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Typical Generation Costs

1.Introduction

New generation must be continuously planned and built to
keep pace with load growth and the retirement of old
facilities. However, the concern over greenhouse gases has
motivated an extremely strong public interest in finding
ways to reduce CO, emissions, and electric utilities are
responding to this interest in various ways.

A few generation technologies promising in reducing
carbon emissions are summarized below, in approximate
increasing order of LCOE shown in Fig. 1a from 2021 [1],
and in Fig. 1b from 2023 [2]. These figures were already
seen in “Engineering Economics” notes, pg. 43).

Wind

Solar PV, utility scale

Natural gas combined cycle (NGCC)

Geothermal

Canadian hydro

Nuclear

Integrated gasification combined cycle (IGCC) with CCS
Pulverized coal (PC) with CCS

. Concentrated solar (solar thermal tower with storage)

Very important issues for each of these technologies is the
capital and operational costs, well quantified by the LCOE.
Although Lazard’s provides LCOE, it does not publish the
capital and O&M costs behind LCOE. There are two main
sources used for obtaining this information. These are

1. The US Energy Information Administration (EIA).

2. The NREL Annual Technology Database (ATB).
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Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances
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sensdivities. Thess results are not intsnded to reprasent any parficular geography. Pleass s=e pags fifled ar FY versus Gas Peaking and VWind versus CCGT—UGlobal Markets™ for regional sensitities o selected 1e:1nolo-g|es
Unless otherwse indicated herein, the low case represents a single-anas tracking system and the high case represents a fixed-filt system
Represents the estimated implied midpoint of the LCOE of offshore wind, assuming a capilal cost range of approximately 32,600 - $3 675kW
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salina aguifer). Mo plant modifications are assumed bayond a 2% adjustiment to the plani’s heal rata. The cnlre:spunduiu Tued cost is 5 20IMNBTL.
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Fig. 1a: Lazard’s LCOE Assessment for Generation Technologies, 2020 [1]




Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances
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Fig. 1b: Lazard’s LCOE Assessment for Generation Technologies, 2023 []



2.EIA data

The DOE EIA provides comprehensive generation capital
and O&M data and have been doing so for a number of
years. These data are obtained via consulting agencies
directly contracted by EIA to develop it. | have included
data from 2008 [3], 2010 [4], 2013 [5], 2015 [6], 2020 [7].

Table 1: 2008 Cost of new generation technologies

—
Base Contingency Factors Total
Overnight Ovemight Variable Heatrate®  Heatrate
Cost Project Technological Cost o&m® Fixed in nth-of-
Onling  Size Leadtime in 2007 Contingency  Optimism in 2007* ($2006 oam® 2007 a-kind
Technolog! Year' (mW) (Years) ($2006/kW) Factor’ Factor’ (2006 $/kW)  mills/kWh) ($2006/kW) (Btw/ KWhr) (Btu/kWr)
Scrubbed Coal New’ 2011 600 4 1434 107 1.00 1,534 4.48 26.79 9200 8,740
Integrated Coal-Gasification
Combined Cycle (IGCC) 2011 580 4 1657 1.07 1.00 1773 2.84 are2 8,765 7450
IGEC with Carbon 2011 380 4 2,302 107 103 2,637 43 4427 10781 8307
Sequestration
Conv Gas/Oil Comb Cycle 2010 250 3 683 1.05 1.00 7 20 1214 7196 6,800
Adv Gas/Oil Comb Cycle (CC) 2010 400 3 654 1.08 1.00 706 1.95 11.38 6,752 6,333
ADV CC with Carbon
Sequestration 2010 400 3 1,254 1.08 104 1,409 2.86 19.36 8613 7493
Conv Combustion Turbine® 2009 180 2 476 1.05 1.00 500 3.47 11.78 10,833 10,450
Adv Combustion Turbine 2009 230 2 450 1.05 1.00 473 3.08 10.24 9,289 8,550
Fuel Cells 2010 10 3 4,653 1.05 1.10 5374 46.62 5.50 7930 6,960
Advanced Nuclear 2016 1350 6 2,143 1.10 1.05 2475 0.48 66.05 10,400 10,400
Distributed Generation -Base 2009 § 2 972 1.05 1.00 1,021 6.93 15.5¢ 9200 8,900
Distributed Generation -Peak 2010 2 3 1,168 1.05 1.00 1227 6.93 15.5¢ 10,257 9,880
Biomass 2011 80 4 2490 1.07 1.05 2,809 6.53 62.70 8911 8911
MSW - Landfill Gas 2010 30 3 1,773 107 1.00 1,897 0.01 111.15 13,648 13,648
Geothermal ™ 2011 50 4 1,067 1.08 1.00 1,110 0.00 160.18 35,376 33,729
Conventional Hydopower® 2011 500 4 1410 1.10 1.00 1,551 34 13.59 10,022 10,022
Wind 2010 50 3 1,340 107 1.00 1434 0.00 2948 10,022 10,022
Wind Offshore 2011 100 4 2,547 1.10 1.03 2872 0.00 B7.05 10,022 10,022
Salar Thermal® 2010 100 3 3499 107 1.00 3,744 0.00 55.24 10,022 10,022
Photovoltaic” 2009 5 2 5,380 1.05 1.00 5649 0.00 11.37 10,022 10,022
— — ———

"Online year represents the first year that a new unit could be completed, given an order date of 2007.

2A contingency allowance is defined by the American Asscciation of Cost Engineers as the "specific provision for unforeseeable
elements if costs within a defined project scope; particularly important where previous experience has shown that unforeseeable
events which will increase costs are likely to occur.”

*The technological optimism factor is applied to the first four units of a new, unproven design. It reflects the demonstrated tendency
to underestimate actual costs for a first-of-a-kind unit.

“Overnight capital cost including contingency factors, excluding regional multipliers and learning effects. Interest charges are also
excluded. These represent costs of new projects initiated in 2007.

®0&M = Operations and maintenance.

SFor hydro, wind, and solar technologies, the heatrate shown represents the average heatrate for conventional thermal generation
as of 2006. This is used for purposes of calculating primary energy consumption displaced for these resources, and does not imply
an estimate of their actual energy conversion efficiency.

TCEIleEﬂ costs are shown before investment tax credits are applied.
8Combustion turbine units can be built by the model prior to 2009 if necessary to meet a given region's reserve margin.

‘Because geothermal and hydro cost and performance characteristics are specific for each site, the table entries represent the cost
of the least expensive plant that could be built in the Northwest Power Pool region, where most of the proposed sites are located.

Sources: The values shown in this table are developed by the Energy Information Administration, Office of Integrated Analysis and
Forecasting, from analysis of reports and discussions with various sources from industry, government, and the Department of
Energy Fuel Offices and National Laboratories. They are not based on any specific technology model, but rather, are meant to
represent the cost and performance of typical plants under normal operating conditions for each plant type. Key sources reviewed
are listed in the ‘Notes and Sources’ section at the end of the chapter.



Table 2: 2010 Cost of new generation technologies

Basa Contngancy Faciors

ovgrignt Ve e’ s

Cmiiw  Sze  Leaddme in 2009 I 2009 gIEE O 099 s
T Yiar
ﬁ_ R 4 07T 2333 4.6 EXEE T
Integratad Coal{Gasi fication
Combined Cycie (E0T)’ F 4 2401 107 100 2565 28 953 ETES 7450
IGCCWhCaton Seqmaraton|  IME 320 4 3427 107 103 3778 45 4TS5 0T a7
Conw Gas il Comb Cyd e Mz 50 3 say 108 100 524 N 1276 TEE BE0
Ay Gasil Comb Cyde {00) IME 400 3 g7 108 1.00 ] 204 118  em2 6333
ADVC withCaron Sapsation|  ZUE 400 3 170 108 104 1932 am 035 EEI 7493
Conw Combation Turbing 1 18D z 21 108 1.00 a2 ET 1238 10TEE 10450
Ay Combustion Turbing 011 230 H &7 106 1.00 =T am 077 8@ &850
Fusl Calls Mz 10 3 4744 108 110 54T 49.00 578 TS0 68960
Advanced Mudew e 1350 3 3308 1140 105 3820 o= S04 10488 10488
D siributad Generation Base 2z H 3 1334 108 100 1,400 7% 1835 GO0 B500
D sributad Geraradon Feak 011 1 z 1801 108 1.00 1,881 7% 1639 10088 9830
Bomams F T 4 3414 107 105 3849 636 B5E% G461 7.765
Quothamal ** e - 4 1888 108 1.00 1,748 o 18833 3299 30336
MEW - Landfll Gas F T 3 2430 107 100 2556 o 1680 13ME 13548
Conantonal Hyoromow M3 s 4 2084 140 100 2291 4 1353 G@E4 9834
wind e &0 3 1837 107 100 1566 (1) W05 SEd 9834
Wind Dfshone ME 100 4 3492 1140 102 3837 o EE92 984 9834
Solar Tharmal? Mz 100 3 4758 107 100 5432 (1) EE05 a4 9834
F homy ok Fiul| 5 H 5a78 105 1.00 £.171 om 154 GEEd g4

"Online year represents the first year fiat a new unit could be completed, given an order date of 2000, For wind, geofhemal and
Landfill gas, e online year was moved eariar to acknowledgs e sgnificant market acvity alresdy ooourn ng in anticip ation of the
expiration of the Producion Tax Credit.

“& confingency allowanos is dafined by the Amencan Assocision of Cost Enginesns a3 e “specific provision for unforesseahls
slaments if costs within a defined projed scopse; particulady mporiant where previous expenence has shown that unforssseahls
evenis which will mcreass costs are Bely to ocour”

Mhe technological optimiam factor is appliad to the first four units of 2 new, unproven design. | reflects the demonstrated tendency
to underestimate aciusl costs for a first-of-s-kand wnit.

*Ovemight capital cost including confin gency Beiors, exchuding regional mulipliers and leaming effects. Intereat charges are alao
exchuded. These represant costs of new progecis inifiated in 2004,

808 M = Operations and mainisnance.

“For o, wind, and solar tschnologies, the heairate shown represents e average heatrals for convensional thermal g eneration
a5 of 2008, This b wused for pumeoses of caloulafing pimary energy consumpion displaced for fese resources, and dosa not mply
an estimats of their sctusl energy conversion efficiency.

'Capital costs ars shown befons investment tax oredits ane applisd.
Combasation wrhins units can be bull by the modsd prior o 2011 f necesaany o mest a given region's ressrve mangin.

‘Becauss geotermal and hydro cost and performance characernistics are spacific for each site, the table entries repreaent the ooat
of the least expensive plant that could be bullt in the Northwest Power Pool region, where most of the proposed sites ane located.

Sources: The valuss shown in this iable are developed by the Ensrgy Information Adminkstrafion, Office of Integrated Anslysis and
Forecasting, from analysis of reports and discussions with vanous sources from industry, govemment, and the Departmeant of
Enengy Fusl Offices and Nafonal Laboratones. They ars not based on any apecific technolegy model, but rather, are meant in
represent the cost and performance of typical plants under nonmal operating conditions for esch plant type. Key sources reviewsd
are Bsted inthe ‘Notes and Sources” secBon at the end of fe chapter.



Table 3: 2013 Cost of new generation technologies

Plant Characteristics Plant Costs [20125)
Nominal Overnight Variable
Capacity Heat Rate Capital Cost Fixed OBM O&M Cost  MEMS
(MW (Btu/kWh) [5/kW) _ Cost [S/kW-yr)  [5/MWh] Input
Coal
Single Unit Advanced PC 650 £,800 53,246 537.80 5447 ]
Dual Unit Advanced PC 1,300 £,800 52,934 531.18 54 47 ¥
Single Unit Advanced PC with CC3 650 12,000 55,227 580.53 5951 ¥
Dual Unit Advanced PC with CC3 1,300 12,000 54729 566.43 5551 M
Single Unit IGCC 600 £ 700 54 400 562.25 57.22 M
Dual Unit KGCC 1,200 £,700 53,784 551.39 57.22 ¥
Single Unit IGCC with CC3 520 10,700 56,509 572.83 5845 M
Matural Gas
Conventional CC 620 7,050 5917 513.17 53.60 ¥
Advanced CC 400 6,430 51,023 51537 5327 i)
Advanced CC with CCS 340 7,525 52,085 53179 5678 i)
Conventional CT 14 10,850 5973 57.34 515.45 ¥
Advanced CT 20 9,750 5676 57.04 51037 ¥
Fuel Cells 10 9,500 57,108 50.00 543 .00 ¥
Uranium
Dual Unit Muclear 2,234 M A 55,530 59328 52.14 ¥
Biomass
Biomass CC 20 12,350 58,180 5356.07 517.49 ]
Biomass BFE ] 13,500 54,114 £105.63 5526 ¥
Wind
Onshore Wind 100 M/a 52,213 539.55 50.00 i)
Offshore Wind 400 M A 56,230 574.00 50.00 ¥
Solar
Solar Thermal 100 M A 55,067 567.26 50.00 ¥
Photovoltaic 20 M A 54,183 527.75 50.00
Photovoltaic 150 M A 53,873 524,69 50.00 ¥
Geothermal
Geothermal — Dual Flash ] M/& $6,243 $132.00 50.00 M
Geothermal — Binary L] MfA 54 362 £100.00 50.00 M
Municipal Solid Waste
Municipal Solid Waste ] 18,000 58312 5392 82 5875 M
Hydroelectric
Conventional Hydroelectric 500 M/A 42,935 514.13 50.00 M
Pumped Storage 250 M A 55,288 513.00 50.00 M




Table 4: 2015 Cost of new generation technologies

Base
Overnight
Costin  Project Techno- Total  Wariable Fixed Heatrate
Lead 2014  Contin- logical Overnight o&M* o&M  fin2014
Online Size time (2013 gency  Optimism  Costin 2014° (2013 (2013 &/ (Btu/
Technology Year' (MW)]  (years) $/kW)  Factor” Factor® (2013 S/kW)  S/mWh)  KW/yr.) KWh)
Scrubbed Coal New 2018 1300 4 2,726 1.07 1.00 2,917 4.47 31.16 8,800
Coal-Gasification Integrated
Comb Cycle (IGCC) 2018 1200 4 3,483 1.07 1.00 3,727 7.22 51.37 8,700
IGCC with Carbon sequestion 2018 520 4 5,891 1.07 1.03 6,492 244 72.80 10,700
Cony Gas/0il Comb Cvcle 2017 620 3 269 1.05 1.00 912 3.60 1316 7.050
Adv Gas/0il Comb Cycle (CC) 2017 400 3 542 1.08 1.00 1,017 3.27 1536 5,430
Adv CC with Carbon
seguestration 2017 340 3 1,845 1.08 1.04 2,072 6.78 31.77 7,525
Conv Comb Turbine® 2016 B85 2 922 1.05 1.00 968 15.44 7.34 10,783
Adv Comb Turbine 2016 210 2 639 1.05 1.00 671 10.37 7.04 9,750
Fuel Cells 2017 10 3 6,042 1.05 1.10 6,978 4297 0.00 9,500
Adv Nuclear 2022 2234 & 4.646 1.10 1.05 5.366 214 9323 10,479
Distributed Generation-Base 2017 2 3 1,407 1.05 1.00 1,477 7.75 17.44 9,015
Distributed Generation - Peak 2016 1 2 1,689 1.05 1.00 1,774 7.75 17.44 10,015
Biomass 2018 50 4 3,399 1.07 1.01 3,859 5.26 105.58 13,500
Geothermal™® 2018 50 4 2,331 1.05 1.00 2,448 0.00 11285 9,516
Municipal Selid Waste
Conventional 2017 50 3 7,730 1.07 1.00 8,271 274 39260 14 878
Hl,'dropower’ 2018 500 4 2,410 1.10 1.00 2,851 5.76 15.15 9,516
Wind 2017 100 3 1,850 1.07 1.00 1,980 0.00 3853 9,516
Wind Offshore 2018 400 4 4476 110 1.25 6,154 0.00 73.96 9,516
Solar Thermal’ 2017 100 3 3,787 1.07 1.00 4,052 0.00 67.23 9,516
Photovoltaic™ 2016 150 2 3,133 1.05 1.00 3,279 0.00 24 68 9,516




Table 5: 2020 Cost of new generation technologies

Techmo- Total
First Lead evernight lbogical overnight Wariable Fimed Q&M

awailable Size time cost’  optimism cost™  O&RM"|2020 (20205, Heat rate’
Technolagy year® MW]  [years] 2020 51K factor’ 20 5 KW 5/ MW k-] ’Btll."kw'hi
Ultra-supereritical cozl [USC) 2024 650 4 3672 1.00 3,672 452 4079 5,638
USC with 30% carbon capture and 2024 650 a 4550 101 4,585 711 5457 9,751
sequestration (CCS)
USC with 90% CCS 2024 630 4 5861 10z 5,978 1103 59.85 12,507
Combined-cycle—single shaft 2023 218 3 108z 1.00 1,082 256 1217 5,431
Combined-cycle—multi shaft 2023 LOE3 3 57 1.00 57 b 12.26 6,370
Combined-cycle with 90% CCS 2023 377 3 2471 104 2,570 5.87 2774 7,124
Internal combustion engine 2022 21 2 1513 1.00 1,813 5.72 35.34 8,295
Combustion turbine— 2022 105 2 1189 1.00 1,169 472 1638 9,124
aeroderivative’
Combustion turbine —industrial 2022 237 2 709 1.00 T09 452 702 9,905
frame
Fuel cells 2023 10 3 6277 108 6,566 0.59 3094 5,460
Huclear—light water reactor 2026 2156 [ 6,034 105 6,336 238 122 26 10,455
Muclear—small modulsr resctor 2028 (] [ 6,183 110 6,802 3.02 95 48 10,455
Distributed penerstion—base 2023 2 3 1580 1.00 1,560 B.ES 19.45 5,935
Distributed generstion—peak 2022 1 2 1372 1.00 1874 B.65 19.45 9,921
Battery storage 2021 S0 1 1185 1.00 1,165 0.00 2293 MA
Biomass 2024 S0 4 4077 1.00 4,078 4.85 126.36 13,500
Geothermal™* 2024 S0 4 2,772 1.00 2,772 117 137.50 5946
Municipal solid waste—landfill 2023 36 3 1568 1.00 1,566 6.23 20.20 5513
gas
Conventional hydropower!? 2024 100 4 2,769 1.00 2,769 1ap 4zl MA
Wind® 2023 200 3 1348 1.00 1,548 0,00 2647 MA
Wind offshore® 2024 400 4 4362 125 5,453 0,00 11056 MA
Solar thermal® 2023 115 3 7116 1.00 716 0,00 8582 MA
Solar photovoltaic [FV) with 2022 150 2 1243 1.00 1,248 0.00 15.33 HA
tracking -4t
Solar PV with storage®! 2022 150 2 1612 1.00 1,612 0.00 321.33 MA

* Represents the first year that a new unit could become operational

* Base cost indudes project contingency casts.

# The technological optimism factor is applied to the first four units of & ne'w, unproven design; it neflects the demonstrated tendency to undensstimate actual costs for a first-
of-a-king unit.

* Owernight capital cast includes contingency factors and excludes regional multisliers (2xcept as noted for wind and solar PV] and iearning effects. interest charges are aiso
exduded. The capital costs reprasent current costs for plants that would come online in 2021

* Total owernight cost for ind and solar FV techrologies in the table are the sverage input value soross all 23 slectricity market regions, s weighted by the respective capacity
of that type installed during 2049 in each region to sccount for the substantial regional varistion in wind and solsr costs (as shown in Tabée 4] The input value used for
onshore wind in AE02024 was 31,265 per kilowatt (KW, and for solar FV with tracking it was $1,232/kW, which represents the cost of building & plant exchuding regional
factors. Region-spacific factors contrivuting to the substantial regions| variation in costinclude differences in typicsl project size scross regions, sccessibility of resources, and
wainiation in labor and other construction costs throughout the country.

* D&M = Dperations and maintenance.

¥ The nudear average hest rate is the weighted sverage tested hest rate for nuckesr units 25 reported on the Form E1A-E60, Amnusi Slectric Genarctor Regort. No heat rate is
reported for battery storage because itis mata :rimarrcunarsiunﬁemnnlosr; corvarsion losses are aocounted for when the :len:m'ciq- s first: 5Enemm;electri|:it-f-m—
StOFAgE insses are ACCOUNtEd for through the sdcitional semand ror:le-:vfcitquuiredw meet load. For hydropower, wind, solar, and geothermal t:cnr\oluEie;,non:nt
rate is reported bacause the power is genersted without fuel comaustion and no set British thermal unit conversion factars exist. The model calcuistes the svernge hest
far fossil-fuel g=nemtion in each year to report primary energy consumgtion displaced for these nesources.

* Comibustion turbine sarpcerivative units can be buitt by the moce| Defore 2022, it neceszary, to mesta r\-_Eion's resaris 'nurEin.

* Capital costs are shown Defore investment tax credits are apolied.

' Berause geothermal and hydropower cost and performance characteristics are specific for &ach site, the tabie entries show the cost of the laast expensive piant that could
be built in the Northwest regian for hydro and Great Basin region for geothermal, where mast of the propased sites are lncated.

*! Costs and capadties are expressed in terms of net AC (alternating curment| power available to the grid for the instalied o padty.

Sources: Input costs are primarily Dased on & repoTt provided by Srtemal consuRants: Sarsent & Luncy, December 2019, Hydropower sits cOSES for NON-Dowersd dams were
mast recently updsted for AEOZ0LS usine dsts from Cak Rides National Lsb

Table 6: 2023 Cost of new generation technologies

ate

Base
overnight Techno- Total Variable
First Lead cost® logical overnight 0&M'  Fixed O&M

available Size time (20228/ optimism costde (20225/ (20228/ Heat rates
Technology year? (MW) (years) kW) factore (20225/kW) MWh) kWy) (Btu/kWh)
Ultra-supercritical coal (USC) 2026 650 4 54,507 1.00 54,507 $5.06 545,68 2,638
USC with 30% carbon capture and sequestration (CCS) 2026 650 4 $5,577 1.01 $5,633 $7.97 $61.11 9,751
USC with 90% CCS 2026 650 4 $7,176 1.02 $7,319 $12.35 $67.02 12,507
Combined-cycle—single-shaft 2025 418 3 $1,330 1.00 $1,330 $2.87 $15.87 6,431
Combined-cycle—multi-shaft 2025 1,083 3 $1,176 1.00 $1,176 $2.10 $13.73 6,370
Combined-cycle with 90% CCS 2025 377 3 $3,019 1.04 $3,140 $6.57 $31.06 7,124
Internal combustion engine 2024 21 2 52,240 1.00 $2,240 $6.40 $39.57 8,295
Combustion turbine—aeroderivative® 2024 105 2 51,428 1.00 $1,428 $5.29 $18.35 9,124
Combustion turbine—industrial frame 2024 237 2 $867 1.00 5867 $5.06 $7.88 9,905
Fuel cells 2025 10 3 $6,771 1.08 $7,291 $0.66 $34.65 6,469
Nuclear—light water reactor 2028 2,156 6 $7,406 1.05 $7,777 $2.67 $136.91 10,447
Nuclear—small modular reactor 2028 600 6 $7,590 1.10 $8,349 $3.38 $106.92 10,447
Distributed generation—base 2025 2 3 $1,915 1.00 $1,915 $9.69 521.79 8,912
Distributed generation—peak 2024 1 2 $2,300 1.00 $2,300 $9.69 $21.79 9,894
Battery storage 2023 50 1 $1,270 1.00 $1,270 50.00 $45.76 NA
Biomass 2026 50 4 $4,996 1.00 $4,998 $5.44 $141.50 13,500
Geothermal'i 2026 50 4 $3,403 1.00 $3,403 $1.31 $153.98 8,881
Conventional hydropower 2026 100 4 $3,421 1.00 $3,421 $1.57 $47.06 NA
Wind® 2025 200 3 $2,098 1.00 $2,098 50.00 $29.64 NA
Wind offshore' 2026 400 4 $5,338 125 $6,672 50.00 $123.81 NA
Solar thermal’ 2025 115 3 $8,732 1.00 $8,732 50.00 $96.10 NA
Solar photovoltaic (PV) with tracking® % 2024 150 2 $1,448 1.00 $1,448 $0.00 $17.16 NA
Solar PV with storage' 2024 150 2 $1,808 1.00 $1,808 $0.00 $32.42 NA




The overnight cost data of Tables 1-6 have been

summarized in Table 7.

Table 7: Summary of data in Tables 1-6

Technology 2008 (2006S)
Ultra-critical coal 1434
IGCC 1657
IGCC with CCS 2302
Conv Gas Oil CC (multishaft) 683
Adv Gas/0il CC 654
Adv CC with CCS 1254
Conv CT - aeroderivative 476
Adv CT - industrial frame 450
Nuclear -small modular reactor

Adv Nuclear - lite watr reactor 2143
Geothermal 1057
Wind onshore 1340
Wind offshore 2547
Solar thermal 3499
Solar PV with tracking 5380

Fig. 2 illustrates these data. Some caveats:
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e The first bar is 2008 report, the second is 2010 report,
the third i1s 2013 report, the fourth is 2015 report, the
fifth is 2020 report. The sixth is 2023 report.

e The data are in current (nominal) dollars in the given
year and so reflect the effect of inflation (particularly
salient when comparing 2023 figures to those of previous

years).
e Itis clear that

o solar thermal, advanced nuclear, small modular
reactors, and IGCC with CCS have the highest

overnight costs;
o combined cycle

technologies,

followed

by

combustion turbines, then onshore wind, and more
recently, solar PV (utility scale), have the lowest

overnight costs.
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Fig. 2: Summary of EIA generation overnight cost data
2008-2023

3.NREL Annual Technology Baseline (ATB)

The NREL ATB database [8] is heavily used by people
from all over the world. The Mid-Continent Independent
System Operator (MISO) uses it in their planning studies;
see, for example, Appendix E of the MTEP 2020 [9], and
also MISO’s 2023 Futures Report [10], where, on p. 109,
the text and figure of Fig. 3a is presented.
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MISO used the 2022 National Renewable Energy Laboratory (NREL) Annual Technology Baseline (ATB)47
to calculate the capital costs for all resources except for oil, 8 compressed air energy storage (CAES),*? and
internal combustion (IC) renewable 3° costs. MISO utilized moderate cost values within the 2022 ATB,
which are in 2020 dollars. These values were converted to 2022 dollars and projected into the 20-year
study period to create cost trajectories. For Hybrid unit costs, 2022 ATB Solar PV + Battery costs are
included.

o Capital Costs ($/kW)
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$4431 4576 $4493
34273 s4274
$4,000
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$2,539
$2,153
s2026
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u 53
$1,160
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All relevant resource types are presented prior to factoring in the effects of the PTC and ITC.

Fig 3a: ATB overnight cost data presented in MISO report [10]

There is some overlap between NREL ATB and the EIA
data mentioned in Section 2, but this overlap is mainly
confined to the fossil, nuclear, and biopower cost estimates.
Cost estimates for renewables are developed by the ATB
team at NREL; sources used in this development effort can
be found at https://atb.nrel.gov/electricity/2023/approach_& methodology.

The NREL ATB data can be accessed at
https://atb.nrel.gov/electricity/2023/index
in any of several forms.
1. LCOE data: LCOE ranges may be obtained, similar to
that of what Lazards (see Fig. 1) provides, as indicated in
Fig. 3b (for 2018) and Fig. 3c (for 2021).
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Fig. 3b: NREL LCOE ranges, 2018
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Fig. 3c: NREL LCOE ranges, 2021
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2. Report-like form: A textual report-like treatment of data
for each technology may be obtained, see
https://atb.nrel.gov/electricity/2023/land-based wind.
For example, when we click to see the “Land-based
wind,” several pages of descriptive text, plots, and tables
become available. |1 have copied into Fig. 4a below a
portion of this report-like material for “Land-based
wind” data retrieved in 2021, and | have copied into Fig.
4b below a portion of this report-like material for “Land-
based wind” data retrieved in 2024.
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ATB data for land-based wind are shown above. These projections use bottom-up engineering models in
combination with defined 2030 turbine and plant technologies. The future technelogy pathways are based on
predicted technology advancements from continued and rapid scaling of modern wind turbine nameplate
ratings and increased rotor sizes. These gains in turbine sealing and technology advancements enable
economies of scale, balance-of-plant efficiencies, and more-efficient energy extraction for turbines in various
resource regimes at greater heights above the ground.

In general, there is substantial focus throughout the global wind industry on driving down costs and increasing
performance as a result of fierce competition from within as well as among several power generation
technologies, including solar PV and natural gas-fired generation.

The three scenarios for technology innovaton are:

» Conservative Technology Innovation Scenario (Conservative Scenario): wind technology scale
increasing in the near term but leveling off soon afterward, with limited advancement in turbine contrels
and science-based modeling to inform the next generation of wind technology

Moderate Technology Innovation Scenario (Moderate Scenario): scale centinuing to increase rapidly
with innovations overcoming transportation challenges, advancements occurring in turbine controls, and
seience-hased modeling informing the nest generation of wind technology

Advanced Technology Innovation Scenario (Advanced Scenario): enabling large-scale increases in
turbine technology size and scope new transportation solutions, fully integrated wind plant advanced
control systems, and high-fidelity science-based modeling to inform multiple aspects of turhine design.

Resource Categorization

In the 2020 ATB, the cost and performance data for wind technologies are specified for different resource
categories that are consistent with those used to represent the full wind resource in the NREL Regional Energy
Deployment System (ReEDS) model (Brown et al., 2020). In prior editions of the ATE, these classes were
referred to as techno-resource groups (TRGs) and were designed based on site-specific levelized cost of energy
by considering, in combination, the wind resource quality (e.g., wind speed) and turbine configuration (e.g.,
spercific power). The TRG methodology is described in Appendix H of the Wind Vision study (DOE & NREL,
2015). In the 2020 ATE, the TRG-hased classification is replaced with a simpler set of resource "wind speed

rlagzos" that aro definod hased nn anbr annnal moan swhind cnood

Fig. 4a: Report-like information for land-based wind (retrieved in 2021)
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2023 ATB data for land-based wind are shown above, These projections use bottom-up engineering models in
combination with representative 2030 wind turbine and plant technologies. The predicted future technology
pathways are based on a series of innovations to overcome transportation challenges, advance wind turbine
controls, and apply science-based modeling for next-generation wind turbines, These technology advancements
| and-Based Wind enable economies of scale, balance-of-plant efficiencies, and more-efficient energy extraction for various turbine
configurations in different wind resource regimes, Details on the representative 2030 wind turbines characteristics

Parameter Scenario ¢ y
[(Muttipleva. +| [(al) - Land-Based Wind are presented in the Representative Technology section of this page.
. . Mature . o
F'”a&\ﬂ;'s R&D Scenario Descriptions
Market 1500 / \ . The 2023 ATB scenarios are different from the methods used in previous editions of the ATB. In prior editions, each
® R&D 1,000 | scenario for land-based wind assumed one wind turbine technology characterization and projected innovations to
CAPEX T

overcome transportation challenges, advance wind turbine controls, and increase adoption of science-based
modeling. In the 2023 ATB, multiple wind turbine technology configurations are developed separately, which allows
Cost Recovery Period = — for different technologies to be used within each scenario.

|30years v | 30 | e
i 20 | The scenarios now consider four different technology configurations (see the Representative Technology section of
Fixed O&M

this page for details) each with three cost and performance projections:

(8/kw) 500 |

Technology Maturity ($/kw-yr) 10 |
Il . )
® (MA ) 0 ¢ Conservative Cost and Performance Scenario (Conservative Scenario): Cost and performance trajectories fol
ature
30 | & each technology are based on conservative historical learning rates. Learning rates for capital expenditures
20 | vary by technology based on the Moderate Scenario's bottom-up engineering-based cost modeling of each
LCOE .
Technology Detail ($/mwh) 10 | technology in 2030.
[Default Land-Based Wind - Class . v | 5 ¢ Moderate Cost and Performance Scenario (Moderate Scenario): From 2021 to 2030, cost and performance
trajectories for each technology are based on bottom-up scaling relationships and process-based balance-of-
2020 2025 2030 2035 2040 2045 2050 system and turbine component cost models for each technology in 2021 and 2030. From 2030 to 2050, cost
data updated: 07/15/2023 v8.0 and performance trajectories for each technology are based on moderate historical learning rates.

Advanced Cost and Performance Scenario (Advanced Scenario): Cost and performance trajectories for each
rINREL : ’
St

ATB data for technologies on the
website: https://atb nrel.gov/ in 2030.

Fig. 4b: Report-like information for land-based wind (retrieved in 2024)

technology are based on aggressive historical learning rates. Learning rates for capital expenditures vary by

technology based on the Moderate Scenario's bottom-up engineering-based cost modeling of each technology
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3. Spread-sheet _form: All technology data is available
within a ~5MB Excel file containing 25 separate

worksheets. The names of these worksheets are:
I. Preface and contents
1. Financial definitions
ii.  Financial and CRP inputs
iv. Land-based wind
v. Offshore wind
vi. Distributed wind
vii.  Solar — Utility PV

viii.  Solar — PV Distributed Commercial
iX. Solar — PV Distributed Residential
X. Solar — CSP

xi.  Geothermal
xii.  Hydropower
xiii. Coal FE
xiv.  Natural gas_FE
xv. Natural Gas Fuel Cell FE
xvi.  Coal retrofits
xvii.  Natural gas retrofits
xviii.  Utility scale battery storage
xix. Commercial battery storage
xX.  Residential battery storage
xxi.  Utility scale PV-plus battery
xXii.  Pumped storage hydropower
xxiii.  WACC Calculation
xxiv.  Tax credits
XXV. Summary
xxvi.  Summary CAPEX
xxvii.  Summary Capacity Factor
xxviil.  Summary FCR
xXiX.  Summary LCOE
XXX. Summary FOM
xxXxi.  Summary VOM
xxxii.  Summary Fuel
xxxiii.  LCOE Range
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4.Last comments
4.1. Last comments - generation technologies

A useful document on costs of new fossil-fired generation
technologies, developed using the modeling software
Aspen [11], and published in 2007, can be found at [12]. A
summary table from this document is given below as Table
10. Though dated, there are two points to this data that are
still relevant today:

1. CCS is expensive. Comparing columns 1 and 2 data, 3
and 4 data, and so on, provides insight into the impact
of CCS. Although CCS significantly reduces CO;
emissions for all plant types, it requires (i) reduction in
net power output (capacity); (i) reduction in
efficiency (increase in heatrate); (iii) increase in water
usage; (iv) increase in LCOE; (v) increase in “total
plant cost” (this 1s the capital cost).

2. Modeling software (Aspen in this case) for techno-
economic modeling of this nature is very available,
although it requires significant power plant knowledge
and start-up time to learn it. Its power is that it
provides ability to perform rigorous cost analysis
before actually investing in that technology.
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Table 10: Cost, Performance, and Environmental Summar

Integrated Gasification Combined Cycle Pulverized Coal Boiler NGCC
GEE CoP Shell PC Subcritical PC Supercritical Advanced F Class

Case 1 Case 2 Case 3 Case 4 Case b Case 6 Case 9 Case 10 | Case 11 Case 12 | Case 13 [ Case 14
CO, Capture Mo Yes Mo Yes Mo Yes No Yes No Yes Mo Yes
Auxiliary Power Requirement (kW,) 130,100 180,285 119,140 175,800 112,170 176,420 32,870 130,310 30,110 117 450 9,840 38,200
Net Power Output (kW.) 540,250 555,675 623,370 516,240 635,850 517,135 | 550,445 | 549613 | 550,150 | 545,995 ] 580.360 | 481,830
Coal Flowrate (Ib/hr) 489,634 500,379 453,889 477.855 452,620 473,176 || 437,699 | 648,539 | 411,282 | 586,827 MNIA MNIA
Natural Gas Flowrate (Ib/hr) A A VA, VA, VA, VA, NFA, NIA N/ MNiA 185,182 | 165,182
HHV Thermal Input (kW) 1,674,044 | 1,710,780 | 1,586,023 | 1,833,771 | 1,547 493 | 1,617,772 | 1,498 479| 2,210,668 | 1,406,161 2,005,660 1,103,383 1,103,362
Net Plant HHV Efficiency (%) 38.2% 325% 39.3% 31.7% 41.1% 32.0% 36.8% 24.9% 39.1% 27 2% 50.8% 43.7%
Net Plant HHV Heat Rate (Btu/kW-hr) 8,922 10,505 2,631 10,757 8,304 10,674 9,276 13,724 8,721 12,534 5,719 7,813

1,160,919

1,228,209

1,080,166 | 1,259,883

»]
1,256,281

7

0] 1,379,524

G712
552,612

1,501,277 | 866,391

1,567,073

310,710 | 564,628

1,813 2,380 1,733 2,431 1,877 2,668 1,549 2,805 1,575 2,870 554 1,172

73 0 102 9 753 105 7 805 1104 0 1188 £33 1148 63 4 g7 4
C0, Emissions (Ib/hr) 1123781 | 114476 [ 1078144 | 131328 | 1,054221 | 103041 [1,038110[ 152975 | 975,370 | 138,881 [ 446339 | 44634
€O, Emissions (tons/year) @ CF' 3,937,728 | 401,124 | 3,777,815 | 460,175 | 3,693,990 | 351056 |3,864,884| 569,524 [3.631,301| 516,210 [1,661,720| 166,172
CO, Emissions (tonnesiyear) @ CF' 3,572,267 | 363,806 | 3,427,196 | 417465 | 3,351,151 | 327546 3,505,185 516,667 |3,294,280| 468,202 |4,507.495| 150,750
C0, Emissions (Ib/MMBtu) 197 19.6 199 7238 200 187 203 20.3 203 203 119 19

jzai Vel Ldso lod 4 4= P - Lano la 1 7aM il i 551 fedale] 723 c 2

C0. Emissions {Ib/MWh 778
SO, Emissions (Ib/hr) 73 56 68 48 55 58 433 Megligible 407 Megligible | Negligible [ Negligible
S0, Emissions (tonsiyear) @ CF' 254 196 237 167 194 204 1,613 | Megligible | 1,514 | Megligible | Negligible | Negligible
S0, Emissions (tonnes/year) @ CF' 231 178 215 151 176 185 1463 | Megligie | 1,373 | Negligible | Negligible | Negligible
S0, Emissions (Ib/MMBtu) 0.0127 0.0096 0.0125 0.00a5 0.0105 0.0105 0.0848 | Megligible | 0.0847 | Megligible | Negligible | Negligible
S0, Emissions (Ib/MWh)* 0.0942 0.0751 00809 00636 00739 0.0837 07426 | Negligible | 07007 | Negligible | Negligible | Negligible
NOx Emissions {Ib/hr) 313 273 321 277 309 269 as7 528 336 479 4 34
NOx Emissions (tons/year) @ CF' 1,098 955 1,126 a72 1,082 944 1,331 1,966 1,250 1,784 127 127
NOx Emissions (tonnes/year) @ CF' 994 867 1,021 8a2 ag2 BSE 1,207 1,783 1,134 1,618 115 115
NOx Emissions (I/MMBtu) 0.055 0.047 0.059 0.050 0.0s8 0.049 0.070 0.070 0.070 0.070 0.009 0.009
NOx Emissions {Ib/MWh)* 0.406 0.366 0.433 0.400 0413 0.388 0.613 0777 0.579 0.722 0.060 0.066
[P Emissions (Ib/hr) 4 41 38 40 37 39 66 S 62 a9 Negligible [ Negligible
PM Emissions (tons/year) @ CF' 142 145 135 139 131 137 247 365 232 331 Megligible | Negligible
PM Emissions (tonnesiyear) @ CF’ 129 132 122 126 119 125 224 331 211 300 Megligible | Negligible
PM Emissions (Ib/MMBtu) 0.0071 0.0071 0.0071 0.0071 0.0071 0.0071 0.0130 0.0130 0.0130 0.0130 | Negiigible | Negligible
PM Emissions (Ib/MWh)* 0.053 0.056 0.052 0.057 0.050 0.057 0.114 0.144 0.107 0.134 | Negiigitle | Negligible
Hg Emissions (Ib/hr) 0.0033 0.0033 0.0031 0.0032 0.0030 0.0032 0.0058 0.0088 0.0055 0.0078 [ Negligible | Negligible
Hg Emissions (tonsfyear) @ CF' 0.011 0.012 0.011 0.011 0.011 0.011 n.02z 0.032 0.020 0.020 | Negligitle | Negligible
Hg Emissions (tonnes/year) @ CF' 0.010 0.011 0.010 0.010 0.010 0.010 0.020 0.029 0.0M9 0.026 [ Negligible | Negligible
Hg Emissions (Ib/TBtu) 0.571 0.571 0.571 0.571 0571 0571 1.14 1.14 1.14 1.14 Negligible | Negligible
Hg Emissions (Ib/MWh)* 4.24E-06 | 4.48E-06 | 4.16E-06 | 455E-06 | 4.03E-06 | 4.55E-06 J 1.00E-05 | 1.27E-05 | 9.45E-06 | 1.18E-05 | MNegligible | Negligible

¥ Capacity factor is B0% for IGCC cases and 85% for PC and NGCC cases

*Value is based on gross output
* Value is based on net output
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A more visual representation of these data is seen in Fig.
15. Here, TS&M costs represents the transport, storage, and
monitoring cost of the carbon sequestration process, and
the vertical axis units, mills/lkWhr, (where a mill=$0.001),
Is the same as $/MWhr. Comparing bars 1 and 2, bars 3 and
4, etc., enables one to observe that CCS causes all costs to
increase except fixed costs. The largest cost increase is in
the capital costs.
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Fig. 15: Levelized Cost of Electricity

4.2. Last comments - trans technologies

We have said nothing about transmission costs in this
document because our focus in this document has been on
generation costs. For now, | simply refer you to the best
transmission cost resource document of which I know, the
MISO Transmission Cost Estimation Guide [13]. We will
have more to say about transmission cost later in the
course.

19



References:

[1] Lazard’s LCOE, Nov., 2020, https://www.lazard.com/perspective/levelized-cost-of-energy-and-
levelized-cost-of-storage-2020/.

[2] Laxard’s LCOE, Oct., 2023, www.lazard.com/research-insights/2023-levelized-cost-of-energyplus/.

[3] DOE EIA Report #:DOE/EIA-0554, June 2008 on “Generation Technologies Cost,” available from
www.eia.doe.gov/fuelelectric.html, or www.eia.doe.gov/oiaf/aeo/assumption/pdf/electricity.pdf#page=3.
[4] DOE EIA Report #:DOE/EIA-0554, April 2010 on “Generation Technologies Cost,” available from
http://www.eia.doe.gov/oiaf/aeo/assumption/pdf/electricity.pdf#page=3.

[5]April 2013, http://www.eia.gov/forecasts/capitalcost/pdf/updated capcost.pdf

[6] http://www.eia.gov/forecasts/aeo/assumptions/pdf/table _8.2.pdf

[7] uUs EIA Website on generation overnight costs,
www.eia.gov/forecasts/aeo/assumptions/pdf/table_8.2.pdf

[8] NREL (National Renewable Energy Laboratory). 2020. “2020 Annual Technology Baseline." Golden,
CO: National Renewable Energy Laboratory. https://ath.nrel.gov/.

[9] MTEP 2020, MISO, Appendix E, https://cdn.misoenergy.org//MTEP20%20Appendix%20E%20-
%20Futures%20Assumptions485668.pdf.

[10] Midcontinent Independent System Operator, “MISO Futures Report, Series 1A,” Nov. 1, 2023.
Accessed 2/6/2024. Available: https://cdn.misoenergy.org/SerieslA_Futures_Report630735.pdf.

[11] Home page for Aspen Technologies, http://www.aspentech.com/.

[12] “Cost and Performance Baseline for Fossil Energy Plants,” Volume 1: Bituminous Coal and Natural
Gas to Electricity Final Report, DOE/NETL-2007/1281, August 2007, available at
www.netl.doe.gov/energy-analyses/pubs/Bituminous%20Baseline_Final%20Report.pdf.

[*®] Midcontinent Independent System Operator (MISO), “MISO Transmission Cost Estimation Guide,”
May 5, 2023. Accessed Feb. 6, 2024. Available:
https://cdn.misoenergy.org/MI1SOQ%20Transmission%20Cost%20Estimation%20Guide%20for%20MTEP23337433.pdf

20


https://www.lazard.com/perspective/levelized-cost-of-energy-and-levelized-cost-of-storage-2020/
https://www.lazard.com/perspective/levelized-cost-of-energy-and-levelized-cost-of-storage-2020/
http://www.lazard.com/research-insights/2023-levelized-cost-of-energyplus/
http://www.eia.doe.gov/fuelelectric.html
http://www.eia.doe.gov/oiaf/aeo/assumption/pdf/electricity.pdf#page=3
http://www.eia.doe.gov/oiaf/aeo/assumption/pdf/electricity.pdf#page=3
http://www.eia.gov/forecasts/capitalcost/pdf/updated_capcost.pdf
http://www.eia.gov/forecasts/aeo/assumptions/pdf/table_8.2.pdf
http://www.eia.gov/forecasts/aeo/assumptions/pdf/table_8.2.pdf
https://atb.nrel.gov/
https://cdn.misoenergy.org/MTEP20%20Appendix%20E%20-%20Futures%20Assumptions485668.pdf
https://cdn.misoenergy.org/MTEP20%20Appendix%20E%20-%20Futures%20Assumptions485668.pdf
https://cdn.misoenergy.org/Series1A_Futures_Report630735.pdf
http://www.aspentech.com/
http://www.netl.doe.gov/energy-analyses/pubs/Bituminous%20Baseline_Final%20Report.pdf
https://cdn.misoenergy.org/MISO%20Transmission%20Cost%20Estimation%20Guide%20for%20MTEP23337433.pdf

