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while Reducing Our Carbon Emission 

By Steve Tobin



Outline

• Very brief introduction on the need to change

• Discuss the economics of options

• Show a video summarizing 6+ years of work performed by NOAA

• Bring it back locally to the choices we have in Los Alamos County with 
an emphasis on the benefits of national scale action



Brief Summary of the Carbon 
Situation



Anthropogenic perturbation of the global carbon cycle

Perturbation of the global carbon cycle caused by anthropogenic activities,
averaged globally for the decade 2006–2015 (GtCO2/yr)

Source: CDIAC; NOAA-ESRL; Le Quéré et 
al 2016; Global Carbon Budget 2016

Primary problem: We are 
removing geologically 

stored carbon and 
putting it into the 

atmosphere (CO2) … and 
CO2 traps heat

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


And CO2 stays 
around a long 
time



Energy production is the dominant 
part of our carbon emission, what 
options do we have?



Putting energy 
sources in 
perspective



The good news is some noncarbon 
energy sources  are among the 
lowest cost energy sources we have!



Non-subsidized economics of  the main players
Technology 2014 Cost Range (cents/kWh) 2018 Cost Range (cents/kWh), change ‘14 to ‘18

Onshore Wind 3.7 to 8.1 2.9 to 5.6, 28% drop

Utility-scale, Solar PV 7.2 to 8.6 3.6 to 4.4, 49% drop

Gas Combine-cycle 6.1 to 8.7 4.1 to 7.4, 22% drop

Coal 6.6 to 15.1 6.0 to 14.3, 6% drop

New Nuclear Construction 9.2 to 13.2 11.2 to 18.9, 34% increase 

Residential Roof-top, Solar PV 16.0 to 26.7 18.0 to  26.5, 4% increase

Notes:
• Source: Lazard V12.0 for 2018, V8.0 for 2014
• LCOE = lifetime cost / energy produced
• No cost accessed for managing intermittency
• No cost accessed for transportation from electric generation to consumer
• No cost benefit/penalty accessed for emitting or not emitting CO2

MacDonald, A.  et al.
• Current Nuclear ~6 cents/kWh
• Current Hydro ~2 cents/kWh

For solar + 10 hour storage, price 
of solar ~2X to ~8 cents/kWhr

U.S. Energy Infor. Admin. division of costs: generation (~59%),  transmission to substation (~13%), distribution 28% 



Given both economics and 
availability, wind and solar could be 
the main energy sources moving 
forward … but what about 
intermittency?



Researchers at National Oceanic and 
Atmospheric Administration
• Created a model 

• Input: 
• Wind and solar data for every hour of the day for 3 years for the lower 48 states
• Current nuclear and hydro plants maintained in some cases
• Coal and natural gas plants can only be built where such plants currently exist
• Wind and solar can be built in most places but not (1) on restricted land, (2) near urban 

areas or (3) on large slopes. 
• High Voltage Direct Current (HVDC) Grid created to connect 32 “distribution centers” … 

this is the key as it allows energy to flow around the country
• Includes  energy loses due to transmission

• Criteria/output
• Must meet the electric energy need of all 32 distribution centers during every hour of 

the year for 3 years
• Calculate 30 year amortized energy costs and carbon emission for various scenarios



Insert video here 
https://www.youtube.com/watch?v=sAiOSsPzCow



Historical Data (blue) and Model Predictions 
(green) for U.S. Electric Sector

1990 2012 2030 
International 

Energy 
Agency 

Projection

High Cost 
Renewables

& 
Low Cost 

Natural Gas

Middle Cost 
Renewables

& 
Middle Cost 
Natural Gas

Low Cost 
Renewables

& 
High Cost 

Natural Gas

Levelized Cost of Electricity 
(cents per kWh, 2013 U.S.$)

11.8 9.8 11.5 (range of 

8.5 to 14.5)
8.6 10.2 10.0

Carbon Emission Relative to 
1990

100% 116% 106% 67% 39% 22%

MacDonald, A.  et al., “Future cost-competitive 
electricity systems and their impact on US CO2

emission,” Nature Climate Change, January 2016.

With a “32 Distribution Centers” HVDC Grid



Points from NOAA Researcher Articles

• They included the possibility of adding storage into the model, but it 
was not “selected” in the optimization as it was a more expensive 
option compared to transmission … but costs are falling

• If they didn’t allow any fossil fuels the cost was ~15 cents/kWh

• During the 3 years of wind data, there was never an hour when 
someplace did not have quality wind

• The bigger the grid gets the more stable the supply of renewables get 
(add Canada, Mexico, … Europe)



• ~3% loss each 1,000 km vs. 7% for HVAC

• Putting underground is viable but more $$$

• Point-to-point HVDC used for decades

• Meshed grids, the type needed to enable 
NOAA’s plan, have been deployed but are 
under development [CSC (common) vs. VSC]

HVAC       HVDCHigh Voltage Direct Current (HVDC)



Related Points

• Note, if we want to transition off fissile fuels, we need to transition 
more than just the electric grid, which only accounts for ~38% of total 
energy use
• Significant growth in electric demand, not included in IEA projection

• Transitioning heating and transportation, will reshape timing of electric 
demand:
• Electric cars give flexibility to the grid (when to charge)

• Electric heating (heat pumps) will significant alter the demand function

• Curtailment (“over capacity” that sometimes you don’t use) becomes 
more and more viable as the cost of wind and solar keep dropping



U.S. Interstate Highway System

Note that places like Germany 
that have tried to install more 
HVDC, have had major 
difficulty in siting new 
transmission lines … might the 
median strip, with buried 
HVDC be the answer?



What is the situation for Los Alamos County

The Board of Public Utilities established in 
2013 a goal for the Department of Public 
Utilities “to be a carbon neutral electric 
provider by 2040.”

Los Alamos Public Utilities web page



Where are we now?

• LA Dept. Pub. Utilities and the DOE formed a power pool through an 
Electric Coordination Agreement (ECA). This allowed the two entities to 
blend resources. Los Alamos County's resources under the ECA are as 
follows (I added green text):
• Coal, 62% (percentages ignore purchase power contracts): 

• San Juan Generating Station Unit 4 (coal, 36 megawatts), 49%, expected to close in 2022
• Laramie River Station entitlement (coal, 10 megawatts)

• Hydro, 36%:
• El Vado hydroelectric facility (renewable hydropower, 8 megawatts), 
• Abiquiu hydroelectric facility (renewable hydropower, 18 megawatts)
• Los Alamos' Western Area Power Administration entitlement (renewable hydropower, 1 

megawatt)

• Solar, 1% (work in progress to double this):
• Photovoltaic array on East Jemez landfill site (renewable solar, 1 megawatt)

• County purchased power contracts.

Los Alamos Public Utilities web page



On a local level we can not choose to have a 
national/continent wide grid

So if we as a county are going to shift for 
renewables, our primary choice is to use storage
which, currently,  roughly doubles the cost of 
renewables. 

Note, an advantage for nuclear is that it fits into 
the paradigm of having a “local energy policy”



We need a major investment from the federal 
government in HVDC

• “We need an Eisenhower” … We need a major national scale 
investment in transmission.  

• Recall U.S. Energy Infor. Admin. division of cost: generation (~59%),  
transmission to substation (~13%), distribution 28% 
• We can lower what we spend on generation … yet, we need an investment in 

transmission (or storage)

• Probably smarter to balance the whole system on a national level given the 
whole system needs to function as a unit.  



Conclusions

• Wind and solar have become amazingly cheap

• The weakness of wind and solar are their intermittency

• The intermittency averages out if you collect their energy over a 
large enough area … fortunately for the U.S., we are large enough … 
fortunately for Europe, they are also cooperating among nations

• There is no need to increase the average cost of electricity, per the 
NOAA research, we can lower the cost of generation by about the 
same amount as the cost of transmission increases



Looking at the 
options for 
the world

The lines connected to 
the center of the dot for 

some countries 
represent 15 years of 

change

Graph by David MacKay



We need to shift off fossil fuels …

• The main options (long-term time averaged):
• Onshore Wind (~2.5 W/m2)

• Solar Photo Voltaic (PV) (~5 to 20 W/m2)

• Concentrated Solar in deserts (15 W/m2), mirrors 
and molten salt

• Nuclear (~1,000 W/m2), 9% of U.S .total

• Biomass (~0.5 W/m2), 4.6% of U.S. total

• Tidal (3 to 6 W/m2)

• Geothermal

• Hydroelectric (11 W/m2), 2.4% of U.S. total

Note: except for nuclear, all options need significant surface area 
to generate the 3 x 1012 Watts the USA needs on average

By David MacKay



Solar 
resources

• For 48 contiguous  
states:
• Use 2.5% area

• 10 W/m2

• 2e12 W

• Or 2/3 total USA 
power (all 
sources)



Related Points
• Load shifting by altering rates during the day

• Concept



Wind resources

• For 48 contiguous 
states, I suggest:
• Use 5% area USA

• 2 W/m2

• Generates: 1e12 W

• Or 1/3 total USA 
power (all sources)



Image from The Carbon Projects: An emission “plan” to stay below 2oC  

What might a solution look like?



Rate at which CO2 is going into the atmosphere

Graph by David MacKay

Vikings out 
and about



Putting 2oC in perspective

• Temperature change 
associated with the 
~120,000 year ice-age 
cycle is 5 to 10 Co

• During last interglacial, 
the planet was on 
average 1 Co higher and 
the sea was 6 to 9 meters 
higher (Chen et al. 
Nature Geoscience, 2009)



Combined 
intermittency of 
renewables 
reduced by 
connecting up 
generation from 
separated areas



Total output (MW) of all the wind farms in 
Ireland from April 2006 to April 2007

Ireland is about the 
same size as Indiana

Clearly need to 
manage the variability

Graph by David MacKay



An aside: Solar radiation management

• Pumping sulfur high in the atmosphere will cool the planet
• Volcanos offer experimental evidence

• Cost estimates (U. Niemeier, Science, 2017):
• ~$20 billion/year, so ~1,000 times cheaper than pulling CO2 from the air

• 6,700 flights per day for 1oC cooling

• Hard to see some nation not taking this path



More on negative emissions

• According to an American Physical Society report (2011), capturing CO2

from air costs between $600 and $1,000 per metric ton of CO2.

• So our yearly liability: $600 * 34e9 ~ $20 trillion each year

• World 2017 GDP ~$80 trillion 

• Scientists Kevin Anderson and Glen Peters, editorial in Science 2016:

• Grow plants and extracting carbon from the plants … the plant volumes 
are of the order of 1 to 2 times all crops grown in India.

We are no where near being technically ready to pull carbon 
from the atmosphere, yet we are counting on it!!! 

http://science.sciencemag.org/content/354/6309/182


Energy storage for the grid

• “Pumped Hydro” handles over 95% of bulk energy     
storage:
• If you already have dams built, 

• Then pump water uphill when you have too much energy 

• Or turn off your dams to match variable sources

• Nordic grid use hydro in Norway and Sweden

• France sends excess nuclear power to Switzerland

• For USA:
• We have 40 pumped hydro plants, 22 GW capacity, 0.7% of our total 

USA usage, and only a fraction of that is available at any give time



Global carbon budget

The cumulative contributions to the global carbon budget from 1870

Figure concept from Shrink That Footprint
Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Joos et al 2013; Khatiwala et al 2013; 

Le Quéré et al 2016; Global Carbon Budget 2016

Since 

http://shrinkthatfootprint.com/burning-the-carbon-sink
http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.biogeosciences.net/9/5125/2012/bg-9-5125-2012.html
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://www.atmos-chem-phys.net/13/2793/2013/acp-13-2793-2013.html
http://www.biogeosciences-discuss.net/9/8931/2012/bgd-9-8931-2012.html
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


Yet, how does storage look if we switch to 
electric cars or other storage options?

• The battery in a Tesla S (75 to 100 kWh) or Chevy Bolt (60 kWh)

• The average home in USA uses 30 kWh/day, so storage capacity in a 
two car garage can be several days worth of household use

• Cost of car batteries had gone from ~$1,000/kWhr to $227/kWhr in 
the last 7 years (McKinsey & Company, 2017). 

• Re-visit intermittent:



Average power/area during a year



0.5 W/m2 is a rough average for biomass



Top emitters: fossil fuels and industry (absolute)

The top four emitters in 2015 covered 59% of global emissions

China (29%), United States (15%), EU28 (10%), India (6%)

Bunker fuels are used for international transport is 3.1% of global emissions.
Statistical differences between the global estimates and sum of national totals are 1.2% of global emissions.

Source: CDIAC; Le Quéré et al 2016; Global Carbon Budget 2016

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


<2.0°C, >66%

Carbon quota for a >66% chance to keep below 2°C

Historical emissions 1870-2016: 2100GtCO2. All values rounded to the nearest 50 GtCO2

The remaining quotas are indicative and vary depending on definition and methodology (Rogelj et al 2016).

Source: IPCC AR5 SYR (Table 2.2); Le Quéré et al 2016; Global Carbon Budget 2016

2100
GtCO2

For a >66% chance to keep global average temperature below 2°C above pre-industrial levels, 

society can emit 2900 billion tonnes CO2 from 1870 or about 800 billion tonnes CO2 from 2017

Indicative range
450-1050GtCO2

800
GtCO2

From a mass 
perspective

http://www.nature.com/nclimate/journal/v6/n3/full/nclimate2868.html
https://www.ipcc.ch/report/ar5/syr/
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


Cumulative global CO2 emissions and temperature

Cumulative global CO2 emissions from fossil fuels, industry, and land use change and four simplified future pathways 
compared to probability of exceeding different temperatures 

The green boxes show the year that the exceedance budgets are exceeded assuming constant 2016 emission levels
The years are indicative and vary depending on definition and methodology

Source: Jackson et al 2015b; Global Carbon Budget 2016

From a temporal 
perspective

Graph by David MacKay

https://www.nae.edu/File.aspx?id=141625
http://www.globalcarbonproject.org/carbonbudget/


Continued - Once we start behaving better: 
• Scary News, feedback loops: 

• Methane and C02 emission from the 
tundra (~1,400 Gtons C in top 3 m) 
and deep oceans 

• Geological record indicative of rapid 
warming in the past



Consumption-based emissions (carbon footprint)

Allocating emissions to the consumption of products provides an alternative perspective

USA and EU28 are net importers of embodied emissions, China and India are net exporters

Consumption-based emissions are calculated by adjusting the 
standard production-based emissions to account for international trade

Source: Peters et al 2011; Le Quéré et al 2016; Global Carbon Project 2016

http://www.pnas.org/content/108/21/8903
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/


Options for importing energy from deserts

• Each yellow 600 km by 600 
km square, if filled with 
concentrated solar facilities, 
would generate enough 
energy to allow 1 billion 
people to use the same 
energy as the average 
Europeans (125 kWh) or 
500 million people live as 
an average American

• Red square is for UK



Historical cumulative emissions by country

Cumulative emissions from fossil-fuel and cement were distributed (1870–2015):
USA (26%), EU28 (23%), China (13%), Russia (7%), Japan (4%) and India (3%)

Cumulative emissions (1990–2015) were distributed China (21%), USA (20%), EU28 (14%), Russia (6%), India/Japan (4%)
‘All others’ includes all other countries along with bunker fuels and statistical differences

Source: CDIAC; Le Quéré et al 2016; Global Carbon Budget 2016

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


Top emitters: fossil fuels and industry (per capita)

Countries have a broad range of per capita emissions reflecting their national circumstances

Source: CDIAC; Le Quéré et al 2016; Global Carbon Budget 2016

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/


USA states



Need to address intermittency and transportation

• To start with, this is roughly the load we want to meet:

• It will vary with a daily cycle, as seen above, and a yearly cycle

Graph by David MacKay



The emission pledges (INDCs) of the top-4 emitters

The emission pledges from the US, EU, China, and India leave no room for other countries to emit in a 2°C emission budget 
(66% chance)

Source: Peters et al 2015; Global Carbon Budget 2016

Intended Nationally Determined 
Contributions (INDCs)

Looking Forward: 
From a national 

perspective

http://iopscience.iop.org/article/10.1088/1748-9326/10/10/105004
http://www.globalcarbonproject.org/carbonbudget/


31%
11.6 GtCO2/yr

Fate of anthropogenic CO2 emissions (2006-2015)

Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2016; Global Carbon Budget 2016

26%
9.7 GtCO2/yr

34.1 GtCO2/yr

91%

9%
3.5 GtCO2/yr

16.4 GtCO2/yr

44%

Sources = Sinks

Ocean: “our 
friend” on the 

way up, but 
not on the 
way down

http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://www.biogeosciences.net/9/5125/2012/bg-9-5125-2012.html
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://dx.doi.org/10.5194/essd-8-605-2016
http://www.globalcarbonproject.org/carbonbudget/




Illustrative “PV Plus Storage” unit. PV and battery system (and 
related bi-directional inverter, power control electronics, etc.) 
sized to compare with solar thermal with 10-hour storage on 
capacity factor basis (52%). Assumes storage nameplate 
“usable energy” capacity of ~400 MWhdc, storage power rating 
of 110 MWac and ~200 MWac PV system. Implied output 
degradation of ~0.40%/year (assumes PV degradation of 
0.5%/year and battery energy degradation of 1.5%/year, which 
includes calendar and cycling degradation). Battery round trip 
DC efficiency of 90% (including auxiliary losses). Storage opex
of ~$8/kWh-year and PV O&M expense of ~$9.2/kW DC-year, 
with 20% discount applied to total opex as a result of synergies 
(e.g., fewer truck rolls, single team, etc.). Total capital costs of 
~$3,456/kW include PV plus battery energy storage system and 
selected other development costs. Assumes 20-year useful life, 
although in practice the unit may perform longer. Illustrative 
system located in Southwest U.S. 


