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The	  Electric	  Power	  System	  in	  2012	  
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•  The type and amount of electricity generation installed in each RUC cell is constrained by: 
	  

–  Spacing	  between	  faciliBes	  
–  Topography	  of	  the	  land	  	  
–  Land	  Use	  (residenBal,	  commercial,	  protected	  lands,	  etc…)	  

Land	  Use	  Constraints	  



In order to account for curtailment, capacity factors, sunk costs, and other factors, the math-
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, have capital, O&M, and fuel costs to consider. For the present studies, the O&M costs
and amortized capital costs are combined into a single 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 is based upon the optimistic prices in the studies reviewed. The mid
range values are the mean of the high 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 use a single cost for the natural gas power plants in all three of the price scenarios, namely
$1.24 / W (see Fig. 11 and Table 3). However, since natural gas prices have fluctuated wildly
in the past we take three cases from the Annual Energy Outlook [1] as our low, mid, and high
natural gas fuel prices. The three prices are shown in Table 3 and in Fig. 12 in 2013$ / 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,
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Table 3: Cost of capital and O&M of technologies (2013$ / W), natural gas fuel (2013$ /
MMBtu), HVDC transmission line (2013$ / MW-mile), and HVDC stations (2013$ / MW).

Onshore Offshore PV CCGT NG Fuel HVDC lines HVDC Stations

Low W&S High NG $2.16 $3.41 $1.19 $1.24 $11.10 $701.36 182,856.11
Mid W&S Mid NG $2.25 $5.53 $2.57 $1.24 $8.82 $701.36 182,856.11
High W&S Low NG $2.36 $7.64 $3.94 $1.24 $5.40 $701.36 182,856.11

5 Transmission, Nodes, and Divisions
Transmission is modeled in the present studies (to varying degrees) and is important aspect
of electric power systems. We explain how the concepts of nodal areas, nodes and divisions
are used in the optimization. Additionally, we discuss the assumptions made with regards to
transmission in the global and US studies.

For both the global and US study a division is a subset of the full domain that is completely
independent of other divisions and is solved as a separate electric power system. No information
or power transfer is allowed between divisions. A nodal area is a subset of division, but is
connected to other nodal areas within the division byhigh-voltage transmission lines. Therefore,
nodal areas are the building blocks of divisions. In the limit of the largest number of divisions
per domain there is one nodal area per division. Within each nodal area there is a dominant city
that acts as the electric power sink and a node for the high-voltage transmission network.

Transmission in the global study was assumed to be perfect and without electric losses. To
investigate how the penetration of wind and solar changes with area, each of the four regions
(Australia, China, Europe, and the USA) in the global study were iteratively divided from the
full domains to divisions of 2, 4, 8, 16, 32, 64, 128, and 256. The full domain has 256 nodal ar-
eas that are perfectly connected by lossless transmission to form a single electric power system.
Every division has an equal number of nodal areas that are perfectly connected. The divisions
were made by repeatedly splitting the regions in half (as close as possible) vertically then hori-
zontally. Electric load within each division was weighted by the fraction of the total population
residing in that division. The spatial availability of the wind and solar installations for each FIM
grid cell remains the same for each optimization.

The US study followed the same method as the global study to divide the domain into divi-
sions, however the nodal areas within the divisions are connected by transmission that includes
electric losses. Due to computational constraints in performing an optimization of this size,
we could only resolve a full formulation of high-voltage transmission between nodal areas of
size equal to the 32 divisions (which we call the high-voltage transmission nodal areas). The
multiply connected HVDC transmission network that is available for the optimization to choose
from is shown in Fig. 14. The blue lines show where the power must flow from and to. The
transmission between the 8 nodal areas enclosed by the high-voltage transmission nodal area is
assumed to be alternating current (AC) with electric losses of 1% per 100 miles and is prepro-
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Natural gas has a heat rate of 6430 Btu / kWh. Variable O&M is $3.11 / MWh  

Cost	  Data	  



HVDC	  Transmission	  
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ALL OTHER EQUATIONS CONSTRAIN THE MAGNITUDE OF ANY OF THE TERMS 

= + + + +

Minimize: 

Subject to: 

Mathema#cal	  Op#miza#on	  

For details of the NEWS optimization see Clack et al., IJEPES 2015. 



Today’s	  Prices	  without	  Coal	  
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Carbon-Free Instantaneous Penetration Level Histogram

10 20 30 40 50
Percentage of Load Met (%)

0

5

10

15

20

Pe
rc

en
ta

ge
 o

f T
im

e 
(%

)

Dispatchable Instantaneous Penetration Level Histogram
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Electric Load Ramp Rate
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Natural Gas Ramp Rate
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Wind	  and	  Solar	  by	  2030	  



Histogram of Wind Electricity Costs
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Histogram of Utility PV Electricity Costs
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System uses only ~ 205,000 3MW wind turbines 
~ 460 km2 taken out of current use 

System uses only ~ 18,500 20MW PV plants 
~ 6,110 km2 taken out of current use 

Wind	  and	  Solar	  by	  2030	  



Wind	  and	  Solar	  Dispatch	  Display	  
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Geographic	  Scaling:	  128th	  CONUS	  



What	  are	  the	  effects	  of	  Scaling	  and	  Cost?	  
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What	  are	  the	  effects	  of	  Scaling	  and	  Cost?	  
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What	  can	  the	  US	  achieve	  and	  what	  will	  it	  cost?*	  
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*	  Without	  storage	  and	  with	  current	  technologies	  



•  The US can technically produce up to 80% of its electricity from wind and solar 
PV alone by 2030 at costs similar to those today: 

i.  If national high-voltage direct-current transmission system is 
implemented. 

ii.  If the US moves away from a localized system to a large-scale system. 
iii.  If wind and solar PV reach the predicted by that time. 
iv.  Without the use of electric storage or new technologies. 

•  Other technologies will play a role, but we show that the variability of the 
weather is not an over-riding limitation or resistance to a low carbon system. 

 
•  Further work: 

a)  Stochastic Optimization with more years to optimize upon; 
b)  Agent based modeling of the policies, utilities, consumers, etc. to produce 

a planning tool that factors in non-deterministic behavior; 
c)  Sensitivity investigations into dynamic pricing within the optimization; 
d)  More technologies included in the model (e.g. CSP, MHK, etc.); 
e)  Produce a road map of investment periods to provide guidance of what 

are the first critical places to build transmission or power plants; 
f)  And much more… 

Conclusions	  and	  Future	  Work	  



Ques#ons?	  

christopher.clack@noaa.gov @clacky007 www.linkedin.com/in/clacky007 
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