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1. Introduction 
I have written more on climate change than any other subject. One of the reasons I write 
is to clarify my thoughts on the subjects of my papers, and writing about the challenges 
of and the solutions to climate change has helped me understand most of what humanity 
faces, and how they will probably deal with it.  

As I pointed out in a recent paper, our first challenge is for most of the people, nations 
and other associations of people to take climate change seriously, and act on that belief. 
I am exceedingly lucky to live in a state (California) where this is happening, as I've also 
often written about. 

The second major challenge is that we haven't been this way before, and we are dealing 
with an incredibly huge and complex system (Earth's climate). In spite of the increasing 
accuracy of our climate models, increasing power of supercomputer-clusters they run on 
and more accurate data, Earth's climate keeps throwing surprises at us, most of them 
unpleasant (like faster warming, quicker sea level rise, and other negative effects 
previously poorly understood). 

The good news is, that I believe that we know most of the techniques we will use to 
mitigate climate change. Even though we don't fully understand the difficulty of the 
above two challenges, we can start working on solutions, because these will require 
centuries. The sooner we start, the less severe the impacts of climate change will be. 

This paper is the first in a two-part series. Rather than rehashing subjects covered in 
earlier papers (although I will reference earlier ones), we will cover new material and 
observations, starting below. 

After considering the subject carefully, I believe that there are five categories of 
solutions. The following are (approximately) in chronological order, although they will 
overlap: 

1. Move to almost carbon-free electricity. 

2. Mobility should be moved to almost carbon free production and fuel. 

3. Continue development of negative emissions technologies. 

4. Start moving industry to low-carbon production. 

5. Mitigating the impact of climate change. 

In this paper we will cover the first of these. 

2. Almost Carbon-free Electricity 
Outside of solar energy as it is directly used (without converting it to volts and amps), 
electricity is the most convenient method of generating, transmitting, storing and using 
energy. Regarding the latter, electricity can be used for motion (electric motors, pumps 
and actuators), heat & cooling (resistance heat and heat pumps / refrigeration), 
communication, computing, sound, video, light, pressure and other products. I have 
posted papers on electric generation, transmission, and storage that are too frequent to 
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list. Thus in this section we will deal with new information on almost carbon-free 
electricity. 

By "almost carbon-free" I don't simply mean: "don't burn stuff to make electricity." We 
need to look at  

(1) Greenhouse gas (GHG) produced in building the generators (amortized) 
and maintaining them 

(2) GHG produced in operating the generator (producing electricity), 
including converting fuel to electricity and/or processing other materials 
into fuel. 

(3) GHG produced in transmitting the electricity to the end use (or conversion 
to another energy source) and building the transmission/conversion 
facilities (amortized). 

(4) Any incidental GHG produced in using, converting or storing the 
electricity. 

Although it may be controversial, (1) and (4) should be serious considerations. This may 
mean that regions which approach almost carbon-free electricity production will be prime 
manufacturing "Green-Belts" in the future, even though they may have higher labor and 
other costs.  

Currently nothing is 100% carbon-free, but we need to look at the above "life-cycle" cost 
of our kilowatts in order to approach very low GHG production per unit of electricity. We 
will deal with how we cover the residual in a later paper in this series. 

2.1. Reducing GHG is good 
As we move into the future, we need to be focused on reducing GHG, period. Replacing 
coal-fired generation with a gas-fired combined-cycle power plant is good, BUT, we need 
to look at how long the latter will operate AND the life-cycle GHG-cost assuming the 
build-cost ((1), above) is amortized over this period. Oh yes, and the economics must 
work out. If the power produced by the coal-fired plant is REALLY needed to stabilize the 
grid, then it may be better to continue operating it until it can be displaced by a very-low 
carbon generator (perhaps solar and/or wind plus storage) that will remain viable for 
several decades. When / if the coal-fired plant is no longer needed, shut it down. 

2.2. Innovative Ways of Reducing GHG 
Any very-low carbon generation is more likely to be used (and have the highest value) if 
it is marketed over the widest area. So, a transmission facility or an organization that can 
facilitate this probably results in a net reduction of GHG. Regarding the transmission 
facility, see section 4 of the earlier paper linked below. In the second paper linked below, 
section 2 describes an expanding organization that supports wider marketing of very-low 
carbon generation. 

https://www.energycentral.com/c/cp/wind-power-update  

https://www.energycentral.com/c/iu/caiso-part-6a-–-expansion-update  

2.3. Nuke It 
Nuclear power is frequently discounted, however for most regions it probably needs to 
play a serious role. Each older (second generation) plant needs to be evaluated as to its 
probable lifetime both with and without upgrades. The good news with these is that 
these plants' operation ((2) above) GHG-cost is very low. The bad news is that a major 

https://www.energycentral.com/c/cp/wind-power-update
https://www.energycentral.com/c/iu/caiso-part-6a-–-expansion-update
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upgrade's GHG-cost is probably pretty high. Whether a given region needs to continue 
operating these assets somewhat depends on future availability of very-low-carbon 
alternatives. 

However there are many "easy upgrades" that can allow nuclear power plants to operate 
safely until the end of their lives. A big safety-concern is that a major accident can evolve 
into an incident similar to Japan's Fukushima Daiichi nuclear disaster. One major link in 
the chain of events that led to this disaster was the overheating of fuel rods. All current 
gen 2 reactors use rods with zirconium cladding. Although zirconium is ideal from the 
standpoint of nuclear characteristics, when overheated, they can react with steam or 
water to form hydrogen. When this hydrogen is released into the containment, it forms 
an explosive mixture (with air) and when ignited it can breach the containment. 

A new generation of fuel rods is starting to be tested in simulations, at DOE test facilities 
and in small quantities in existing reactors.1 The current design of fuel elements can be 
seen in the figure below. The new generation is designed to replace either the cladding 
or all elements of the rods to avoid hydrogen evolution. 

 

The table below describes the current and each of the new candidate designs: 

Designer Cladding Filler Gas Fuel Pellet Comments 

Current Zirconium Helium Uranium Oxide -- 

GE Hitachi 
Nuclear Energy 

Iron Chromium 
Aluminum 

Helium Uranium Oxide Closest to current design 

Framatome Zirconium w. 
Chromium 
coating  

Helium Chromium 
doped 
Uranium  
Dioxide 

Upgraded pellets for higher 
heat range 

Westinghouse 
Electric Co. 

Zirconium w. 
Chromium 
coating or 
Silicon Carbide 

Helium Uranium 
Silicide 

Upgraded pellet for better heat 
transfer and lower operating 
temperature 

                                                 
1 Rob McCullum, Scientific American "Reactor Redo", May 2019 issue (no link to Web content available). 
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Designer Cladding Filler Gas Fuel Pellet Comments 

Lightbridge Zirconium None – Rod is 
fused. 

Uranium-
Zirconium 

Most radical redesign: fuel rod 
has 4-lobed cross-section 
rather than being cylindrical for 
better heat transfer and lower 
temperature. Requires 20% 
enriched fuel instead of 5%. 

For regions where there are no reasonable low-carbon alternatives to nuclear reactors, 
the NuScale design described in the earlier paper linked below appears to be safe and 
otherwise viable. 

https://www.energycentral.com/c/cp/nukes-part-2-little-nukes  

NuScale continues to make steady progress, and they have started the process of 
executing contracts for components they will use for their first reactor.2 A major reason 
for keeping Gen 2 reactors alive is to support the technologies and skills required for 
these new generation of reactors to facilitate their deployment (currently the first 
NuScale power plant is scheduled to be commissioned in 2026). 

2.4. Negative-Watts 
One of the first major moves that my home state (California) made in reducing GHG and 
other negative products of generating power was to reduce the amount of power 
required for a given task (improving energy efficiency). Through a long series of rebates 
for more energy efficient appliances, we (California) have been able to keep our per-
capita energy use level flat since the early 1970s compared to the rest of the U.S. (see 
the figure below). 

 

                                                 
2 Jacqueline Toth, Morning Consult, "NuScale Signs MOU with Doosan Heavy in Making Parts for Idaho 

Lab Reactor", April 29, 2019, https://morningconsult.com/2019/04/29/nuscale-signs-mou-with-doosan-

heavy-in-making-parts-for-idaho-lab-reactor/  

https://www.energycentral.com/c/cp/nukes-part-2-little-nukes
https://morningconsult.com/2019/04/29/nuscale-signs-mou-with-doosan-heavy-in-making-parts-for-idaho-lab-reactor/
https://morningconsult.com/2019/04/29/nuscale-signs-mou-with-doosan-heavy-in-making-parts-for-idaho-lab-reactor/
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The reason the above chart ends in 2001 is that it is from a presentation that was sent to 
me by a remarkable gentleman, Arthur H. Rosenfeld. At the time I worked with Dr, 
Rosenfeld (on a demand response project), he was commissioner of the California 
Energy Commission, and he sent out this presentation in 2005. Below is an excerpt from 
his article in Wikipedia:3 

"Arthur Hinton "Art" Rosenfeld (June 22, 1926 – January 27, 2017) was a UC Berkeley 
physicist and California energy commissioner, dubbed the "godfather of energy 
efficiency", for developing new standards which helped improve energy efficiency in 
California and subsequently worldwide…  

"[In 1973] his research focus shifted away from particle physics and instead to energy 
efficiency. To organize a team of scientists to work on it, he established the Center for 
Building Science at Lawrence Berkeley National Laboratory, which he would lead until 
1994.  

"In 1976, for instance, after he explained to California Governor Jerry Brown [then in his 
first two terms] that a proposed nuclear power plant would not be needed if there were 
better efficiency standards for refrigerators, the proposed plant was not built. And the 
following year, standards for new refrigerators and freezers went into effect. Brown 
recalls Rosenfeld's influence: 

" 'He gave validation to the very unorthodox notion that economic growth could be 
decoupled from energy growth. He was really the guru of efficiency.' 

"Many of the new standards met with stiff resistance from utilities and business groups. 
They saw the new rules as being bureaucratic 'job killers' and which, if effective, would 
reduce their revenues. An executive from the utilities contacted Rosenfeld's lab to 
demand they fire him. 

"Appliance manufacturers also complained about the new requirements, although they 
innovated to meet them. The resistance from utilities and manufacturers was eventually 
overcome when it was calculated that those new standards had yielded billions [of 
dollars] annually in energy savings for California consumers. 'The first time we put 
standards on a product, we tend to get objections that this will be the ruin of civilization 
as we know it,' Rosenfeld said. 'But then people get used to it.' In 1999, he estimated 
that the changes the commission mandated were saving the nation $10 billion a year. 

"The new standards also reduced California's air pollution, equivalent to taking millions 
of cars off the road. Appliances such as the refrigerator later used only 25% of the 
energy as older models, despite often being larger. Large-screen TVs, which were 
estimated to previously use up to 10% of an average home's electricity, were also 
included in the standards. In 2009, California approved the nation's first efficiency 
requirement for televisions. It was estimated that they alone would save Californians $8 
billion over the following decade. 

"Since 1973 per capita electricity use in California has remained flat, while for the rest of 
the nation it increased nearly 50%. That trend was attributed in part to the energy 
conservation efforts led by Rosenfeld. Energy scientists credited Rosenfeld for those 
savings, dubbing the term "Rosenfeld Effect" as a way to explain how the cost 
reductions were achieved. He became a 'rock star' in energy efficiency circles. James 

                                                 
3 Wikipedia Article on Arthur H. Rosenfeld, https://en.wikipedia.org/wiki/Arthur_H._Rosenfeld  

https://en.wikipedia.org/wiki/Arthur_H._Rosenfeld
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Sweeney, an energy scientist at Stanford, says Rosenfeld is 'absolutely the most 
fundamental person in causing the California government to start paying attention fully to 
the opportunities for energy efficiency.' " 

2.5. Make a General Plan and Update Frequently 
Very-low carbon energy technologies such as photovoltaic (PV) panels, wind turbines, 
battery energy storage systems and other technologies have developed rapidly in recent 
years, and will continue to do so for the foreseeable future. Thus a plan to move to very 
low carbon generation for a given region needs to take this into account, assume at least 
a modest rate of technology improvement, and update the plans frequently. 

It should be noted that California's original renewable portfolio standard (RPS) in 2002 
was 20% by 2017. Then in 2006 it was adjusted to 20% by 2010, then in 2011 it was 
adjusted to 33% by 2020. After we achieved 34% by the end of 2018, the bar was raised 
to 60% by 2030. See the recent paper linked below, section 3 for more details. 

https://www.energycentral.com/c/cp/meaningful-change-–-part-1  

2.6. A New / Old Source of Solar Energy under the Sun 
Even though California was a pioneer in the deployment of concentrating solar power 
(CSP), and has some of the largest CSP plants in the world (see below), this technology 
was given up for dead a few years ago due to plunging costs for photovoltaic (PV) 
projects. 

Recently other countries have been deploying large CSP projects, and their costs have 
been coming down.4 

"A recent analysis of power generation costs from the International Renewable Energy 
Agency (IRENA) revealed that CSP fell more steeply in cost last year than any other 
renewable technology. 

"It declined 26 percent year on year, double the rate seen in onshore wind and PV, and 
has dropped 46 percent since 2010. 

"IRENA said the rapid drop in CSP prices last year “should be treated with caution” 
because of the limited number of projects going ahead in 2018. At the same time, 
though, CSP deployment is set to rise in China this year, making a rebound in average 
global costs unlikely. 

"Instead, IRENA predicts average CSP costs will continue to descend through to 2020, 
hitting between $60 and $100 per megawatt-hour, or roughly the same level as offshore 
wind. 

"Between 2018 and 2021, said the agency, “CSP will experience a real step change in 
costs,” falling 61 percent over the period or 27 percent year on year." 

CSP has some advantages and disadvantages as compared with PV. Disadvantages 
include energy prices that are higher than PV (and likely to remain so), a requirement for 
largely cloudless skies limiting their geographic range (primarily to the Desert Southwest 

                                                 
4 Jason Deign, Greentech Media, " Concentrated Solar Power Quietly Makes a Comeback", June 24, 2019, 

https://www.greentechmedia.com/articles/read/concentrated-solar-power-quietly-makes-a-

comeback?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily#gs.lqkrty  

https://www.energycentral.com/c/cp/meaningful-change-–-part-1
https://www.greentechmedia.com/articles/read/concentrated-solar-power-quietly-makes-a-comeback?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily#gs.lqkrty
https://www.greentechmedia.com/articles/read/concentrated-solar-power-quietly-makes-a-comeback?utm_medium=email&utm_source=Daily&utm_campaign=GTMDaily#gs.lqkrty
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in the U.S.), and very expensive capital cost. Advantages include the ability to 
economically store up to 12 hours of thermal energy (allowing operation well into the 
evening, and for brief cloudy periods), and to ride through the very brief partly cloudy 
periods without storage due to intrinsic system inertia. 

Very large CSP Plants (>100 MW, all operational) in California:5 

 Genesis Solar Energy Project, 250 MW 

 Ivanpah Solar Electric Generating System, 377 MW 

 Mojave Solar Project, 250 MW 

                                                 
5 NREL, " Concentrating Solar Power Projects in the United States", https://solarpaces.nrel.gov/by-

country/US  

https://solarpaces.nrel.gov/by-country/US
https://solarpaces.nrel.gov/by-country/US

