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Pandora’s Box: Fossil Carbon
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• A fundamental transformation of the electric 

power system is underway.

• Design, Operation and Markets are currently 

constructed around “fuels” that are burned.

• Solar and wind resources will power the 

future. They are weather-driven.

• Atmospheric science should be incorporated 

at all phases of Design, Operations, and 

Markets.

Weather is Key to Decarbonization



Critical Components

• Weather

• Electricity Infrastructure

• Electric Demand

• Cost of Technologies



Wind and Solar are Variable Generation

Image Credit: Figure 7.5 in The Atmosphere, 8th 

edition, Lutgens and Tarbuck, 8th edition, 2001

This global heat 

engine runs 

constantly. 

Making 

“variability” a 

local effect.



The variability of wind drops by 5 times when area is 

increased by three orders of magnitude

y = -0.115ln(x) + 2.1728
R² = 0.86435
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region when divided up into isolated regions 

e.g., Iowa 48 States



Power output behavior compared with its neighbors 

of variable resources depends on its location

Local Wind Sites Behave The Same Way



NEWS Uses High Resolution Weather Data

Solar PV Potential



NEWS Uses High Resolution Weather Data



NEWS Uses High Resolution Weather Data



Critical Components

• Weather

• Electricity Infrastructure

• Electric Demand

• Cost of Technologies



Power plants that existed 

at the end of 2012

NEWS Needs The Locations of Power Plants



WindSolar PV

NEWS Needs To Know Where Sites Exist

Image credit - Nature Climate Change 
– Supplement Figure -
http://rdcu.be/f2Dg

http://rdcu.be/f2Dg


The best technology for a 

long distance 

transmission network is 

High Voltage Direct 

Current (HVDC).

NEWS Selects Transmission Options



Critical Components

• Weather

• Electricity Infrastructure

• Electric Demand

• Cost of Technologies



NEWS Uses Detailed Electricity Demand
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NEWS Uses Detailed Electricity Demand



Critical Components

• Weather

• Electricity Infrastructure

• Electric Demand

• Cost of Technologies



In order to account for curtailment, capacity factors, sunk costs, and other factors, themath-

ematical optimization utilizes an annual cost-per-unit generation capacity for each generating

unit. Since there is no fuel cost for the wind and solar projects, the total cost per project can be

separated into capital and Operations and Maintenance (O&M) costs. The natural gas plants,

however, havecapital, O&M, and fuel costs to consider. For thepresent studies, theO&M costs

and amortized capital costs arecombined into asingle cost per year.

A review of the literature for capital costs was carried out [1, 2, 51, 52, 53, 54, 55, 56, 57,

58, 59, 60, 61]. The capital and O&M costs selected for the present study are displayed in Fig.

11 and Table 3. The plot shows the projected 2030 capital and O&M costs in 2013$ per watt

installed. The best available current price is taken to be the high price for each technology,

while the low cost estimate isbased upon theoptimistic prices in thestudies reviewed. Themid

range values are the mean of thehigh and low prices.

Figure 11: The projected 2030 overnight capital costs including fixed O&M in 2013$ used in

the present study.

The natural gas power plants are assumed to be a more mature technology. Therefore, we

only useasinglecost for thenatural gaspower plants in all threeof thepricescenarios, namely

$1.24 / W (see Fig. 11 and Table 3). However, since natural gas prices have fluctuated wildly

in the past we take three cases from the Annual Energy Outlook [1] as our low, mid, and high

natural gas fuel prices. The threepricesareshown in Table3 and in Fig. 12 in 2013$ / MMBtu.

Other key factors affecting the cost of natural gas generation are the heat rate (measure of

efficiency of the plant), and cost of variable O&M. In order to limit the degrees of freedom in

the present studies, these values were kept constant across the scenarios run. The values used

were 6.430 MMBtu / MWh for the heat rate and $3.31 / MWh for the variable O&M (2013$)

[60, 61].

The final key cost used in the US study is the cost of high-voltage transmission. The han-

dling of transmission in the US study only addresses the cost of erecting new HVDC lines,

23

Image credit - Nature Climate Change 
– Supplement Figure -
http://rdcu.be/f2Dg

Models Need Costs Provided As Inputs

Nature Climate Change Manuscript - Confidential 27 November 2015

Figure 6: The projected 2030 overnight capital costs including O&M in 2013$.

Figure 7: The EIA natural gas projections in 2013$ / MMBtu to 2040 and then extrapolated up to 2055.

rate (measure of efficiency of the plant), and cost of variable O&M. To limit the degrees of freedom in the

present studies, these values were kept constant across the scenarios run. The values used were 6.430

24
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Minimize:

+ - ≥

Subject to:

ALL OTHER EQUATIONS CONSTRAIN THE MAGNITUDE OF ANY OF THE TERMS

See, e.g. C. T. M. Clack, Y. Xie, and A. MacDonald: Linear Programming Techniques for Developing an 
Optimal Electrical System including High-Voltage Direct Current Transmission and Storage, International 

Journal of Electric Power and Energy Systems, 68, 103-114, (2015).

NEWS Solves To Find The “Best” System



Retail: 10.1¢ / kWh
0.39¢ / kWh for transmission

8% curtailment of var. gen.
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A cost-optimal National Transmission System
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A cost-optimal National Electric System



NEWS Selects Transmission Options



Average Cost in 2015
--------------------------------------------

Image credit - Nature Climate Change – Figure 2 - http://rdcu.be/f2Dg

A national electric system could be lower cost

http://rdcu.be/f2Dg


9.38
8.94

10.67

9.19
8.75

10.45

0

1

2

3

4

5

6

7

8

9

10

11

WECC ERCOT EI

E
le

c
tr

ic
it
y

 C
o

st
s 

in
 ¢

/k
W

h
 p

e
r 

S
ta

te

2014 2030 (NEWS)

Breaking down a national system by Interconnect



A national system state-by-state
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A national system could emit less carbon dioxide
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A national system state-by-state
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A national system could emit less sulphur dioxide 

and nitrogen oxides
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A national system would consume less water
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A national system would employ more people
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NEWS Result: Geographic Scale and Cost of Technology
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Figure 14: The installed capacity in GW (a,c,e) and generation share (b,d,f) by technology. Each

panel showsdifferent geographic scalesof electric power systemsfor the2007 datayear optimiza-

tions. (a,b) is for the Low-cost Renewable High-cost Natural Gas (LRHG) scenario. (c,d) is for

the MRMG scenario. (e,f) is for the HRLG scenario.
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NEWS Result: Geographic Scale and Cost of Technology
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Figure 16: Summarized picture of the geographic scaling study. All three cost scenarios are

shown. Four of theninegeographic scales investigated areshown. (a) Displays theCO2 emissions

from the electric sector as a percentage of the emissions from 1990 levels. It illustrates that

with a decrease in geographic area (increase in number of independent power systems) the CO2

emissions increase. (b) Shows the total cost of the electric power sector compared with the single

connected contiguous US system. The panel indicates that cost-optimal systems over smaller

geographic areasaremoreexpensivethan larger systems. (c) Theshareof theelectricity generated

by carbon-emission-free technologies. It can be seen that with smaller geographic areas less

carbon-emission-free generation is selected by the optimization.

number comes increasing costs. Figure 16 (c) demonstrates that the smaller the geographic area

the less wind and solar PV generation there is. The reduction in wind and solar PV generation

leads to increasing costs and higher CO2. Therefore, these results indicate that to get the greatest

reduction in CO2 emissions from wind and solar PV for the lowest total annual cost, the largest
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NEWS Result: Sensitivity to Natural Gas
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Figure22: Theinstalled capacity (GW) by technology for thenatural gassensitivity study over the

2007 data year. Each panel displays the capacity of each technology for the full range of natural

gas fuel costs simulated. (a) Shows the Low-cost Renewables scenario, (b) displays the Mid-cost

Renewables scenario, and (c) is the High-cost Renewables scenario. In all panels there is a cost

of natural gas fuel below which no wind or solar PV is developed. Moreover, the deployment of

wind and solar PV with increasing natural gas fuel cost is not linear. As more wind and solar PV

are added, the overall installed capacity increases.

there is a steep increase in the use of wind and solar PV because high resources are available and

curtailment isnot an issuebecause their share of total electricity isstill relatively low. Eventually,

with continued natural gas fuel cost increases, the highest resource sites are saturated, and when

new sites are selected, some of the energy begins to be curtailed further raising costs.

An interesting analogy is that of population growth. At first it is very rapid, but at some point

thepopulation reachesaturning point whereresourcesand competition becomescarce, which acts
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NEWS Result: Sensitivity to Natural Gas
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Figure 23: The generation share (%) by technology for the natural gas sensitivity study over the

2007 data year. Each panel displays the share of electricity provided by each technology for

the full range of natural gas fuel costs simulated. (a) Shows the Low-cost Renewables scenario,

(b) displays the Mid-cost Renewables scenario, and (c) is the High-cost Renewables scenario.

The nonlinear behavior of the addition of wind and solar PV is very pronounced. Once all the

high-resource, low-correlated wind and solar PV sites are developed, the system moves to less

desirable choices, substantially slowing the increase in wind and solar PV generation share. From

an economics standpoint this isunderstood to becaused by increasing marginal cost for wind and

solar PV generators.

to limit the growth. The development of wind and solar PV is limited by the correlation between

resources, transmission constraints, and curtailment of over-produced electricity. Using the three

panels of Fig. 23, we estimate the inflection point is at a level of ⇠60% carbon-emission-free

generation (in these simulation that equates to⇠36% wind and solar PV). The cost of natural gas
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NEWS Result: Sensitivity to Natural Gas



Realistic Solutions Do Exist

• The US can reduce carbon dioxide emissions 

by 80% compared with 1990 levels:

 While decreasing the cost of electricity

 With a large share of wind and solar

 By deploying a national transmission system

 By using existing technologies only

 Without using storage, biomass or CCS.



Critical Key Findings

• It is not always best practice to place variable 

generators where the most power potential is. 

• A large area system is beneficial for numerous 

reasons, but particularly to find more valuable 
sites for variable generation.

• Coordinated planning is more efficient than 

competition.

• The least cost paths are, at most, 80% variable 

generation. The last 20% is more appropriately 

dealt with by another method / technology.
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VERY IMPORTANT CONSTRAINT 

AND EXTREMELY 

COMPUTATIONALLY EXPENSIVE

HVDC transmission flux constraint

Simplified Optimization Procedure



Transmission 

Capacity (MW)

Transmission Capacity 

Bound (MW)

Transmission 

power flow (MWh)

Transmission capacity constraint

Simplified Optimization Procedure



Planning 
reserve (%)

Installed capacity of conventional 
generation (MW)

Conventional 
generator filter

Conventional 
generator filter

Conventional generation (MWh)

Planning reserve requirement constraint

Simplified Optimization Procedure



Nuclear and hydroelectric dispatch constraints
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Simplified Optimization Procedure


