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Key Points ,,

e The NEWS model co-optimizes dispatch, transmission and capacity
expansion, using high-resolution (13-km, hourly) weather data for three
years.

e The NEWS model implicitly computes the security-constrained unit
commitment and economic dispatch, and explicitly determines planning
reserves, load-following reserves and calculates the hourly transmission
power flow, the capacity expansion of generators and of transmission.

e Based on a range of estimated cost for various energy technologies, NEWS
designs multiple cost-minimized energy systems.

e Demonstrates the benefit of an HVDC network to ship electricity to major
load centers and to leverage the reduction in wind and solar powers’
variability in large geographic areas.



Projections of Climate Change by 2100: IPCC WG1 AR5
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Temperature anomaly relative to 1861-1880 (°C)
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IPCC AR5 WGL1 Figure SPM.10 |
Global mean surface temperature
increase as a function of cumulative
total global CO2 emissions from
various lines of evidence. Multi-
model results from a hierarchy of
climate-carbon cycle models for
each RCP until 2100 are shown with
coloured lines and decadal means
(dots). Model results over the
historical period (1860 to 2010) are
indicated in black. The coloured
plume illustrates the multi-model
spread over the four RCP scenarios
and fades with the decreasing
number of available models in
RCP8.5. The multi-model mean and
range simulated by CMIP5 models,
forced by a CO2 increase of 1% per
year (1% yr—1 CO2 simulations), is
given by the thin black line and grey
area. Temperature values are given
relative to the 1861-1880 base
period, emissions relative to 1870.
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Some decadal means are labeled for clarity (e.g., 2050 indicating the decade 2040−2049).
For a specific amount of cumulative CO2 emissions, the 1% per year CO2 simulations exhibit lower warming than those driven by RCPs, which include additional non-CO2 forcings. 
Decadal averages are connected by straight lines. 
Representative Concentration Pathways (RCPs) are four greenhouse gas concentration (not emissions) trajectories adopted by the IPCC for its fifth Assessment Report (AR5) in 2014.[1] It supersedes Special Report on Emissions Scenarios (SRES) projections published in 2000.
The pathways are used for climate modeling and research. They describe four possible climate futures, all of which are considered possible depending on how much greenhouse gases are emitted in the years to come. The four RCPs, RCP2.6, RCP4.5, RCP6, and RCP8.5, are named after a possible range of radiative forcing values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively).




— IPCC AR5 WG1 Table
Cumulative CO, Emissions 2012 to 21007 SPM.3 | Cumulative CO2
SCanario GtC GtC0, emissions for the 2012 to
2100 period compatible
Mean Range Maan Range
E 3 with the RCP atmospheric

RCPZ2.6 270 140 to 410 950 510 o 1505 concentrations simulated

RCPAS 780 595 o 1005 2180 1o 3690 by the CMIPS5 Earth System

RCPE.D 1060 840 1o 1250 1885 3080 1o 4585 Models.

R{PE.S 1685 141510 1910 B1&0 5185 o 7005

Mates:
" 1 Gigatonne of carbon = 1 GiC = 10" grams of crbon. This comesponds o 3,667 G0,

Limiting the warming caused by anthropogenic CO2 emissions alone with a probability of >33%, >50%, and >66% to <2°C
since the period 1861-1880, will require cumulative CO2 emissions from all anthropogenic sources to stay between 0 and
5760 GtCO2, 0 and 4440 GtCO2, and 0 and 3670 GtCO2 since that period, respectively.

These upper amounts are reduced to about 3300 GtCO2, 3010 GtCO2, anq 2900 GtCO2)respectively, when accounting for
non-CO2 forcings as in RCP2.6.
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Annual CO2 emissions from fossil fuel combustion and cement production were 8.3 GtC12 yr/1 (30.46 Gt CO2) averaged over 2002–2011 (high confidence) and were 9.5 GtC yr/1 (34.87 GtCO2) in 2011, 54% above the 1990 level. Annual net CO2emissions from anthropogenic land use change were 0.9 GtC yr/1 (3.3 GtCO2) on average during 2002 to 2011 .��From 1750 to 2011, CO2 emissions from fossil fuel combustion and cement production have released 375 GtC (1410 GtCO2)  to the atmosphere, while deforestation and other land use change are estimated to have released 180 GtC (660.0 GtCO2). This results in cumulative anthropogenic emissions of 555 GtC (2037 GtCO2).

Even if we stopped emitting all GHGs today, surface temperatures would remain anomalously high for many centuries and oceans would continue to get warm. And some 15-40% of emitted CO2 would remain in the atmosphere for > a thousand years. 



NEWS: National Energy with Weather System

. NEWS leverages high-resolution weather data.

. NEWS meets the energy demand every hour of the year, for three
years. Load data come from FERC (Form 714) data for the same years,
projected to 2030 levels.

. NEWS uses a range of estimated prices for each technology and set
price for HVDC.

. NEWS co-optimizes dispatch, transmission and capacity expansion to
design cost-minimized energy systems.


Presenter
Presentation Notes
HVDC $700 per MW-mile ($2013)
HVDC stations cost $182,856 per MW  (in $2013)


1. NEWS leverages high-resolution weather data.

2. NEWS meets the energy demand every hour of the year, for three years.
Load data come from FERC (Form 714) data for the same years, projected
to 2030 levels.

3. NEWS uses a range of estimated prices for each technology and set price
for HVDC.

4. NEWS co-optimizes dispatch, transmission and capacity expansion to
design cost-minimized energy systems.



Weather Data: Resource Potential as Capacity Factor

Low High Low High

Note: Different scales

Image credit - Nature Climate Change, MacDonald and Clack et al., Jan. 25, 2016, Figure 2.
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Wind at 90m above ground level (a) and solar PV resource potential (b) over the US using the high-resolution weather data and power-modelling algorithms for 2006–2008. The potential is presented as the expected
percentage of installed capacity power (capacity factor). Black/blue represents very low resource potential whereas red/violet indicate very good resource potential for that technology. The range of values is different for wind and solar PV. The description of the wind and solar PV power modelling is given in Supplementary Information Section 1.1.2.

13-km, hourly updated RUC weather assimilation data


. NEWS leverages high-resolution weather data.

. NEWS meets the energy demand every hour of the year, for
three years. Load data come from FERC (Form 714) data for the
same years, projected to 2030 levels.

. NEWS uses a range of estimated prices for each technology and
set price for HVDC.

. NEWS co-optimizes dispatch, transmission and capacity
expansion to design cost-minimized energy systems.



Energy Demand at 2030

200:4-2008 electric demand expanded to expacted 2030 levals
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The aggregated US 48 states hourly electric load for 20062008 expanded to 2030 levels. The
higher peaks are the summers which are dominated by air conditioning demand.
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. NEWS leverages high-resolution weather data.

. NEWS meets the energy demand every hour of the year, for three years.
Load data come from FERC (Form 714) data for the same years, projected
to 2030 levels.

. NEWS uses a range of estimated prices for each technology and set price
for HVDC.

. NEWS co-optimizes dispatch, transmission and capacity expansion to
design cost-minimized energy systems.



Ranges of Prices Used

Cost of capital and O&M of technologies (2013S$ / W), natural gas fuel (2013$S / MMBtu), HVDC
transmission line (2013S / MW-mile), and HVDC stations (2013$ / MW).

Onshore | Offshore PV CCGT | NG Fuel | HVDC lines | HVDC Stations
LRHG Scenario $2.16 $3.41 $1.19 | $1.24 $11.10 $701.36 $182,856.11
MRMG Scenario $2.25 $5.53 $2.57 | $1.24 $8.82 $701.36 $182,856.11
HRLG Scenario $2.36 $7.64 $3.04 | $1.24 $5.40 $701.36| $182,856.11

LRHG = Low-cost Renewables, High-cost Gas
MRMG = Mid-cost Renewables, Mid-cost Gas
HRLG = High-cost Renewables, Low-cost Gas



1. NEWS leverages high-resolution weather data.

2. NEWS meets the energy demand every hour of the year, for three
years. Load data come from FERC (Form 714) data for the same
years, projected to 2030 levels.

3. NEWS uses a range of estimated prices for each technology and set
price for HVDC.

4. NEWS co-optimizes dispatch, transmission and capacity expansion
to design cost-minimized energy systemes.



Basics of the Mathematical Optimization in the NEWS Model

Minimize:

ALL OTHER EQUATIONS CONSTRAIN THE MAGNITUDE OF ANY OF THE TERMS

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



Wind is variable

The variability of wind power with scale (All Areas)
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Variability here is defined as the average coefficient of variation over a geographic region when divided up into isolated regions



HVDC Transmission Network
= | ]
‘:”A‘g’i‘!!ﬁ-'ﬁ"lﬂiﬂﬂ;.“_-% I

o \ s "f-' .=ll|_=',,'| s
R o e Oina s Ve

"}p V' ‘
NGRS o ) %
.. \"‘""h / N iy ! St
A AR AS= NS b e R A
’ [ -\ 'r‘ R A AT AR
O\ L/ Al TTH Y Sy 2y ot
.'h . AN Vi EESaa s VA a A e
Jir= | X ARNa==pgesn SR g
"-"t{b\‘ A NN W yyauss = S ST Y
I R U N Aot )
o > 7 D v ([
L A= N T LGy
muyadm=n SRRl g&%{@@é@%&g‘% ,l
T N A T R R o
N IR T S A TR
KNI I AT e
O N TR P U LS
\ | V] NG AN ALK N
N AT D A A L]
XH Rl ogas s Tehe gl
NN :liiﬂ%‘ﬁﬁﬁaﬁ%?‘ﬂg;
R SHA VRN ‘ﬁ'!tg““?f""“%?"’% SN
A E‘Q‘u Eii%jﬁzﬁ‘%!%ﬁt&v&
< A ooy
kN AT DG )
e T A
A LR NG
o0 <1 NN A
N 5 EAVIN
TSNS ECR
I PN
I T 0y
‘.Ii' %g-ln‘ d :
P RN
o~ % X !
g \




B
NEWS Divisions, Regional Market Areas, and Nodal Areas

g -

i 4 2
L ~ - F3 .

() Sixl]r four divisions (d) The thirty two regional T
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 Examples of the divisions, regional market areas and nodal areas utilized by the optimization.
The bottom right panel is the 256 nodes and outline of the 32 regional market areas. Inside the RMAs there is AC transmission between the nodes, then to go between the RMAs an HVDC link is available. The model only picks the transmission if it is cost worthy.

(a) A single division for the full contiguous US, that will consist of 32 regional market areas each containing eight nodal areas as represented by the black outlines in (d). (b) Four divisions defining four separate electric power systems for the contiguous US. Each division will contain eight regional market areas each containing eight nodal areas. (c) Sixty four divisions representing the contiguous US being made of 64 independent electric power systems. There are no regional market areas (because there are more than 32 divisions) and each division contains only four nodal areas. (d) The 32 regional market areas that contain eight nodal areas each can be connected by HVDC within divisions. Nodes are the largest populated urban areas within each nodal area.


Land Use Constraints for RE Deployment

Wind Solar PV

Maximum Density of Wind Turbines Available (MW per km?) Maximum Density of Utility Solar PV Available (MW per km?)
I | [ \ [ T s CTIE | [ [ [ [ OO [
0.0-0.5 0.5-1.0 1.0-1.5 1.5-20 2.0-25 253.0 3.0-35 3.54.0 4.0-45 4550 5.0-55 5 10 15 20 25 30 35 40 45 50 55 60

The type and amount of electricity generation installed in each RUC cell is constrained by:
— Spacing between facilities
— Topography of the land
— Land Use (residential, commercial, protected lands, etc...)



Dispatch Stacks
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 Sample summertime dispatch stacks for the Low-cost Renewable High-cost Natural Gas
(LRHG) scenario for the 2007 data year. The vertical axes displays the generation and load (black line
above wind) requirements in GW and the horizontal axes label the hour of the optimization. The dispatch
stacks show the time period of 22:00 UTC June 15th to 06:00 UTC June 24th. Each panel shows the
aggregated US electric power sector generation and demand. The panels are for (a) a single connected
electric power system, (b) eight independent electric power systems, (c) 64 independent electric power
systems, and (d) 256 independent electric power systems
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Statistics for Entire Year

401 ] Carbon-Free Instantancous Penctration Level Histogram
- ] [
30| - 10 B

- - ! g i ]

B . s S ]

- 1 E | i

20~ u £ .

C ] o 6 -

— — L] L _

B ] 2 | i

- ] s | i

B ] g Al |

10F . & i

g : 2| |

0 - ‘ L L N A R . ol . T T T
-60 -40 -20 0 20 40 60 20 40 60 80 100 120

Ramp Rate per hour (%) Percentage of Load Met (%)



One Solution: Cost Optimized US Electric Power System ifor2030 (LRHG)

Wind 38%
Solar PV 17%

Nat’l Gas 21%
Nuclear 16%
Hydro 8%

® Onshore Wind ® Offshore Wind e Solar PV
® Hydroelectric [ ] Natural Gas ] Nuclear

Cost-optimized single electrical power system for the contiguous US, using data year 2007. The colors indicate that a model grid cell has a technology sited within it.
Onshore wind and solar PV are split into three bins to designate the density of installations. For wind the bins are: less than 0.5 W/m?; between 0.5 W/m?and 1.5 W/m?
above 1.5 W/m?Z. For solar the bins are: less than 5 W/m?; between 5 W/m?2and 10 W/m?; above 10 W/m?2. The grey lines show the HVDC transmission network. The
outer pie chart represents the installed capacity, whereas the inner pie chart shows the electricity demand met by each technology.
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National Electric Power System (2007 / Low RE & High NG / 1 System) Hour 4000

3 GW Transmission
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and Natural Gas Fuel Cost
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Electricity sector CO, emissions (million metric tons)

Levelized Cost of Electricity for a National System
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Key Points g

* The NEWS model co-optimizes dispatch, transmission and capacity expansion,
using high-resolution (13-km, hourly) weather data for three years.

e The NEWS model implicitly computes the security-constrained unit
commitment and economic dispatch, and explicitly determines planning
reserves, load-following reserves and calculates the hourly transmission power
flow, the capacity expansion of generators and of transmission.

e Based on a range of estimated cost for various energy technologies, NEWS
designs multiple cost-minimized energy systems.

* One of the cost-minimized systems designed by NEWS calls for U.S. electricity
generation as follows:

38% wind, 17% solar PV, 21% natural gas , 16% nuclear, and 8% hydropower without an
increase in LOCE

 HVDC network to ship electricity to major load centers and to leverage the
reduction in wind and solar powers’ variability in large geographic areas.

e Contacts: christopher.clack@noaa.gov and Melinda.Marquis@noaa.gov
e http://www.esrl.noaa.gov/gsd/renewable/news-simulator.html



mailto:christopher.clack@noaa.gov
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http://www.esrl.noaa.gov/gsd/renewable/news-simulator.html
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Assumptions in NEWS

* Electric load is met or exceeded by the generation at every hourly model time step in every nodal
area.

* The natural gas plants can only be sited at geographic locations that have fossil fuel plants in 2012

(shown in Fig. 31), to ensure that the necessary infrastructure and permitting is in place.

e Utility-scale solar PV is considered, but rooftop solar PV is not. The transmission handling of the

optimization model is high level and does not extend beyond the last busbar before the customers are

reached in each of the 256 nodal areas, where the rooftop solar PV resides. Further, the optimized
solutions tends to locate solar PV near nodal centers (cities) that can be substituted, in part, by
rooftop solar PV if the cost becomes favorable.

e Indirect costs associated with approval of new generation facilities (legal, environmental, health,
etc.) are not explicitly accounted for. However, the meta-analysis of the cost projections does
include studies that do account for part of these costs.

* Negative externalities often associated with fossil fuel electricity generation are not assigned a cost
in the present model, i.e. no carbon or other emissions tax is applied for the results presented and
discussed in the present paper.

 Hydroelectric generation is dispatched based upon historical monthly average values for the three

data years to account for the seasonal hydrological cycle.

* Nuclear generation is dispatched based on the lowest historical monthly average for the last decade
to be conservative with respect to its production.

e Nuclear and hydroelectric generation is allowed to ramp by small amounts (2.5% and 5%,
respectively) around the historical values for numerical stability



Assumptions (cont’d)

« The modeled system is optimized, having the benefit of load distribution and weather data a priori;
hence the resulting optimization is free from transmission congestion. Market dynamics associated

with capacity-dependent transmission and weather forecast uncertainty are not modeled.

« Within each nodal area, AC electrical losses are simply modeled based on geodesic distance between
generator and node center. The local AC distribution network is not modeled explicitly, but is

assumed to be capable of providing necessary transmission within each nodal area.

 An additional overlay HVYDC transmission system is used to transmit power between the 32 regional
market areas. This is done because a) it is the most cost-effective from a capacity (MW-mile) basis

over long distances, b) the associated line losses are significantly lower than with AC transmission,

and c) there are no steady-state stability or other AC phase problems across long distances.

Some of the main assumptions used to build the model are:

« Three cost scenarios are presented in the present paper. All generators available to the optimization
are assumed to have a 30-year service life. The annual plant cost is amortized over its service life

using a real discount rate of 6.6%. The 2025 projection of costs are considered “Low”, present-day
costs are considered “High” and “Mid” is a simple average of these two costs. The natural gas turbine
technology is assumed to be mature and plant cost is not varied between the three cost scenarios.

The natural gas fuel cost is taken from the 2040 high resource, reference, and low resource scenarios
from the EIAs 2013 Annual Energy Outlook. Costs are held constant throughout the optimization

period and across geographic regions.



Assumptions (cont’d)

The optimization routine provides the single best solution in terms of cost. Numerous solutions exist that are slightly
sub-optimal, but possess very similar features in terms of siting, dispatch, etc.

The load-following and planning reserve requirements are identical at all geographic locations.

Natural gas plants have no ramping constraints in the present paper. However, gas sector ramp rates were analyzed
for the resulting systems and were found to be between 60% / hour up-ramp and 60% / hour down-ramp which is
well within current combined cycle gas turbine capability.

There is no pre-determined dispatch order. The cheapest generation sources will be brought online as needed at each
model time step.

Nuclear, hydroelectric, wind and solar PV generators that existed by the end of 2012 are assumed to be in-place and
operational in all optimization scenarios.

Electricity storage is considered in the optimization model; however, current and projected storage costs resulted in it
never being selected as an option; so it was removed to simplify the description of the model. Storage is selected if
its price is considerably reduced, or other constraints are enforced (such as carbon mitigation targets etc.).

Hourly electric load and meteorological data are sufficient to model the electric power system subhourly variability;
since the electric grids are on such a large geographic scale.

The projected load is simply the 2006—2008 load increased by 0.7% per annum. As such, there are no specific
assumptions regarding electric vehicle charging or discharging.

Social and political constraints on the development of generation plants and transmission are not considered; other
than exclusion from existing protected areas (National Parks, urban areas, wildlife habitats, shipping lanes. etc.).
Demand response, load shifting, or future electric load behavior alterations are not accounted for.



Annual GHG Emissions [GtCO,eq/yr]

Low-Carbon Energy Share of Primary Energy [%]

GHG Emission Pathways 2000-2100: All AR5 Scenarios

IPCC AR5 WG3 Figure SPM.4

140
m - m €O, — 90" Percentile . .
120 E':;lgn?fﬁg"":ﬁmfgg _ e Pathways of global GHG emissions
) ppm 6, — 10" Percentile . .
oo | m i pm o " _¢  (GtCO2eq/ yr)in baseline and
L 430-480 m CQ, '.," -] e, . . . .
o || - Fonans e ange ‘ < mitigation scenarios for different
. long-term concentration levels
B (upper panel) and associated
upscaling requirements of low-
20
carbon energy (% of primary
0
energy) for 2030, 2050 and 2100
-202000 2020 2040 2060 2080 2100 2100 compa red to 2010 levels in
Associated Upscaling of Low-Carbon Energy Supply m|t|gat|0n scenarios (|Ower panEI) .
100 .
= 507 pomcose — - The lower panel excludes scenarios
w || B 50530 pmcose M — = with limited technology availability
I 430-480 ppm CO,eq Median — —— . .
o and exogenous carbon price
Min - . . . . .
@ — o trajectories. For definitions of CO2-
l ol equivalent emissions and CO2-
,,,,,,,,, e ] N . .
® ﬂg‘ o1 HE L1 equivalent concentrations see the
; ._3 % m:|* . .- WGIII AR5 Glossary.
o o L 2010
0

2030 2050 2100 2030 2050 2100 2030 2050 2100 2030 2050 2100


Presenter
Presentation Notes
CO2-equivalent concentration: 
The concentration of carbon dioxide (CO2) that would cause the same radiative forcing as a given mixture of CO2 and other forcing components. Those values may consider only Greenhouse gases (GHGs), or a combination of GHGs, aerosols, and surface albedo changes. CO2-equivalent concentration is a metric for comparing radiative forcing of a mix of different forcing components at a particular time but does not imply equivalence of the corresponding climate change responses nor future forcing. There is generally no connection between CO2-equivalent emissions and resulting CO2-equivalent concentrations. 
CO2-equivalent emission:
The amount of carbon dioxide (CO2) emission that would cause the same integrated  radiative forcing, over a given time horizon, as an emitted amount of a greenhouse gas (GHG) or a mixture of GHGs. The CO2-equivalent emission is obtained by multiplying the emission of a GHG by its Global Warming Potential (GWP) for the given time horizon (see Annex II.9.1 and WGI AR5 Table 8.A.1 for GWP values of the different GHGs). For a mix of GHGs it is obtained by summing the CO2-equivalent emissions of each gas. CO2-equivalent emission is a common scale for comparing emissions of different GHGs but does not imply equivalence of the corresponding climate change responses. See also CO2-equivalent concentration.



Temperature anomaly (°C) relative to 1961-1990

Observed globally averaged combined land and ocean
surface temperature anomaly 1850—-2012
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(a) Observed global mean combined land
and ocean surface temperature
anomalies, from 1850 to 2012 from three
data sets.

Top panel: annual mean values.

Bottom panel: decadal mean values including
the estimate of uncertainty for one dataset
(black). Anomalies are relative to the mean
of 1961-1990.

(b) Map of the observed surface
temperature change from 1901 to 2012
derived from temperature trends
determined by linear regression from one
dataset (orange line in panel a).
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Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}



Minimize w =Y Y G Xox+) €5 -Ci+) %, -C)
¢ K H

+§%%§g -TAB.%B+%‘, [(%,{#55-%-32) -;gml

subject to:

Y'Y (Po-xox-roxt) + gud + tur Sy (1_ZA{S) —Spcf~Cur =Lyz, VUL, T;
q) K

, Y u,T(a#B);

e = ;%m- (1 —ggﬁ.@aﬁ) 'ﬁ _ %%m
=i

Sur = [ (1= L) = spue] +8ue 1y (1=40), Vo> 1
C,>(1+2) Sue >0, Vi,

D .
0<sp <A -Cp, VUT;

C/,gL > (1+<@ﬁ) "8urt 207 V,u,‘c;
0<gur Sgu(r—l)"‘gﬁ‘cga Vi, t>1;

8ut > Gu(r—1) — % -CL >0, Vu,t>1;
O<x¢r<X¢r. V(D.K.

D)) (Bou o roxe) = Py} Luz, Vs

o K T T

o,0,B,Buc A, 0cB k¥, 1€




Optimization Procedure

Natural gas generation
(MWh)
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Transmission

power flux (MWh) VERY IMPORTANT CONSTRAINT AND

EXTREMELY COMPUTATIONALLY
EXPENSIVE

Transmission power
flow (MWh)

HVDC transmission flux constraint

Transmission power
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Transmission Capacity

Bound (MW) Transmission capacity constraint

Transmission Capacity
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Transmission power
flow (MWh)
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Installed capacity of conventional

generation (MW)

Conventional
generator filter

Planning reserve requirement constraint

Conventional
generator filter

Planning
reserve (%)

Natural gas generation (MWh)
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Nuclear and hydroelectric dispatch constraints

B < Ve < Byl Vo,k

Wind and solar siting constraint

0<G,.<Bj, Vu

Natural gas siting constraint
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