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A B S T R A C T   

The natural intermittency of renewable energy (solar and wind) and its mismatch in timing compared to the hourly requirements of electricity customers, and the 
resulting need for development of long duration (ten hours or more) energy storage are currently popular topics. 

But a potential major solution for these issues would not require physical storage at all. Instead, interregional high voltage direct current (HVDC) electric 
transmission could be used to move time-diversified renewable energy from where it is produced to where it is needed. Interest is growing among multiple entities in 
the U.S. to see such a “Macro Grid” of transmission accomplished.1 

Among other potential benefits of interregional HVDC transmission, it can harness the natural geographic and thus time-diversity between renewable resources 
and thus help compensate for their individual intermittency. 

This article provides two simple but illustrative examples of such benefits.   

1. Introduction 

The is a growing realization that the time for interregional electric 
transmission development has come.2 The authors have spent the past 
few years developing such a project, called “Power from the Prairie”, an 
interregional, nominal 4000 MW high voltage direct current (HVDC) 
line from the wind fields of Wyoming to the wind fields of Iowa (Fig. 1). 

Among other things, when combined together with similar proposed 
HVDC transmission projects to its East and West, Power from the Prairie 
would enable bi-directional swaps of time-diversified renewable energy 
from California to Chicago. 

Other authors have highlighted the importance of renewable energy 
time diversity that occurs due to the natural travel of meteorological 
weather systems and the sun across the U.S.3 Why is this time diversity 
important? This article provides two simplified but illustrative 
examples. 

2. Example 1: Western United States 

The State of California has a legislative goal of achieving 100% zero 
carbon electricity by the year 2045.4 In a previous article, the authors 
described how achieving this goal using primarily solar energy would 
result in massive over-generation of solar energy compared to customer 
loads every sunnny day of the year.5 This would happen because the 
desirable solar has a relatively low ratio of energy output per kilowatt of 
capacity (i.e., annual capacity factors6 of 20% to 24%). So, you need a 
lot of solar capacity to achieve a certain level of desired annual energy 
output—particularly for 100% of your needs. 

For example, in order for the City of Los Angeles to achieve renew-
able resources approaching 80% of its annual retail customer energy 
requirements using solar energy, it would need installed solar resource 
capacity of more than 2,600 Megawatts (MW) over and above the City’s 
annual peak demand. That means those 2,600 MW (peak) of solar output 

* Corresponding author. 
E-mail addresses: rhs@schulteassociates.com (R.H. Schulte), FFletcher@mac.com (F.C. Fletcher).   

1 “Macro Grid Initiative Launches to Expand and Upgrade America’s Transmission Network”, Press Release, American Council on Renewable Energy (ACORE) and 
Americans for a Clean Energy Grid, June 17, 2020, available at: https://acore.org/macro-grid-initiative-launches-to-expand-and-upgrade-americas-transmission-net 
work/  

2 Ibid.  
3 Dr. Christopher T. M. Clack, Vibrant Clean Energy, www.vibrantcleanenergy.com.  
4 California SB100, enacted September 10, 2018.  
5 R. Schulte and F. Fletcher, “100% Clean Energy: the California Conundrum”, The Electricity Journal, March 2019.  
6 Capacity factor is the amount of energy a resource produces over a time period, compared to its hypothetical output if it operated at full output during the entire 
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Fig. 1. Power from the Prairie Interregional HVDC Transmission Line Concept.  

Fig. 2. Incremental Cost of Renewable Energy (RE) as RE Penetration Increases. 8  
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and its associated energy would be surplus to the City’s customers’ needs 
every sunny day of the year.7 

The City has recognized this challenge. It is currently sponsoring an 
“LA100” study to identify ways to get to 100%. In the initial analyses, 
they found that the incremental cost of adding more renewables beyond 
75% to 80% would approach infinity (Fig. 2). That is, above this in-
flection point, every additional MW of renewable energy added would 
be wasted. It would not coincide with customers’ needs. 

What would the City have to do with this “over-generation”? It could 
curtail it (i.e., just shut it off). But that would completely waste the in-
vestment in building it. 9 Or, it could send/sell it to its neighboring 
utilities. But its neighboring utilities in California would have the same 
problem at the same time. That is, because California is geographically 
oriented North-to-South, and the sun passes East to West, the utilities on 
the way to 100% would all be over-producing solar energy at the same 
time. 

Fig. 3 illustrates a simplified illustration of an alternative option. The 
City’s municipal utility, Los Angeles Department of Water & Power 
(LADWP) and other area municipal utilities have access to a 2,400 MW, 
high-voltage direct current (HVDC) transmission line to Utah called the 
Southern Transmission System (STS). The STS is currently used to carry 

output from an 1800 MW coal-fired power plant near Delta, Utah called 
the Intermountain Power Project (IPP) to Southern California. 

The IPP coal plant is scheduled to be retired in 2025, primarily due to 
State of California concerns about greenhouse gas (GHG) emissions. The 
STS line could carry 2400 MW of the solar over-generation out of Cali-
fornia instead. 10 Let’s say 2400 MW of solar over-generation is exported 
North on the 2400 MW STS (Fig. 3). 

But the 2,400 MW (peak) of solar over-generation would represent 
an export of about 22 percentage points of the City’s 100% clean energy 
goal away from the City. How to replace it with renewable energy? For 
obvious reasons, the replacement should not have the same hourly 
output pattern as the solar over-generation. 11 

A potential alternative would be to import renewable wind energy 
from Wyoming over the same path (Fig. 4). Let’s say a similar amount 
(2,400 MW peak) of wind was imported from Wyoming to Delta, Utah 
using another HVDC line, 12 for ultimate delivery to LA via the same STS 
line. 

Fig. 3. Future Southern California Solar Over-Generation Seeking a Home.  

7 This solar over-generation could come from both utility-owned solar and 
distributed customer-owned solar. 

8 National Renewable Energy Laboratory (NREL) presentation, LA100 Advi-
sory Group meeting June 7, 2018.  

9 This 2600 MW of wasted energy from over-generation would represent 
about 24 percentage points of the City’s 100% clean energy goal. 

10 LADWP currently plans to replace the IPP coal plant with an 840 MW 
natural gas-fired plant. But it would not be running when LA is experiencing 
solar over-generation and does not need more energy in such hours.  
11 It has been suggested that solar located in Utah could be used to serve 

Southern California using the STS line. But why? If Southern California would 
be over-generating solar during the solar day, and there is little time diversity in 
solar output between Southern California and Utah, it would be like the old 
saying of “trying to export coal to Newcastle.”  
12 The “TransWest Express” HVDC line http://www.transwestexpress.net/ has 

been proposed by Anschutz for this duty, among other things. 
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But why try to send 2400 MW of wind down the same STS line? 
Wouldn’t they just offset each other? LA does not need more energy 
when they are already over-generating, right? 

The answer to these questions is no. The “secret sauce” lies in the fact 
that Wyoming wind largely happens at different times than California 
solar. They are “time diversified” from each other. Plus, Wyoming wind 
operates in more hours during the day and year than California solar 
does. 

But how much more? A basic spreadsheet analysis of National 
Renewable Energy Laboratory (NREL) hourly solar patterns for Southern 
California 13 and South Central Wyoming 14 reveals that yes, some of the 
Wyoming wind energy directed toward Utah would be blocked by solar 
over-generation. Southern California already has more renewable en-
ergy supply than it needs during those hours. 

However, there is more energy per MW in the Wyoming wind pattern 
compared to So. Cal. solar. And it happens during different times of the 
day, night and year. Plus, we assume that LA can use all the renewable 
energy it can absorb at times when the sun is not shining.. After all, it 
would be losing 22 percentage points of its clean energy goal with export 
of the solar over-generation. That needs to be replaced somehow. 

The results of the analysis are illustrated in Fig. 5. 15 Although both 
the solar and wind signals have the same 2400 MW peak output, because 
of time diversity between them more than 55% of the of the 10,785 GW 
h of total available Wyoming wind energy can still get to LA. This rep-
resents about 26 percentage points of LA’s 100% goal, more than 
replacing the 22 percentage points of lost solar over-generation. And all 
of this wind happens after the solar day. 

3. Conclusions  

• Using the time diversity of renewables, mixes of solar and wind can 
help resolve Southern California over-generation while helping 
enable high renewable energy levels in total.  
○ o Replacing more than the solar energy over-generation that is 

exported.  
○ o Replacing it with renewable wind energy in support of clean 

energy goals using interregional transmission to accomplish 
renewable energy “swaps”.  

○ o Using the existing STS HVDC transmission infrastructure.  
○ o Increasing the renewable energy capacity factor of the STS HVDC 

line from 24% (for solar over-generation alone) to 50% (including 
24 percentage points of northbound solar during the day, plus 26 
percentage points of southbound Wyoming Wind at night). This 
makes better use of the STS line asset. 

Fig. 4. 2400 MW of Wyoming Wind Directed to Utah.  

13 National Renewable Energy Laboratory (NREL), Physical Solar Model 
(PSM3), Data Download Wizard, hourly data, Lancaster, California area, 2012. 
Available at: www.maps.nrel.gov/nsrdb-viewer, GMT time.  
14 National Renewable Energy Laboratory (NREL), Wind Integration National 

Dataset (WIND) hourly data, Rawlings, Wyoming area, 2012. Available at: 
www.nrel.gov/wind-prospector, GMT Time. 

15 Simplifying assumption: ignoring transmission losses. 
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3.1. Dealing with the Residuals 

While the above discussion describes solutions for a variety of 
problems for California, there are still residuals to consider. In partic-
ular, where does the California solar over-generation go after it gets to 
Utah? There is little or no electric load there, or even farther Eastward in 
Wyoming to absorb it. 

In fact, the solar overgeneration would proceed past Utah to 
Wyoming (Fig. 6). 16 Plus, the Wyoming wind that could not go to 
Southern California during the solar day would also remain available for 
use elsewhere. A total of more than 9,878 GW h of energy would be 
available to go elsewhere, 17 or stored using large quantities of grid-level 
storage. With no appreciable load in or near Wyoming, we cannot just 
spill the excess renewable energy electrons out on the ground there. The 
residual would have to continue Eastward toward Chicago on an HVDC 
line like Power from the Prairie (Fig. 1). 

This is admittedly a simplified analysis. The authors plan a more 
detailed production cost model for their proposed Power from the 
Prairie Concept Development Study (CDS). This would include 

consideration of potential load destinations for the residual renewable 
energy in both Utah and Wyoming that are ignored here. Or perhaps to 
the Pacific Northwest instead? But time diversity, or lack of it, matters. 
The authors’ Power from the Prairie project is designed, in part, to 
address that. 

4. Example 2: Iowa to Illinois 

As another example, consider a hypothetical 2400 MW HVDC line 
from the wind fields of Northwestern Iowa/Southwestern Minnesota to 
Chicago (Fig. 7). The line is designed to carry 2400 MW of Iowa/Min-
nesota wind to Chicago markets. Using NREL data for the Iowa/Min-
nesota wind resource, this wind might have an annual capacity factor of 
about 44%. 

What if an additional 2400 MW (peak) of Wyoming wind (51% ca-
pacity factor) transported from the West via an HVDC transmission like 
Power from the Prairie was then injected into the HVDC line (Fig. 8)? 
Wouldn’t that just create an overload situation on the 2400 MW trans-
mission line? 

Not really. A similar spreadsheet analysis was performed to compare 
the time diversity of Iowa/Minnesota wind 19 and Wyoming wind. 20 

The results are shown in Fig. 9. 
The results show that there is significant time diversity between 

Fig. 5. Results of the Time Diversity Analysis.  

16 Consider that during the solar overgeneration time periods, the market 
value of the over-generated solar energy may be near-zero, or worse, negatively 
priced. At that price level, the commodity would likely be worth something to 
somebody, somewhere if only it could be transmitted to them.  
17 Simplifying assumption: ignoring relatively small amounts of customer 

loads that may be available in Utah or Wyoming.  
18 This line is roughly analogous to the proposed Soo Green HVDC line (www. 

soogreenr.com). 

19 National Renewable Energy Laboratory (NREL), Wind Integration National 
Dataset (WIND) hourly data, Spenser, Iowa area, 2012. Available at: www.nrel. 
gov/wind-prospector. GMT Time.  
20 Ibid, Rawlings, Wyoming area, 2012. GMT Time. 
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Iowa/Minnesota wind and Wyoming wind. Simply, wind speeds 
observed in Iowa/Minnesota already happened in Wyoming one to two 
days ago. It takes the weather systems that long to travel the distance. 
Essentially, Chicago gets two “bites” out of each wind system "apple" by 
accessing both Wyoming and Iowa/Minnesota wind regimes via HVDC 
transmission, rather than just the Iowa/Minnesota wind regime alone. 

The analysis shows that while all of the Iowa/Minnesota wind still 
goes to market on the HVDC line, nearly 60% of the available Wyoming 
wind energy also can get there too. All within the 2400 MW capacity 
limit of the Iowa-to-Illinois HVDC transmission line. 

5. Conclusions  

• Using time diversity between widely-separated wind fields and 
HVDC transmission, much more renewable energy can be packed 
down the same transmission line capacity.  
o Nearly 60% of the available Wyoming wind energy can be 

accommodated on the line, in addition to all of the Iowa/Minne-
sota wind.  

o The capacity factor of the Iowa-to-Chicago line increases from 44% 
(i.e., the output of the IA/MN wind fields alone) to 75% by adding 
Wyoming wind, a 67% increase. This is a major benefit for the 
profitability of the transmission line and lower costs for customers. 

Fig. 6. Residual Energy Arriving in Wyoming.  

Fig. 7. Hypothetical HVDC Line from Iowa to Chicago. 18  
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6. Summary 

The illustrative examples shown here are simplified for clarity. More 
detailed analysis will be necessary for Power from the Prairie in a 
Concept Development Study (CDS) the authors have proposed. Never-
theless, we conclude the time diversity between widely-separated 
renewable energy resources matters when enabled by interregional 
HVDC transmission:  

• Addressing the coming renewables over-generation problem as 
renewable energy penetrations continue to increase.  

• Facilitating very high levels of renewables to reliably meet public 
policy goals.  

• Maximizing utilization of limited transmission capacity, by packing 
it with high levels of renewable energy. 
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