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Abstract 5

Renewable electricity is cheap and getting cheaper, while coal is still the single largest 6

power source globally. Plant-level cost comparisons are difficult because coal fleets, renewable 7

resources, technology costs, and financing conditions are reported in separate datasets with often 8

incompatible conventions. We here combine these sources for 6,580 operating coal-fired units at 9

2,384 plants in 73 countries, allowing for a direct comparison of ‘coal crossover’ costs, comparing 10

unit-level expenses of continuing to operate coal plants (OpEx) with the complete levelized cost 11

for capital and operating expenses (CapEx and OpEx) of nearby solar and onshore wind, given 12

local resource and financing conditions. We report least-cost technologies, break-even financing 13

rates, and required renewable capacity and investment, in addition to four-hour lithium-ion 14

battery storage to complement intermittent solar and wind power generation. The dataset 15

and corresponding dashboard, available at https://coalcrossover.org [password: “GCT” 16

(before publication)] , provides a common, transparent basis for studying how local resources, 17

technology costs, and finance shape coal-to-renewable crossover estimates. 18

Background & Summary 19

Renewable electricity has never been this cheap. More than 90% of the utility-scale renewable 20

projects commissioned in 2025 generated power at a lower cost than the cheapest new fossil-fuel 21

alternative [1]. Yet deployment remains uneven, and coal is still deeply embedded in power systems 22

worldwide. Existing coal plants could continue operations and emissions for decades [2]. To meet 23

the Paris climate goals, many plants would need to retire years earlier than expected coal plant 24

lifetimes [3–5]. 25

Equipment prices alone do not determine whether new renewables can compete with an operating 26

coal unit. The answer also depends on the quality of local wind and solar resources and the financing 27

rate for the upfront capital expenditures (CapEx) of those projects. Because renewable projects are 28

capital-intensive, financing costs account for a substantial share of delivered electricity costs [6, 7]. 29

Applying a single cost of capital across countries therefore obscures real differences [8], especially 30

where scarce or expensive financing limits investment [9, 10]. 31

Coal crossover analysis, therefore, asks a narrower question: how do operating expenses (OpEx) 32

of an existing coal unit compare with the levelized cost—the discounted lifetime cost of both 33

CapEx plus OpEx, divided by the discounted lifetime electricity output (see Equation (5))—of 34

new renewable generation nearby? Previous studies have made this comparison for the United 35

States, including local wind, solar, and storage options [11], and for a global sample of nearly 36

2,500 coal plants with four-hour storage [12]. A related literature examines early retirement [13], 37

coal-fleet lock-in [14], stranded power assets [15], and uncertainty in plant-level transition choices 38

[16]. These studies establish the value of plant-level analysis. They do not, however, provide a 39
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common unit-level record in which the coal comparator, renewable resource, technology cost, and40

financing assumptions can all be inspected and changed.41

Relevant data are available, but are scattered across sources and differ in format, definitions,42

units, and level of aggregation. Coal databases describe generating units; resource atlases organize43

values on geographic grids; cost reports use country, regional, or global averages; financing datasets44

have their own technology and vintage conventions. Public data products now cover renewable45

assets, energy-system models, supply regions, siting constraints, technology costs, and the cost of46

capital [17–23]. Combining them requires explicit choices about identifiers, spatial matching, units,47

currency years, and fallbacks, together with enough provenance to reconstruct those choices [24].48

This Data Descriptor supplies that structure for 6,580 operating coal-fired generating units at49

2,384 plants in 73 countries and makes it available at https://coalcrossover.org [password:50

“GCT” (before publication)] for ready exploration. We match every plant to nearby, same-51

country solar and onshore-wind resources adjusted for capacity factors, then calculate renewable52

generation costs using harmonized technology and financing inputs. The main table reports results53

for each coal unit, including estimated coal OpEx, solar and wind Levelized Costs of Electricity54

(LCOEs), assigned and break-even Weighted Average Cost of Capital (WACC), and the renewable55

capacity and investment required for replacement to match modeled annual coal generation at the56

selected average renewable capacity factor. It also identifies the least-cost technology, economic57

classification, and source tier. A separate plant-level table supports mapping and regional analysis58

while preserving links to the underlying units.59

The package also preserves the variation behind the central estimate. Resource records span60

empirical percentiles P0–P100 at search radii of 30–60 km, and coal-price records retain the full61

empirical quantile curves. Separate tables cover prespecified resource cases, wind losses, renewable62

CapEx, financing support, and four-hour battery assumptions. Researchers can reproduce the63

reported comparisons, examine where a classification changes, or substitute alternative inputs without64

rebuilding the geospatial match from the beginning. Versioned inputs, documented transformations,65

tests, and independent recalculations make the same workflow available for future source releases.66

Methods67

Study design and observation grain68

We built the dataset around a direct generation-cost comparison for each operating coal-fired unit.69

For each coal unit i, crossover occurs when at least one matched renewable technology has a lower70

modeled levelized cost (LCOE) than the unit’s OpEx alone:71

min(LCOEi,solar, LCOEi,wind) < OpExi. (1)

The generating unit i is the scientific observation. This approach preserves differences in capacity,72

heat rate, service, and modeled utilization, even when multiple units are located at the same plant.73

Plant tables aggregate the unit records for mapping and regional summaries. Scenario tables hold74

the unit fixed and change one or more assumptions, allowing direct comparison with the central75

record.76

Coal-unit population and reporting samples77

The unit registry comes from the January 2026 release of the Global Energy Monitor Global Coal78

Plant Tracker [25]. We use the GEM unit or phase identifier as the unit key and the GEM location79
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identifier as the plant key. Records designated as operating form the study population; all other 80

status categories are excluded. 81

This expanded operating fleet contains 6,580 units at 2,384 plants in 73 countries, with 82

2,202,528 MW of combined capacity. GEM modeled capacity factors and heat rates remain in the 83

records, together with fields identifying them as modeled values. For the grid_power_comparable 84

comparison sample, we remove units identified as captive or combined heat and power because their 85

services are not directly comparable with grid electricity alone. The resulting sample comprises 86

2,836 units at 1,056 plants in 60 countries. The companion dashboard opens with the full operating 87

fleet; formal manuscript summaries use the comparison sample unless noted otherwise. 88

Modeled generation and coal operating cost 89

Annual generation is modeled from unit capacity and the GEM capacity factor: 90

Gi = Ci × 8,760 × CFi, (2)

where Ci is capacity in megawatt (MW), CFi is the modeled capacity factor, and 8,760 is the 91

number of hours in a 365-day year. Dividing heat rate in Btu kWh−1 by 1,000 gives MMBtu MWh−1; 92

multiplying that value by the assigned coal price gives fuel cost per MWh. 93

The coal comparator is the modeled cost of continued operation: 94

OpExi = FuelCosti + O&Mi, (3)

with O&Mi as the operations & maintenance (O&M) cost assigned from the IEA/NEA table, in 95

USD per MWh. Sunk construction expenditure and historical financing are not part of an ongoing 96

operating decision. Carbon prices, decommissioning, contracts, subsidies, sustaining capital, and 97

reliability services are also left outside the central comparator so that they can be introduced based 98

on local conditions. 99

Coal prices are drawn from the World Bank Commodity Price Data monthly Australian and South 100

African thermal-coal series for January 2023–December 2025 (Monthly Prices, cells F763:G798) 101

[26]. We convert USD per metric tonne to USD per MMBtu using a heating value of 6,000 kcal kg−1. 102

Units in Asia and Oceania receive the Australian benchmark; those in Europe and Africa receive 103

the South African benchmark. For the Americas, we use the unweighted mean of the two. The 104

median monthly price is the central case. 105

The coal-price scenarios capture temporal variation in a small set of international benchmarks, 106

not the potentially persistent difference between those benchmarks and delivered fuel costs at 107

individual plants. The resulting unit-level classifications and financing gaps should therefore be 108

interpreted as benchmark-scenario outputs rather than estimates conditioned on plant-specific coal 109

prices, particularly where mine-mouth supply, transport costs, contracts, coal quality, or domestic 110

pricing create substantial differences. 111

The same 36 monthly observations define the coal-price response surface. Linear interpolation 112

yields P0–P100 in one-percentage-point increments, with the observed endpoints retained at P0 113

and P100. We report P10, P50, and P90. Because the data records include the assigned series, 114

percentile, conversion, and resulting fuel cost, users with local delivered-coal prices can replace the 115

international benchmark without altering the rest of the calculation. 116

The values used for O&Mi come from compatible coal technologies in Table 3.12 of the IEA 117

and OECD Nuclear Energy Agency datatables (rows 6–24, column N) [27]. Matching first uses 118

country and technology. If no such observation exists, the hierarchy falls back to the median among 119

the closest technology matches, then to the median of all compatible coal records. We convert the 120
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reported 2018 USD values to constant 2025 USD with the World Bank United States GDP deflator121

[28]; the selected tier is stored for every unit.122

Local renewable-resource matching123

Solar input is the annual long-term-average photovoltaic output raster from Global Solar Atlas124

version 2.13 [29]. Onshore-wind input is the Global Wind Atlas 4.0 IEC Class II gross capacity-factor125

raster at 100 m hub height and 136 m rotor diameter [30]. Natural Earth boundaries identify the126

country associated with each plant and raster cell [31].127

For each plant and technology, the pipeline collects valid cells in the same country at every128

integer radius from 30 to 60 km. It then stores the empirical distribution of those cells from P0 to129

P100, again in one-percentage-point steps. P0 is the lowest observed value in the search area and130

P100 the highest. The central case uses P90 at 45 km, while the prespecified comparisons retain131

P50, P90, and P100 at 45 km and P90 at 30, 45, and 60 km.132

Daily photovoltaic output divided by 24 gives the solar capacity factor. Global Wind Atlas133

reports gross wind capacity factors, so the central calculation applies a 15% gross-to-net loss. That134

value follows the electrical and wake-effect loss assumption reported in Appendix H of the NREL135

Wind Vision report (p. 78) [32]. A separate response surface varies the loss from 10% to 20% in136

one-percentage-point increments; 10%, 15%, and 20% are the formal cases.137

Renewable cost and financing inputs138

IRENA’s Renewable Power Generation Costs in 2025 data package supplies installed cost, annual139

all-in operating expenditure (OpEx), lifetime, and real after-tax weighted average cost of capital140

(WACC) [1]. Installed costs come from workbook Tables 2.1 and 3.1 and the global series in Figures141

2.3 and 3.1. We assign a 2025 country or regional weighted average where one is reported, otherwise142

the relevant global weighted average. Solar and wind OpEx values are taken from Tables A3 and143

A4, and both technologies use the 25-year lifetime reported in Annex Table A1.144

Financing inputs are country- and technology-specific real after-tax WACC values from Table A2.145

Although this table accompanies the 2025 cost report, it describes 2024 financing conditions; the146

source and model vintages are recorded separately. Missing countries receive the median reported147

WACC for the same technology, with the fallback marked in the output. We use the global renewable148

cost-of-capital dataset of Steffen et al. [22] as an independent validation source.149

For technology τ , the capital-recovery factor is:150

CRFτ =
rτ (1 + rτ )nτ

(1 + rτ )nτ − 1
, (4)

where rτ is real after-tax WACC and nτ is the asset’s expected lifetime. At zero WACC, we use the151

continuous limit 1/nτ . Renewable LCOE then is:152

LCOEτ =
CapExτ CRFτ + OpExτ

8.76 CFτ

, (5)

with CapEx in USD kW−1, annual all-in OpEx in USD kW−1 year−1, and the result in constant153

2025 USD MWh−1. The denominator converts capacity factors CFτ into annual MWh per kW.154

Required renewable capacity is derived from modeled coal generation and the matched capacity155

factor; multiplying that capacity by installed cost gives the corresponding investment estimate. This156

method follows the standard capital-recovery approach to levelized electricity cost [7, 33].157
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Economic-screen classification and financing threshold 158

The central comparison produces two modeled economic classes. An already_crossed unit has 159

renewable LCOE below coal operating cost at its assigned IRENA WACC. A finance_sensitive 160

unit does not cross at the assigned WACC but reaches parity at a lower, non-negative renewable 161

WACC. 162

For each renewable technology τ , we numerically solve for the real after-tax WACC that sets 163

renewable LCOEτ equal to coal operating cost. The financing gap is the assigned WACC minus 164

this break-even value for the lowest-cost renewable technology, expressed in percentage points; it 165

is zero for units already below the threshold. We also identify coal-cost-sensitive units, defined as 166

those whose crossover classification changes between the P10 and P90 coal-price scenarios. 167

To isolate financing, the WACC-support analysis reduces the assigned rate by ρ percentage 168

points: 169

rρ
τ = max

(

0, rτ −

ρ

100

)

. (6)

The lower bound prevents negative financing rates. At each value of ρ, solar and wind LCOE are 170

recalculated, the cheaper technology is selected, and its cost is compared with the unchanged coal 171

OpEx. 172

Scenario analysis and selected sensitivity cases 173

Exploratory controls and cases presented here draw from the same response surfaces. Renewable- 174

resource records contain every integer search radius from 30 to 60 km and every empirical percentile 175

from P0 to P100. Coal-price records likewise retain P0–P100. The dashboard evaluates a common 176

renewable CapEx multiplier from 0.60 to 1.40 in increments of 0.05, together with the wind-loss 177

and WACC grids described above. Formal comparisons use 30, 45, and 60 km; resource values 178

P50, P90, and P100; wind losses of 10%, 15%, and 20%; coal prices P10, P50, and P90; and 179

unscaled renewable CapEx. Each scenario identifier records the radius, resource percentile, wind 180

loss, coal-price percentile, financing support, and CapEx multiplier needed to reconstruct it. 181

Four-hour battery cost sensitivity 182

Storage is added as a separate cost layer. The default capital-cost input is 164.44 USD kWh−1
183

for a four-hour grid battery, which is the nominal 2025 value used in a companion PyPSA-Earth 184

analysis [34]. The underlying battery series draws on historical lithium-ion cost data from Ziegler 185

and Trancik [35], their archived data release [36], and BloombergNEF [37]. 186

The companion analysis maps pack costs to stationary storage with a balance-of-system adder 187

and a separate power component. Its 2050 median is 99.30 USD kWh−1, with a P10–P90 range 188

of 61.20–201.70 USD kWh−1. For comparison, the IEA World Energy Outlook 2025 reports 150 189

USD kWh−1 in 2024 and 2050 values of 90 USD kWh−1 under Current Policies and Stated Policies 190

and 80 USD kWh−1 under Net Zero Emissions, all in 2024 USD [38]. 191

NREL supplies the technical assumptions used to turn capital cost into the levelized cost of 192

storage (LCOS): a 15-year life, 85% round-trip efficiency, one full cycle per day, zero variable O&M, 193

and fixed O&M equal to 4% of capital cost per kW-year [39]. Financing follows the paired renewable 194

WACC. Storage LCOS is annualized battery capital plus fixed O&M divided by annual discharged 195

energy, consistent with the general levelized-cost treatment of electricity storage [40, 41]. Charging 196

cost is renewable LCOE divided by round-trip efficiency. 197

The prespecified tables route 0%, 25%, 50%, or 100% of delivered renewable energy through 198

the battery. The resulting records report the storage cost added to each generation comparison. 199
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Lazard’s 2026 LCOE+ report provides an external industry benchmark for generation and storage200

costs [42].201

Provenance and software environment202

Original source files are preserved unchanged. The source manifest records release information,203

retrieval date, byte size, integrity check, and SHA-256 hash; the build manifest adds method and204

source-manifest hashes, software versions, output dimensions, and output hashes. The central build205

used Python 3.12.13 with NumPy 2.2.6 [43], pandas 2.2.3 [44], PyArrow 20.0.0, Rasterio 1.4.3, SciPy206

1.15.3 [45], and Shapely 2.1.1.207

Data Records208

The data package is centered on one record per operating coal unit. Plant summaries support209

maps and regional comparisons. Resource surfaces, scenario tables, and validation files retain the210

calculations behind each central estimate. Figure 1 shows the geographic coverage and the links211

among these records.212
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Marker area is proportional to operating coal capacity.

Global plant coverage

Comparison sample (1,056 plants; 60 countries)
Expanded-only plants (1,328; 13 additional countries)

Source-to-record pipeline

Versioned
inputs

Harmonized
records

Local resource
matches

Cost and financing
diagnostics

Data
records

103 104 105

Number of records (log scale)

Validation scenarios

Plant-sample records

Central unit records

Renewable sensitivities

Storage sensitivities

Resource response surface

432

3,440

6,580

59,220

78,960

147,808

Data package

a

b c

Figure 1: Coverage and organization of the dataset. a, Plants in the expanded operating
fleet and the grid-power-comparable comparison sample; marker area scales with operating coal
capacity. b, Data flow from registered source files through identifier and unit harmonization,
same-country resource matching, cost calculation, and data records. c, Number of rows in the
central, response-surface, sensitivity, and validation records. A logarithmic scale accommodates the
larger scenario tables.
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Central records213

unit_results.parquet is the main scientific record. It contains 6,580 rows and 94 fields. A row214

identifies an operating unit and carries its plant location, service and sample flags, capacity, modeled215

generation and emissions, coal-cost inputs, matched solar and wind values, LCOE components,216

assigned and break-even WACC, renewable capacity and investment estimates, least-cost technology,217

economic class, and source tiers. The inputs needed to reconstruct the central comparison are218

therefore available on the same row as its result.219

Two smaller tables support plant-level use. plant_results.parquet has 3,440 plant–sample220

rows and 64 fields: 1,056 for the comparison sample and 2,384 for the expanded fleet. It aggregates221

unit capacity, modeled generation and emissions, and economic classes. plant_renewable_inputs.222

parquet contains one solar and one wind record per plant (4,768 rows, 21 fields), including resource,223

capacity factor, installed cost, O&M, WACC, lifetime, LCOE, and source-assignment tier.224

Response surfaces and prespecified sensitivity records225

Nearby renewable resources are stored in resource_matches.parquet. Its 147,808 rows cover 2,384226

plants, two technologies, and every integer search radius from 30 to 60 km. The 112 fields include227

the count of valid same-country raster cells and their empirical distribution from P0 to P100. The228

highest observed cell appears both as P100 and as resource_max.229

Coal-price variation is much more compact. coal_price_quantiles.csv has 303 rows and seven230

fields: 101 quantiles for each of the Australian, South African, and Americas-average benchmarks.231

These curves come directly from the 36 monthly prices used in the coal model. Together, the232

resource and coal-price files allow continuous scenario analysis without changing the central unit233

table.234

Formal renewable cases are written to renewable_sensitivity_results.parquet. Nine cases235

are retained for each operating unit, giving 59,220 rows and 34 fields: P90 at 30, 45, and 60 km; P50,236

P90, and P100 at 45 km; and wind gross-to-net losses of 10%, 15%, and 20%. The corresponding237

sample-level totals appear in renewable_sensitivity_summary.csv (18 rows, 13 fields).238

Storage records cross three technology selections with the nominal 2025 battery capital cost and239

four stored-energy shares. storage_sensitivity_results.parquet contains all 12 combinations240

for every operating unit (78,960 rows, 44 fields). It reports battery duration, round-trip efficiency,241

storage and charging LCOS, renewable-plus-storage cost, power and energy capacity, and the adjusted242

crossover indicator. storage_sensitivity_summary.csv reduces these cases to 24 scenario–sample243

rows.244

Table 1: Principal records in the data package.

File Observation grain Rows Fields

unit_results.parquet operating unit 6,580 94

plant_results.parquet plant by reporting sample 3,440 64

plant_renewable_inputs.parquet plant by technology 4,768 21

resource_matches.parquet plant by technology and radius 147,808 112

coal_price_quantiles.csv benchmark by percentile 303 7

renewable_sensitivity_results.parquet unit by prespecified resource case 59,220 34

renewable_sensitivity_summary.csv scenario by reporting sample 18 13

storage_sensitivity_results.parquet unit by storage case 78,960 44

storage_sensitivity_summary.csv scenario by reporting sample 24 20
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Validation and provenance records 245

Three files document the independent numerical checks. phase3_validation_sample.csv identifies 246

the deterministic 48-unit sample. phase3_recalculation_results.csv compares stored and 247

recalculated central values, and phase3_scenario_recalculation.csv extends the check to 432 248

unit–scenario rows. Machine-readable manifests record the software environment, input versions, 249

methods, file dimensions, output hashes, and validation coverage. For sources that cannot be 250

redistributed, the manifest provides the citation, retrieval details, integrity check, and ingestion 251

path for an authorized local copy. 252

Identifiers, missing values, and joins 253

Files join on unit_id or plant_id, which correspond to the GEM unit or phase identifier and 254

GEM location identifier. Scenario and resource tables add technology, radius, sample, or scenario 255

keys where needed. Missing numerical inputs remain null, and records that cannot be classified are 256

labeled explicitly. Monetary fields are reported in constant 2025 USD, with units included in field 257

names where practical. 258

Data Overview 259

The expanded data cover 2,384 operating coal plants in 73 countries. Of these, 1,056 plants in 60 260

countries meet the grid-power-comparable criteria used for the comparison sample. Solar is the 261

lower-cost modeled renewable option at 822 comparison-sample plants; wind is lower at 234 (Fig. 2). 262

At unit level, 2,702 of 2,836 comparison-sample records have renewable LCOE below coal 263

operating cost at the assigned WACC. The other 134 are finance-sensitive: they reach parity at 264

a lower, non-negative WACC. Their required WACC reduction has a median of 2.44 percentage 265

points and a 90th percentile of 4.89 percentage points. The largest modeled gap is 8.245 percentage 266

points (Fig. 3). 267
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Marker area is proportional to operating coal capacity.

a Central results across 1,056 plants

Solar is least cost Wind is least cost Finance-sensitive

0 20 40 60 80 100
Share of comparison-sample coal capacity (%)

Africa

Americas

Asia

Europe

Oceania

100%

51% 49%

82% 18%

41% 59%

77% 23%

b Least-cost technology by region

Solar Wind

90 95 100
Units below coal operating cost (%)

Africa

Americas

Asia

Europe

Oceania

98.5%  (128)

99.3%  (415)

94.5%  (1,958)

90.7%  (147)

100.0%  (54)

c Central crossover share by region

Figure 2: Central crossover patterns by location and region. a, Comparison-sample plants
colored by the cheaper of local solar and onshore wind. Filled markers denote plants where renewable
LCOE is below coal operating cost at the assigned WACC; open markers denote finance-sensitive
plants. Marker area scales with operating coal capacity. b, Regional shares of comparison-sample
plant capacity by least-cost renewable technology. c, Regional shares and counts of units below the
coal operating-cost threshold.
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Figure 3: Cost margins and financing thresholds at the unit level. a, Coal operating
cost plotted against the lower of solar and wind LCOE for 2,836 comparison-sample units. Filled
points below the diagonal are already crossed at the assigned WACC; open points above it are
finance-sensitive. Color indicates the least-cost renewable technology. b, Assigned and break-even
real after-tax WACC for the 134 finance-sensitive units. c, Empirical cumulative distribution of the
WACC reduction required to reach parity.
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Technical Validation268

We tested four aspects of the data separately: provenance, input coverage, numerical accuracy, and269

reproducibility. The checks combine source-file inspection, assignment diagnostics, automated tests,270

an isolated rebuild, independent recalculation, and sensitivity analysis.271

Source integrity and provenance272

Every primary input appears in the source manifest with its release or product description, retrieval273

date, byte size, integrity check, and SHA-256 hash. Archives and workbooks were opened or tested274

before normalization. For the selected Global Wind Atlas raster, both the official byte size and275

MD5 checksum matched. The manifest therefore identifies the precise input vintage used by the276

scientific build. Historical processed tables are kept only as comparison artifacts.277

Financing-response and boundary checks278

The WACC-support test changes financing and holds all other inputs fixed. In the comparison279

sample, the share of units below coal operating cost rises from 95.28% at assigned WACC to 97.28%,280

99.29%, 99.79%, 99.93%, and 100% after reductions of 2, 4, 6, 8, and 8.5 percentage points (Fig. 4).281

For the expanded fleet, the corresponding sequence is 95.85%, 97.99%, 99.12%, 99.57%, 99.92%,282

and 100%.283

The final comparison-sample crossover occurs at a reduction of approximately 8.245 percentage284

points. At the 8.5-percentage-point stress test, adjusted WACC has reached the 0% floor for 2,554 of285

2,836 comparison-sample units (90.1%) and 5,826 of 6,580 expanded-fleet units (88.5%). Reporting286

this floor separately distinguishes a modeled crossover from an unbounded extrapolation of financing287

rates.288

0.0 2.0 4.0 6.0 8.0 8.5
Uniform WACC reduction (percentage points)
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Expanded operating fleet

Comparison sample

Assigned WACC 95.28%

2 pp lower WACC 97.28%

8.5 pp lower WACC 100%

0% WACC floor at 8.5 pp

Comparison sample: 90.1%
Expanded fleet: 88.5%
All other inputs are fixed.
WACC cannot fall below 0%.

Figure 4: Modeled crossover response to lower renewable weighted average cost of
capital (WACC). Comparison-sample and expanded-fleet shares below coal operating cost after a
uniform WACC reduction, with every non-financing input held fixed. Markers identify reductions of
0, 2, 4, 6, 8, and 8.5 percentage points. Adjusted WACC cannot fall below 0%; at 8.5 percentage
points, that floor binds for 90.1% of comparison-sample units and 88.5% of expanded-fleet units for
the selected renewable technology.
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Population and ingestion checks 289

The January 2026 GEM ingest produced 6,580 unique operating units totaling 2,202,528 MW. 290

Applying the captive and CHP exclusions yielded the expected 2,836 comparison-sample units and 291

1,319,505 MW. Tests cover operating-status selection, unit-key uniqueness, plant and country counts, 292

capacity totals, currency conversion, coal-technology matching, and each cost-source fallback. 293

Assignment coverage is shown in Fig. 5. A country–technology coal O&M observation is available 294

for 70.1% of comparison-sample units and 73.4% of the expanded fleet; the remaining records use a 295

technology-specific median. Country-specific WACC covers 97.3% of plant–technology records for 296

both solar and wind. Valid same-country cells are present for every wind match and for 2,379 of the 297

2,384 solar matches at each retained radius. The five unmatched solar plants retain null resource 298

fields. Because the assignment tier travels with each result, analyses can be restricted to direct 299

matches when desired. 300
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Figure 5: Coverage of cost, financing, and resource inputs. a, Coal O&M assignment tiers in
the comparison sample (n = 2,836) and expanded operating fleet (n = 6,580). b, Country-specific
and technology-median real after-tax WACC assignments for solar and wind (n = 2,384 plants per
technology). c, Valid same-country raster-cell counts within 30, 45, and 60 km. Points show plant
medians; intervals span the 10th–90th percentiles, and annotations report the share of 2,384 plants
with at least one match.

Formula and unit tests 301

The release suite contains 51 automated tests, all of which passed. They cover the zero-WACC limit 302

of the capital-recovery factor, renewable LCOE units, heat-rate and coal-price conversion, numerical 303

break-even WACC, economic classification, same-country raster matching, storage energy accounting, 304

strict JSON output, and agreement between the scientific and website records. Additional checks 305

reproduce the formal resource and coal-price anchors from the continuous response surfaces and 306

verify the public download package. 307
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Isolated source-to-output rebuild308

We reran the release-candidate pipeline in a temporary workspace containing the registered raw309

inputs, source code, method specifications, and historical comparison artifacts, but no intermediate310

files or prior outputs. A fresh Python 3.12.13 environment was created from the pinned requirements.311

The run repeated raster extraction and resource matching before rebuilding the central, sensitivity,312

storage, and validation tables.313

Eighteen normalized-source, scientific-output, and validation files were byte-identical to the314

reference build. Four JSON records also agreed after generation timestamps, absolute root paths,315

and the invocation string were removed. Phase 2 validation, Phase 3 independent recalculation,316

and all 44 tests available at the release-candidate stage passed in the clean workspace. Seven tests317

were added subsequently, bringing the release suite to 51. These additions extend coverage of318

the empirical coal-price curve, continuous resource controls, public-source metadata, agreement319

between browser-facing response surfaces and the scientific records, and deterministic scenario-data320

compression. Build logs and file-hash comparisons accompany the validation records.321

Independent recalculation322

The deterministic validation sample contains 48 units at 48 plants in 23 countries across all five323

represented regions. Selection deliberately covers both economic classes, observations close to the324

crossover boundary, large units, high- and low-WACC cases, coal-cost-sensitive records, every formal325

renewable scenario family, storage-sensitive cases, missing solar resources, captive units, CHP units,326

and expanded-fleet records.327

Separate validation functions reimplemented the capital-recovery factor, renewable LCOE,328

coal operating cost, classification, break-even WACC, required capacity and investment, modeled329

emissions, and the nominal 2025 battery case. They reproduced all 48 central records and all 432330

unit–scenario records (Fig. 6). Source-trace checks also matched the associated GEM, IRENA,331

central renewable, and 45-km resource inputs. The largest residual at a numerical break-even WACC332

was 2.84 × 10−14 USD MWh−1, compared with the prespecified tolerance of 10−6 USD MWh−1.333

Sensitivity behavior334

Under the central 45-km P90 resource rule and 15% wind loss, 2,702 of 2,836 comparison-sample335

units are already crossed and 134 are finance-sensitive. The prespecified resource and wind-loss336

cases place the crossed share between 93.86% (45-km P50) and 98.27% (45-km P100). At P90,337

changing the search radius to 30 or 60 km gives 95.13% and 94.92%, respectively. Wind losses of338

10% and 20% produce 95.31% and 95.03% (Fig. 7a). Automated parity checks confirm that P50,339

P90, and P100 in the continuous resource files reproduce these formal cases.340

The WACC response is monotonic by construction: rates decline toward a 0% floor while every341

other input stays constant. A global reduction of 8.5 percentage points brings both reporting samples342

to 100% crossover in this cost screen, but the floor has already bound for 90.1% of comparison-sample343

units and 88.5% of the expanded fleet. Those two quantities are stored and reported separately.344

Storage changes the comparison more sharply. At the nominal 2025 capital cost of 164.44345

USD kWh−1 and using each unit’s least-cost renewable technology, the comparison-sample crossover346

share is 95.28% when no energy passes through storage. It falls to 80.75% at a 25% stored-energy347

share, 36.60% at 50%, and 0.42% at 100% (Fig. 7b). The storage table preserves each cost and348

sizing component rather than folding a single storage requirement into the central record.349
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ating cost, solar LCOE, wind LCOE, and renewable-plus-storage cost for the 48-unit deterministic
sample. Two units have no valid solar match, leaving 46 solar observations; the other metrics contain
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central, storage-adjusted, and renewable-scenario classes, with the maximum residual at numerical
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Usage Notes350

For unit-level work, the natural starting point is unit_results.parquet. Selecting grid_power_351

comparable in analysis_sample returns the 2,836 units used in formal manuscript summaries.352

Keeping every row gives the expanded fleet of 6,580 operating units shown by default in the353

dashboard. Maps and country summaries can use the plant table, with unit_id providing the route354

back to individual generating units.355

The central record uses P90 solar and wind resources within 45 km, a 15% wind gross-to-net356

loss, the median benchmark coal price, assigned renewable WACC, unscaled renewable CapEx, and357

no stored energy. Near the crossover boundary, the continuous cost margin and break-even WACC358

are more informative than the categorical label by itself.359

Prespecified sensitivity files reproduce the cases reported here. The resource and coal-price360

surfaces allow finer choices based on the same raster extraction and monthly price observations. In361

the dashboard, WACC support can be scoped to a plant, city, country, or the EU27; rates never fall362

below 0%, and units outside the selected geography keep their assigned WACC. Renewable CapEx,363

stored-energy share, and four-hour battery cost can be varied independently.364

Captive and combined heat and power units remain in the expanded file with their service365

flags intact. Users can therefore define a sample appropriate to grid electricity, captive supply,366

or heat-producing service. The source-tier fields are equally important: they distinguish direct367

country–technology assignments from fallbacks and make it possible to substitute local coal-price or368

O&M evidence.369

These records compare modeled generation costs. Their stable plant and unit identifiers allow370

them to be joined with land, transmission, interconnection, dispatch, contract, retirement, labor, or371

heat-service data when a broader project or power-system analysis is required.372

Data Availability373

The dataset is archived on Zenodo at https://doi.org/10.5281/zenodo.22092469. For access374

during peer review, use the reviewer link. No login, password, or access request is required. In the375

Files section, select Download next to coal_crossover_dataset_v1.0.0-rc1_review_2026-09-376

06.zip.377

The archive includes the main results, sensitivity and validation records, a data dictionary, and378

source and build manifests. This is version 1.0.0-rc1 (the 6 September 2026 data snapshot). Original379

third-party files are not included. Their citations, retrieval instructions, and checksums accompany380

the data; the code archive below includes the routines needed to import authorized local copies.381

Code Availability382

Development code is maintained at https://github.com/Davidfu777/coal-crossover. The383

repository is private during manuscript preparation. Version 1.0.0-rc1 is archived on Zenodo at384

https://doi.org/10.5281/zenodo.22091620. For access during peer review, use the reviewer385

link. No login, password, or access request is required. In the Files section, select Download next to386

coal_crossover_code_v1.0.0-rc1.zip.387

The archive includes code for source ingestion, normalization, geospatial matching, central cost388

calculations, response surfaces, sensitivity tables, validation, data records, and all manuscript figures,389

together with the pinned software environment. Credentials, machine-specific paths, restricted390

inputs, deployment records, and website operations are excluded.391
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