that the worldôs more 

expensive fracking wells will be valved off and new wells delayed until 

prices come back up which  they inevitably will and with a vengeance! 

The western worldôs energy experts consume way too much of their 

collective energies trying to integrate variable energy sources into a 

demand base that inherently doesn't want it.   

 

3.3.3.1 Air transport  

Peak oil will impact air travel/transport especially hard because it cannot 

be fully electrified.   Table 3ôs figures show why battery powered 

airplanes will never match the performance (speed or range) of todayôs 

airliners.  That suggests to me hat by the time that the next centrury 

begins, there wonôt be as much air transport as there is now .  

3.3.3.2  Shipping sysnfuels 

According to ñLow Carbon pathways 2050ò (a ñ$4 million multi-

university and cross industry research project (Lloyds 2016)), the 

worldôs shipping industry currently emits about 1 gigaton of CO2 per 

year (~2.3% of global emissions). International trade associations are 

leading the effort to decarbonize that economic sector in alignment with 

the goals set by the Paris Climate Agreement. Their immediate challenge 

is simple to state but hard to address: ñambitious CO2 reduction 

objectives will only be achievable with alternative marine fuels which do 

not yet exist.ò 
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To meet the targets defined by the Paris Agreement, that study 

determined that the shipping industry would need to achieve ñnet zero 

emissions by approximately 2035 (1.5°C) and 2070 (2°C).ò 

Its key findings conclude that the industry needs to do two things: first, 

act swiftly and, second, identify a viable carbon-free liquid fuel. 

Å Shipping will need to start decarbonisation soon because as 

stringency increases over time, increasingly costly mitigation will be 

required. The later we leave decarbonisation, the more rapid and 

potentially disruptive it will be for everyone. 

Å A substitute for fossil fuel will still be required as energy efficiency 

improvements alone will not be sufficient in the medium to long term. 

Å Energy storage in batteries and politically correct renewable energy 

sources will have some role to play, but will likely still leave a 

requirement for a liquid fuel source. 

While low carbon fuels (bio or synthetic fuels such as ammonia) may be 

necessary in the timescales modeled in its report to enable international 

shippingôs low carbon transition, under current technology costs they 

were not deemed economically viable (UMAS 2017). 

Another recent Canadian Insurance Services Regulatory Organizations 

(CISRO) study concluded  that,   ñ Liquid hydrogen and methanol, 

despite also being alternative energy vectors, have lower round trip 

energy efficiencies [than ammonia] as estimated in previous studies. 

Further, the infrastructure required for liquid hydrogen transport is 

almost nonexistent and methanol is an emission producing fuel at the 

point of use; make these alternatives less attractive at this stage. 

Ammonia therefore provides an attractive option in terms of RTE, as 

well as being an emission-less energy carrierò (Giddey 2017).  
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At least four major maritime ammonia projects have been announced in 

the last few weeks, each of which aims to demonstrate an ammonia-

fueled vessel operating at sea (Brown 2020). 

In Norway, Color Fantasy, the worldôs largest RORO cruise liner, will 

pilot ammonia fuel. Across the broader Nordic region, the Global 

Maritime Forum has launched NoGAPS, a major consortium that aims 

to deploy ñthe worldôs first ammonia powered deep sea vesselò by 2025. 

 

In Japan, a new industry consortium has launched that goes beyond on-

board ship technology to include ñowning and operating the ships, 

supplying ammonia fuel and developing ammonia supply facilities.ò 

And the Ministry of Land, Infrastructure, Transport and Tourism 

(MLIT), which published its roadmap last month, aims to demonstrate 

ammonia fuel on ñan actual ship from 2028ò ð specifically, a 80,000 

dwt ammonia-fueled bulk carrier. The first demonstration vessel was 

announced in January 2020: the Viking Energy, which will be operating 

on a 2 MW ammonia-fed fuel cell from 2024. 

Now, the race is truly on to demonstrate ships fueled by ammonia. The 

winners will be the regions that are first to deploy low-carbon vessels 

and bunkering infrastructure. The prize will be a dominant position in 

the value chains that enable the decarbonization of global shipping. The 

contest is just starting but, today, the Nordics and Japan are leading the 

pack. 

However, most of these studies assumed that ammonia would only be 

used in the currently expensive ñammonia fuel cellsò, overlooking its 

potential in combustion-based engines. 
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The first such use that Iôm aware of occurred at the same Norwegian 

hydropower plant that produced the heavy water (D2O) which was to 

become the moderator
57

 of Germanyôs first nuclear reactor circa 194458.   

Before WWII most of its electricity had been used to make fertilizer 

ammonia with electrolytically-generated hydrogen. A bit of that 

ammonia fueled the truck depicted in Figure 8.  Germanyôs war time 

scientists never did get their reactor built but the Norwegians continued 

to power that truck and fertilize their fields with ammonia. If  Franceôs 

leaders 30ï40 years ago had decided to build enough additional reactors 

to produce its own synfuels as well as clean electricity, its current 

ñyellow vestò populist uprising would not be happening.  

                                      

57
 A moderatorôs purpose is to slow down the exremely fast (high energy- 1-2 Mev) neutrons 

created during fission and thereby increase the probability of capture by other fissile atoms.  The 

worldôs first nuclear reactors had to be moderated with either carbon or ñheavy waterò because 

they had to be fueled with natural, not enriched, uranium. This means that their fuelôs 
238

U atoms 

out-numbered their fissile 
235
U atoms 140:1 (1/0.0071).  Thatôs important because of

 238
Uôs 

tendency to irreversibly absorb neutrons moving at speeds intermediate between what they 

possessed when first released and after  slowing down to speeds corresponding  to a gas at room 

temperature (i.e., its  ñresonance absorption regionò).  If small chunks of uranium are surrounded 

with the right amount of a suitable moderator, enough neutrons can get through 
238
Uôs 

ñresonance absorptionò gauntlet to trigger fission of the next 
235

U atoms that they blunder into 

and thereby keep the chain reaction going.  A perfect moderator atom does not ñcaptureò 

(irreversibly absorb) any neutrons, itôs just something that they can repeatedly collide with and 

thereby lose kinetic energy. All else being equal, the lighter the atom, the better it serves that 

purpose. While hydrogen is actually a better moderator than deuterium, it irreversibly absorbs 

too many neutrons to permit a reactor containing only natural uranium (0.71% fissile 
235

U) to 

reach criticality.  Thatôs the reason that a light water-moderated reactorôs uranium must be 

ñenrichedò. Itôs also the reason that Canada, Germany, Great Britain and France decided to start 

off with graphite & heavy water moderated reactors.    

58
 Since electrolytic hydrogen gas is somewhat richer in the light isotope (H) than is the liquid 

water from which it is made, repeated electrolysis can produce the pure heavy water (D2O) 

required to moderate natural uranium-fueled reactors. Thatôs why Hitlerôs Germany demanded 

that it become Norsk Hydroôs raison dôetre. 
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Figure 12  Norsk Hydroôs ammonia-fueled truck circa 1933 

There are several technical challenges that ammonia-fueled internal 

combustion engines must overcome.  The Caterpillar Corporation put it 

succinctly in their 2008 patent application covering a ñpower system 

having an ammonia-fueled engineò:  ñWhen ammonia is combusted, the 

combustion produces a flame with a relatively low propagation speed. 

Its low combustion rate causes it to be inconsistent under low engine 

load and/or high engine speed operating conditions. Most existing 

combustion engines that use ammonia as fuel require a combustion 

promoter (i.e., a second fuel such as gasoline, hydrogen, diesel, etc.) for 

ignition, operation at low engine loads and/or high engine speed.ò 

In other words, one option is to use a liquid combustion promoter.  

However, as Caterpillarôs patent subsequently noted, this approach 

ñgenerally requires dual fuel storage systems, dual delivery systems, and 

dual injection systems, thus adding additional weight, complexity, and 

cost to the engine system.ò 

The second option is to use hydrogen as the combustion promoter.  A 

promising variant of this approach is to place an on-board ñreformerò 

between the fuel tank and the engine.  The reformer ñcracksò enough of 

the ammonia into elemental hydrogen and nitrogen to ensure reliable 

combustion.  Crackers can be simple in mechanical terms, consisting of 

a heated chamber furnished internally with a catalyst.  However, the 
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patent describes one more challenge: ñThe requirement for the 

combustion promoter fuel fluctuates with varying engine loads and 

engine speed, which can cause control issues.ò This means that cracking 

a fixed proportion of the ammonia (or a proportion that varies simply 

with the rate of fuel flow) is unlikely to produce good engine function. 

A third option would be to use it as Honda currently does with its hybrid 

cars: An optimally-operated, tiny,
59

 gasoline engine charges the battery 

that powers the carôs motor  - it doesnôt drive the car directly. This 

makes especially good sense in regions that get too cold for ñpureò 

BEVs to function properly (e.g., most of Canada). 

There are many ammonia engines in development, including by 

Caterpillar, a major supplier of maritime, tractor, truck, and industrial 

engines. In addition, some major industrial projects will soon 

demonstrate the environmental benefits of ammonia in dual-fuel 

combustion. If the shipping industry is committed to acting quickly and 

identifying carbon-free liquid fuels (ñwhich do not yet exist,ò they say), 

it must evaluate ammonia as a short-term bridge fuel for engines, as well 

as a long-term energy source for fuel cells. 

Ammonia is emerging as an economically viable fuel for dual fuel 

engines where it is substituted for natural gas (Technavio 2016).  When 

ammonia is so used, a significant reduction in CO2, PM (particulate 

matter) and rather surprisingly even NOx, emission levels is observed. 

                                      

59
 They can be small because car engines must provide only 7 to 15 KW (10-20 horsepower) 

most of the time.  A reasonable-size, e.g., 5 kWh, lithium ion or lithium hydride battery can 

provide far more power than that for short bursts. This also means that a relatively small 

(perhaps 15-20 kW ) direct ammonia fuel cell coupled with a roughly 3-5 kWh battery could 

power our descendantôs automobiles with roughly twice that overall efficiency (see Zhao 2019) 
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Ammonia is a high-octane fuel (possesses a high resistance to pre-

ignition), which means that higher compression, more efficient, engines 

can be used. Consequently properly modified ammonia-fueled engines 

exhibit enhanced power output compared to their gasoline or diesel 

fueled counterparts. 

Technavio noted that shipping represents roughly 65% of the market for 

dual fuel engines, which are ñgaining popularity in the marine industry 

as a growing number of vessels are using these engines over 

conventional diesel or gas engines é enabling the crew to adhere to 

various marine pollution (MARPOL) regulations regarding propulsion 

engine emissions.ò 

Farm tractors represent another big potential market for such engines 

because they typically run at ñfull loadò, and, due to ammoniaôs 

popularity as a fertilizer,60 much of the necessary fuel distribution 

infrastructure already exists.   

3.4 Weinberg & Goellerôs  ñ Age of Substitutabilityò  

 

The term ñtechnological fixò characterized engineering innovation as a 

generic tool for addressing problems usually considered to be social, 

political, and/or cultural was coined by technologist/administrator Alvin 

Weinberg circa 1960. 

A longtime Director of Oak Ridge National Laboratory, government 

consultant, and essayist, he also popularized the term ñbig scienceò to 

                                      

60
 Gaseous ammonia injected directly into moist soils is immediately hydrolyzed to ammonium 

ion which is strongly retained by the soilôs cation exchange capacity. 
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describe national goals and the competitive funding environment 

obtaining after WW II.  Big science reoriented towards technological 

fixes, he argued, could provide a new ñApollo projectò to address the 

futureôs social problems. His ideas have channeled both confidence and 

controversy ever since.  

Weinberg envisaged vast nuclear-power stations as the hubs of networks 

that would generate copious electrical power to desalinate seawater, 

energize irrigation systems, manufacture fertilizer and heavy chemicals, 

and provide the motive force for an industrial society. The idea shifted 

the technological fix notion from a short-term repair to an international 

development tool. He also updated and generalized an ORNL research 

project spawned by the Eisenhower administrationôs ñAtoms for Peaceò 

initiative of the late 1950s to investigate nuclear desalination plants for 

supplying water to arid regions in the United States. Weinbergôs vision 

consequently pulled together his experience as national lab director, 

essayist, and government advisor. As he later recalled, ñI regarded 

nuclear energy as a magical panacea . . . [with] seemingly unlimited 

possibilities . . . for solving social problems, poverty, ethnic rivalries 

exacerbated by quarrels over water, even war itself.ò An initiative, 

developed principally by Lewis Strauss and Weinberg in collaboration 

with Israeli and Egyptian engineers to do just  that  was not pursued by 

the Johnson administration. Weinberg subsequently declined Straussôs 

offer to join a Richard Nixon campaign group, because he ñassiduously 

tried to separate his personal political beliefs from public statements.ò 

Instead, he sent a briefing paper to each of the major presidential 

candidates describing agro-industrial complexes as the ñApollo of the 

ô70s.ò He argued that federal funding was crucial for such technology 

projects  ñtoo expensive, too long-range and too important for the long-

term future of the country to be supported by the free market.ò   
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 He was right about that too. 

Table 5: The USAôs material needs circa 2009 

Material 

Mtonnes/a (% 

Imported) 

aluminum 3.25 (45%) 

ammonia 22 (45%) 

plastics 28 (?) 

steel 93 (25%) 

cement 100 (20%) 

natural gas 403 (19%) 

coal 858 (2%) 

oil 984  (71%) 

×fuels/total materials 90.12% 

 

Table 5 lists major US raw materials consumption other than water and 

sand/gravel circa 2009. Note the dominance of fossil fuels. Goeller and 

Weinbergôs iconic paper, ñThe Age of Substitutabilityò approached the 

problems posed by the futureôs inevitable ñcheapò raw resource 

depletion with empirical technical data rather than the then and still 

dominant economic models. In it they go through the entire periodic 

table examining all the elements plus some of their more important 

compounds61, to determine humanityôs demand for them circa 1970, 

estimating for each the total resource available assuming a broad 

                                      

61
 For instance, the fully oxidized carbon within carbonate rocks canôt be used for the same 

things as can the reduced-form carbon of fossil fuels.  
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definition of potential sources ï the atmosphere, the ocean and the 

uppermost one mile-thick layer of the earthôs crust ï not just ñrichò ores. 

The ratio of total resource to demand was determined for each element 

in terms of years until exhaustion ï a measure of their relative 

abundance or scarcity. In cases throughout that list where there was a 

clear indication of a finite life time, they identified that elementôs most 

important uses and possible substitutes.  For example, some combination 

of abundant titanium, aluminum, and iron could probably serve the same 

purposes currently served by much rarer metallic elements. Aluminum 

could be obtained from abundant clays rather than rare bauxite and 

titanium substituted for many stainless steels. Based upon their analysis 

of geological and technological data, they then pronounced the principle 

of ñinfinite substitutabilityò; i.e., with the exception of phosphorus, 

mercury, and most importantly, the chemically reduced forms of carbon 

and hydrogen (coal, oil and gas) serving both then and now as fuel, a 

rich modern civilization could continue indefinitely utilizing only the 

Earthôs nearly inexhaustible natural resources.  The key to such a future 

would be the availability of energy cheap enough to wrest valuable 

materials from low grade ores rather than from the much less abundant 

rich ones.    

Another reasonable substitution that Goeller and Weinberg didnôt 

mention would be to switch from Portland to geopolymeric-type 

cements   
62

(Hardjito 2005). Concrete is currently the worldôs fourth- 

                                      

62
 The entire world's per capita cement consumption is ~4 billion tonnes/~7.6 billion people or 

about 520 kg/person/year.  Cement is about the only thing that we ñAmericansò consume less of 

(about 310 kg/capita or about one half)  than as does the world's average" inhabitant.  That's 

largely due to the fact that we don't do much infrastructure building or repair, and when we do, 

itôs done with wood or   something made of petroleum, e.g., plastics and  asphalt.  
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most human made/consumed substance after water, sand/aggregate, and 

fossil fuels. An average of approximately three tons of it is produced for 

every person on earth each year. Making the Portland-type cement 

binder utilized for the majority of it accounts for ~5% of current 

anthropogenic CO2 emissions, ~one-half of which is due to the fossil 

fuels (mostly coal) currently heating most cement kilns.  

Since about 3 GJ of heat energy is required to make one ton of Portland 

cement (Hewlett 2012), the ~3.7E+9 tonnes of it currently 

produced/consumed each year would require ~1.12E+19 J of electricity 

ï equivalent to the full time output of about 355 full-sized nuclear 

reactors (~1.2% of the total (~30,000) needed to satisfy 100% of our 

descendantsô energy needs).   

The substitution of geopolymeric binders (cements) ï mixtures of low 

calcium fly ash and/or calcined clay ñactivatedò by solutions containing 

~15 wt% Na2O in the form of sodium silicate and 45 wt% NaOH ï for 

Portland-type cements would greatly reduce anthropogenic carbon 

emissions.  Even if the sodium hydroxide utilized to make their 

activators were to be produced by reacting lime (CaO) with sodium 

carbonate (trona), only about 15% as much limestone would have to be 

calcined to produce an equivalent amount of finished concrete.  

Another plus for geopolymeric concretes is that they are more durable 

than are those made with either Portland cement or ñRomanò (lime-

pozzolana) cementitious binders. The reason for this is that the 

sand/aggregate binding-mineral assemblage formed during their curing 

process is neither hydrated nor readily carbonated by atmospheric CO2 

and/or bicarbonate-containing water. 

A third alternative to conventional Portland cement would be granulated 

ñdry process phosphate slagò. That process (Swann 1922) utilizes an 
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electrically blown/heated ñblast furnaceò to convert a mix of  powdered 

phosphate rock ore, iron ore, and coke into gaseous elemental 

phosphorous, liquid  ferrophosphorus (a valuable by product), and a 

molten glass-like calcium silicate slag. 
63

That processô ñwasteò slag is 

essentially the same thing as iron blast furnace slag which means that if 

it were to be properly treated - rapidly cooled, powdered, and mixed 

with an activator (e.g., lime or sodium silicate) ï it could serve the same 

purposes as does ordinary Portland cement (Criado 2017). It couldnôt 

totally supplant the latter because the worldôs current demand for 

phosphate rock (~250 million tonnes) is well under its demand for 

Portland cement (~4 billion tonnes). 

Finally, regardless of which sort of cementitious sand/aggregate binder 

is employed, the futureôs concrete infrastructure would last much longer 

if basalt fiber reinforcing bar/wire were to replace todayôs steel rebar 

(Basalt rebar 2016). Modern lightweight steel rebar-reinforced concrete 

structures are less durable over the long haul than were those made by 

the Romans because the carbonation of any calcium silicate based 

concrete eventually lowers the pH of its pore fluids to a point that allows 

embedded steel rebar to rust, expand, and thereby crack the concrete 

surrounding it.  Basalt fiber rebar cannot rust and is intrinsically cheaper 

than steel rebar because the majority of the earthôs crust consists of 

basalt and melting/spinning it requires less energy than does iron 

smelting. It is also ~7 times stronger mass-wise than steel, which means 

that less of it would be required.  

                                      

63
 One of the reasons that the ñdryò phosphate process has been supplanted by a sulfuric acid 

leaching-based process is that it requires more electricity.  Electricity used to be cheaper in 

places like Idaho because its rapidly increasing populationôs demand now exceeds its venerable 

hydroelectric dam -dominated energy systemôs ability to supply cheap electricity.  
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The energy generated by ~75 one GWe reactors could produce 

~1.5 tonne/year of environmentally correct, basalt fiber reinforced, 

geopolymeric concrete for eleven billion people each year.  

Of course those substitutions would be impossible unless some sort of 

abundant, reliable, cheap, and clean power/energy source replaces 

todayôs finite carbon-based industrial fuels.   Of the possibilities 

consistent with Mother Natureôs rules and facts, Goeller and Weinberg 

concluded that breeder-type nuclear reactors offered the most promise. 

Unlike the majority of the worldôs political leaders both then and now, 

they recognized that over the long haul, decisions based upon technical 

information (facts) will serve humanity better than  would those based 

upon convenient political and econometric assumptions (alternative 

facts). 

ñAnyone who believes in indefinite growth in anything physical, on a 

physically finite planet, is either mad or an economist.ò  

    Kenneth Boulding 

3.5 Still more apps 

 

If our world were to be fully electrified via a properly implemented 

nuclear renaissance, its air and water would be cleaner, its homes and 

cities more livable, and far  more interesting, better paying, and more 

secure  employment opportunities would be available to its young 

people because they would be employed building/maintaining their 

brave new world.  Finally, a rarely mentioned (too politically incorrect) 
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reason for Chinaôs monumental success
64

 during the last four decades is 

that its leadership adopted/enforced a one child per family policy at the 

same time they decided to encourage/enable its people to become more 

creative and entrepreneurial (Conly 2015). The purpose of that policy 

was to free up time and capital which could then be (and was) devoted to 

ñmaking China great againò. It also rendered its children born during 

that era especially ñspecialò to both their parents and society-at-large 

which in turn rendered their lives more enjoyable and successful.  

Population growth rate would drop precipitously (CATO 2013) as would 

the degree of misery/desperation/frustration currently driving young 

people in many countries (mostly the males) to join terrorist gangs and 

hate groups. In other words, the worldôs currently desperately poor 

people would experience the same benefits of nuclear powered 

prosperity that Japanôs, South Koreaôs and Chinaôs have enjoyed. 

A governmentôs job is not just to give its currently most important 

citizens (its leaderôs genuine ñbaseò) whatever they want, but to pave the 

way for a prosperous, stable, and safe future for everyone. Any kind of 

government-mandated fertility control is unattractive, but unless its 

goals are achieved otherwise (e.g., by improving the lives and futures of 

already-living people), itôs apt to become necessary everywhere if a 

WWIII doesnôt render that subject moot. 

Chapter 4.   Why genuine  sustainability 

requires  breeder reactors  

                                      

64
 It policy changes resulted in lifting roughly 800 million of its own people along with many 

ñforeignersò out of poverty. 
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Due primarily to Asiaôs rapid economic development, Mankindôs total 

energy consumption has risen 50% during the last 20 years and our 

appetite for even more continues to grow.   However, how that appetite 

is satisfied remains as much of a question now as it was at the dawn of 

the nuclear age over seven decades ago.  Weôre just as aware of the 

finiteness of fossil fuels as they were then, but  there are now almost  3 

times as many people to feed, and some of  humanityôs ñtechnical nerdsò 

are beginning to realize that many of the promises made by the folks 

selling us windmills, biofuels, solar energy and patriotism(?) arenôt apt 

to be honored (Mackay 2009).   

Finally another of the advantages that any of the molten salt or ñfastò 

reactors that I will be describing relative to todayôs LWRs is that they 

could run efficiently with air rather than water-cooled turbines. LWRôs 

operate at such low temperatures that condensing the expanded steam 

coming out of their huge saturated steam Rankine turbines must be 

cooled/condensed with relatively cool water- not ambient air. The much 

smaller supercritical carbon dioxide (sCO2) Brayton cycle turbines 

employed by the sorts of reactors that should be used could run 

efficiently (under 2% heat-to-electricity efficiency loss) with air rather 

than water cooling.  This is important because even now there are lots of 

places that have to cut back their reactorôs power during hot spells (e.g., 

Central Washington Stateôs Columbia Generating Station) because the 

river/lake thatôs cooling them might locally get hot enough to kill 

wildlife (Sienicki 2017). 

4.1 Green energyôs dirty little not-so-secrets 

ñRenewables are not green. To reach the scale at which they would contribute 

importantly to meeting global energy demand, renewable sources of energy, such 

as wind, water and biomass, cause serious environmental harm .Measuring 

renewables in watts per square metre that each source could produce smashes 
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these environmental idols. Nuclear energy is green. However, in order to grow, the 

nuclear industry must extend out of its niche in baseload electric power 

generation, form alliances with the methane industry to introduce more hydrogen 

into energy markets, and start making hydrogen itself. Technologies succeed when 

economies of scale form part of their conditions of evolution. Like computers, to 

grow larger, the energy system must now shrink in size and cost. Considered in 

watts per square metre, nuclear has astronomical advantages over its 

competitors.ò 

  (Jesse Ausable 2007) 

A fundamental, generally implicit, assumption of the Intergovernmental Panel on 

Climate Change reports and many energy analysts is that each unit of energy 

supplied by non-fossil-fuel sources takes the place of a unit of energy supplied by 

fossil-fuel sources. However, owing to the complexity of economic systems and 

human behaviour, it is often the case that changes aimed at reducing one type of 

resource consumption, either through improvements in efficiency of use or by 

developing substitutes, do not lead to the intended outcome when net effects are 

considered. Here, I show that the average pattern across most nations of the world 

over the past fifty years is one where each unit of total national energy use from 

non-fossil-fuel sources displaced less than one-quarter of a unit of fossil-fuel 

energy use and, focusing specifically on electricity, each unit of electricity 

generated by non-fossil-fuel sources displaced less than one-tenth of a unit of 

fossil-fuel-generated electricity. These results challenge conventional thinking in 

that they indicate that suppressing the use of fossil fuel will require changes other 

than simply technical ones such as expanding non-fossil-fuel energy production. 

(Richard Yorkïhis Nature Climate Change paperôs abstract (York 2012)) 

However, the folks currently professing that we must immediately 

embark upon a Green New Deal generally still say thaté 

ñSince solar panels and wind turbines seem to keep getting cheaper, why 

should we bother with anything else?ò 

The reason is that, as more solar panels and wind farms are added to a 

supply system, their intermittency (unreliability) causes each facilityôs  
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power to become less valuable
65
.  And while the cost of, letôs say, 

individual solar panels has indeed become quite low, when there are 

enough of them, they impose real costs on the rest of the power supply 

system.  Another issue with them is that  U.S. Fish and Wildlife Service 

estimatesthat , Californiaôs Ivanpah ñconcentrated solar powerò (CSP)  

solar tower-type power plant66 kills ~ 28,000 birds each year when they 

try to perch/land upon or catch the insects flying around  the tops of the 

towers at which its ~350,000 huge sun-tracking mirrors (heliostats) are 

focused.  Windmills also kill millions of birds (especially eagles - 

GOOGLE it) and bats because the tips of their gigantic propellers move 

much faster than they can fly. 

Another little detail is that since that particular CSP doesnôt include the 

huge, heavily insulated heat energy storage ñbatteriesò (molten salt 

tanks) that could usually enable it to generate electricity when the sun 

isnôt shining, solar energy actually provides only about 23% of its 

nominal 392 MWe ñcapacityò. The rest is generated by burning natural 

gas which means that that ñsolarò power plant dumps about 560,000 

tonnes of CO2 into the atmosphere every year.  

Like wind turbine ñcapacityò, CSP capacity is often a  big natural gas 

consumer  due both to its  modest  overall solar heat-to-electric energy 

conversion efficiencies (10-25%) plus the need to often ñheat things upò 

                                      

65
  Wind and solar power plants are chaotic systems meaning that they are subject to nonlinearities  

and physical relationships rendering  their behavior neither random nor deterministic.   

66
 Ivanpaw was built with the fervent support of the Sierra Club for $2.2 billion which included a 

$1.6 billion federal loan guarantee. Just its build, not its build+maintenance+profit margin, solar 

energy cost averaged over 20 years works out to 13.9cents/kWh ï 4-5 times higher than the cost 

of the electricity generated by todayôs nuclear reactors.  
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before sunrise  by burning gas (if the systemôs molten salts were to 

freeze, the resulting volumetric change could damage its  plumbing). 

Since 2013, Ivanpahôs owners have twice sought permission to use even 

more gas than was allowed under the plantôs certification agreement ï 

1.4 billion cubic feet in 2016 (Martin 2016*).  

 Like DOEôs Crescent Dunes CSP boondoggle (see my 

ñCONCENTRATED SOLAR POWERò homework problem set), 

Chileôs Altacama desert situated  Cerro Dominador project  (generally 

recognized to be the best possible place on Earth to site a solar power 

project) heats a molten salt used to then make superheated steam. Its 

solar salt storage tank batteries are big enough to maintain its nominal 

110 MWe output for 17.5 hours. Unlike the USAôs Ivanpah CSP, 100% 

of its power is solar - no gas. Its build cost, $1.3 billion for a claimed 

950 GWh/year, translates to a power-build cost of $12/watt. The good 

things about it is that if  there were no other costs, and if  it were to 

actually work as promised, and if  it were to last for 50 years, it could 

provide its customers with $0.03/kWh power throughout that entire 

period. However, based upon the performance of the US facility 

(Crescent Dunes ï see this bookôs ñconcentrated solar powerò 

homework exercises) that it appears to be a copy of,  this  seems  pretty 

unlikely. 

The worldôs largest solar power plant featuring energy storage is 

Moroccoôs Ouarzazate  power station 

(https://en.wikipedia.org/wiki/Ouarzazate_Solar_Power_Station). Two 

of its three concentrated solar plant (CSP) facilities utilize somewhat 

over a half million parabolic trough-type mirrors that heat a molten salt 

working fluid flowing through a pipe situated at the foci of each mirror. 

The third utilizes 7400 huge (179 m
2
) òsun trackingò (heliostated) 

mirrors  situated around a central ñ tower of powerò with a receiver at its  
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top containing its molten salt working fluid. The entire system covers 

2500 ha, has a nameplate rating of 510 MW and generates ~1470 GWh 

worth of useful energy per year. The latter corresponds to an average 

power output of 168 MW [147E+9*3600/3600/24/365] which 

corresponds to a capacity factor of 33% [168/510]. Its average output 

power/area = 6.72 watts/m
2
 [168E+6/2500/(100^2].  Since that   part of 

Moroccoôs ñsolar resourceò is ~300 watts/m
2
 (similar to southern 

Californiaôs deserts) these sorts of CSPs are terribly inefficient power 

collrectors. Finally, one like it scaled up to 1 GWe would cover 149 km
2
 

of land ï about 300 times as much as would a 1 GWe nuclear power 

plant.  

The USA Crescent Dunes CSPôs current owners recently opined that,  

"Today it makes no economic sense to generate with CSP during the 

day, because that's what photovoltaics are for and they are much 

cheaper" (Ramos Miranda 2020).    Not surprisingly, worldwide 

enthusiasm for CSP is fading. 

A new study by a team of MIT researchers examines that trend and 

explains why they create an important role for both existing and new 

nuclear power plants in an affordable decarbonized energy system 

(Tapia-Ahumada 2019). 

Here are its Summary and Abstract. 

Summary: This study shows that the U.S. electricity sector can meet 

projected electricity demand while reducing CO2 emissions by 90% from 

2005 levels. If nuclear generation costs remain at current levels as 

estimated by the U.S. Energy Information Administration, and 

renewable costs fall substantially, so that Levelized Cost Of Energy 

(LCOE) costs are well below natural gas generation costs, the authors 

project a considerable expansion, especially of wind, even without a 
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CO2 price (« carbon tax »). Given the low LCOE, one might expect a 

complete phase-out of carbon fuel-based electricity without a carbon 

price. However, the study finds that it takes a substantial carbon price to 

achieve deep decarbonization. Moreover, modest advances in lowering 

the cost of nuclear by about 2.5 cents per kilowatt hour create a 

substantial role for nuclear, and reduce the needed carbon price by two-

thirds. Continued focus on lowering the cost of baseload generation 

from low-carbon sources such as nuclear would make achieving deep 

reductions in carbon emissions much less costly.  

Abstract: Continued improvements in wind turbine and solar PV 

technologies have reduced their costs to the point that they are nearly 

competitive with natural gas generation. This would seem to suggest 

there is little reason to look at other low carbon power sources such as 

nuclear, considering that the cost of building nuclear power plants, one 

of the main low carbon alternatives in the power sector, has remained 

high. However, simple cost metrics such as levelized cost of electricity 

are poor indicators of the full system cost and the competiveness of 

different technologies. We use then an hourly electricity dispatch and 

capacity investment model, EleMod, to investigate whether nuclear 

power has a potential role in decarbonizing the US power sector, 

assuming that the cost of wind and solar continue to decline such that 

they become the least expensive of any generation option in terms of 

levelized cost. 

Daniel Yerginôs book, ñTHE QUEST: Energy, Security, and the 

Remaking of the Modern Worldò (Yergin 2011), describes how  tsunami 

damage to an improperly sited Japanese  nuclear power plant 

(Fukushima) caused Germany and several other European powers to 

declare a moratorium on new plants. Even France, the worldôs largest 
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exporter of ñnuclearò electricity, voiced some misgivings about it after 

that all-too predicable tragedy.  

4.1.ρ 4ÈÅ ÌÅÓÓÏÎÓ ÔÈÁÔ 'ÅÒÍÁÎÙȭÓ %ÎÅÒÇÉÅ×ÅÎÄÅ67 should teach 

us  

Germany is the worldôs sixth largest energy consumer and Europeôs 

largest electricity market. Itôs the fifth-largest oil consumer which 

accounted for 34.3% of all of its energy use in 2018. Gas provided 

23.7% of its energy. Most of both are imported ï oil from Russia, 

Norway and the United Kingdom, and gas from the Netherlands, 

Norway, and Russia. Due to its rich ñhardò coal (bituminous) deposits 

Germany had traditionally a long tradition of using it. However, 

domestic hard coal mining has been almost completely phased out 

because 1) it is more expensive to mine than is importing it from China 

and Australia,  and 2) the old power plants burning it were both 

inefficient and environmentally impactful.  

In response to Japanôs tsunami-engendered Fukushima issues, circa 2011  

Germanyôs new  ñgreen-leaningò government promise to shut down all 

of its nuclear power plants by 2022 and generate >80% of its electricity 

and Ó 60% of its primary energy with politically correct renewables 

(mostly wind, solar, and biofuels) by 2050 (the Economist 2020)  . 

Consequently it has since invested ~$580 billion in wind, solar and 

biofuel renewables and, with the help of its neighbors (primarily 

Sweden, Norway and France), recently managed to achieve ~38% green 

electrical energy. Between  2011 and 2017 the shut down of 10 of 

Germanyôs 17 nuclear reactors ballooned its  retail electricity prices 

                                      

67
 Energiewende translates to ñenergy turnaround" or "energy transformation". 
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while its carbon emissions remained flat
68

 because more local (& easy-

to-mine) brown coal and imported (mostly from Russia) natural gas had 

to be burned to make up for it.  Similarly, in 2014 the state of Vermont 

shut down its only nuclear reactor and switched to gas which served to 

raise its per capita CO2 emissions by ~5% during a time when overall 

US emissions had declined by 17% due to utilities switching from coal 

to natural gas.   

 

Figure 13 Germany's substitute for its shut-down nuclear plants (coal plants use the same 

ñhyperbolicò evaporative cooling towers as nuclear plants) 

 

                                      

68
 The descriptor ñflatò assumes that only the additional CO2 gnerated by burning coal is 

counted. In reality itôs likely that Germanyôs atmospheric inpacts went up do to the fact that strip 

mining releases a great deal of coal bed methane https://en.wikipedia.org/wiki/Coalbed_methane    

. 

https://en.wikipedia.org/wiki/Coalbed_methane
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The red line across the top of Figure 14 represents Germanyôs then 

rapidly growing wind power ñcapacityò during 2011   ï the blue spikes 

under it represent total power actually produced.  Its wind power 

systemôs yearly capacity factor was about 0.16 and there were many 

times when essentially no power was generated anywhere across the 

entire country.  This is consistent with Handschy et alsô 

conclusions/observations (Handschy 2018); i.e., that itôs not right (or 

conservative, or safe, or etc.) for decision makers to assume that the 

wind will always be blowing somewhere within their system. 

 

Figure 14. Germanyôs total real time wind power generation throughout 2014 Source:   

http://www.vernunftkraft.de/85 -prozent-fehlzeit-windkraftanlagen-sind-faulpelze/  : 

Germanyôs impressive ñinstalled solar power capacityò figures are even 

more misleading. During 2011, its cumulative PV capacity of 29.7 GW 

only provided 18 TWh of electrical energy   

(https://en.wikipedia.org/wiki/Renewable_energy_in_Germany) which 

corresponds to a yearly-averaged CF of under 7% 

[18*3.6E+15/(29.7E9*3600*24*365)=0.0693] ïthatôs under one third of 
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that achieved in regions like Northern Africaôs or Californiaôs deserts.   

Itôs considerably lower than even that during Germanyôs winters (see 

Figure 15). 

The main problem with this paradigm  other than its excessive cost is 

that many of the western worldôs decision makers often assume that 

unreliable power sources can ñback upò other unreliable sources and 

thereby adopt/mandate policies that render their countriesô mostly 

ñprivatizedò electrical utilitiesô power plants uneconomic to their 

owners.  

 

 

Figure 15  Another of the Green Energy revolution's really great new jobs 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































