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The development of CO2 emission factors for U.S. coal.   

The origin, tonnage, heating value, ash yield, S content, and coal rank class 

(lignite, subbituminous, bituminous, or anthracite) of coal shipments delivered to U.S. 

power plants are reported (1, 2), but the coal C content is not.  Consequently, CO2 

emission factors are used in greenhouse gas inventories to estimate CO2 emissions from 

coal combustion (3, 4).  Early inventories (5, 6) used a single factor for all coal.  

Subsequent studies (7, 8, 9, 10) showed that the CO2 emission factor varies with coal 

rank.  Accordingly, the Intergovernmental Panel on Climate Change (IPPC) 

recommended rank-specific emission factors (11), which were calculated from 

unpublished coal analyses for coals of unknown origin (8).  Hong and Slatick (9) cite an 

unpublished study of 5426 U.S. coal assays collected by the disbanded U.S. Bureau of 

Mines as the basis of rank-specific CO2 emission factors for coal-producing states.  These 

factors were used to calculate the sector-specific emission factors, which were used in 

U.S. greenhouse gas inventories until 2002 (4) when new factors calculated from the U.S. 

Geological Survey COALQUAL data (12) were adopted.  Table S1 shows some emission 

factors for U.S. coal.  Emission factors for coal produced in other countries have been 

reviewed by Smith (13), Heite et al., (14) and Herold (15).  New emission factors and 

approaches continue to be developed (16, 17). 

Table S1. Some CO2 emission factors for U.S. coal (kg CO2/GJ) 
by coal rank classification. 

Hong and 
Slatick (9) 

EPA (1)a This Study 

anthracite 
bituminous 
subbituminous 
lignite 

97.76    
88.26    
91.10    
92.99    

98.19    
88.56    
92.05    
91.40   

98.91    
88.20    
91.97     
92.97    

a. These values were introduced in 2002.  In 2008, EPA increased the 
lignite emission factor to 92.35 kg CO2/GJ, but the older value is 
listed here because it continues to be widely used (for example, in 
the greenhouse gas reporting rule (18)). 

Net and gross energy 

Emission factors shown in table S1 are reported on a gross energy basis; a net 

energy basis is more common in other countries.  The net heating value (MJ/kgnet) may be 

calculated from approximation formulae, such as: MJ/kgnet = MJ/kggross – 

0.2142×(0.1119M + H), where Btu, M (% moisture), and H (% hydrogen, excluding H in 
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moisture) are on a moist, whole-coal basis (19).  If coal oxygen (O) and nitrogen (N) 

assays are also available, an exact formula: MJ/kgnet = MJ/kggross – (0.21215×Hdry –

0.00077×Odry – 0.00089×Ndry)×(1-0.01M) – 0.02443×M, may be used (20).  However, 

data needed to use these formulae are rarely reported.  Thus, the net heating value of coal 

is sometimes assumed to be 5% less than the gross heating value (11).  This assumption 

is reasonable for subbituminous A rank U.S. coal, but if used for CO2 emission 

inventories, will systematically underestimate emissions from lower rank coal and 

overestimate emissions from higher rank coal (14, 21).  The difference between CO2 

emission factors expressed on net and gross energy bases is more accurately illustrated in 

figure S1.   

 

 
Figure S1.  The difference between CO2 emission factors expressed on a net energy basis 

(■) and a gross energy basis (○) systematically varies with the ASTM rank of 65 U.S. 

coal samples; modified with permission from (21). 
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Causes of variation of the CO2 emission factor 

Coal rank.  Variation of the CO2 emission factor with coal rank is well 

established (7, 8, 9, 11, 21) and is illustrated in figure S1 for U.S. coal using the ASTM 

classification of coal by rank (22).  Examination of figure S1 also shows substantial 

variation within coal rank classes (lignite, subbituminous, bituminous, anthracite).  As 

discussed in the manuscript, this variation limits the reliability of emission factors 

specified by coal rank class.  It is worth noting that there are many different coal rank 

classification systems, so what is bituminous coal in one country, may be subbituminous 

in another.  For example, coal produced from Louisiana (table SA1) is lignite according 

to U.S. protocol (<19.30 MJ/kg m,mmf (22)) but is subbituminous according to 

international protocol (>17.45 MJ/kg lbmoist, ash-free (11,  23)).  

Sulfur.  Several studies (7, 14, 24) have shown that sulfur in coal reduces the CO2 

emission factor.  Winschel (7) explicitly examined the effect of sulfur in practical 

combustion systems and noted that the reduction in CO2 emissions may be offset by 

parasitic energy demand from S emission controls.  Offsets due to CO2 from carbonate 

sorbents have also been considered (24).  As discussed in the manuscript, these 

considerations are complicated by hydrogen associated with the organic S fraction, which 

enhances the CO2 emission reduction due to S.   

Macerals.  Variation of maceral content can also influence CO2 emissions (21, 

24, 25).  However, the effect of maceral abundance on CO2 emissions is less certain than 

that due to S because the maceral analyses are rarely reported for commercial U.S. coal.  

In general, CO2 emission factors for Inertinite>Vitinite>Liptinite within a single coal 

sample.  Inertinite abundance in commercial Australian bituminous coal has been shown 

to cause a 4.8 kg CO2/GJ variation (24).  Maceral assemblages isolated by density 

fractionation from five Kentucky bituminous coals have been shown to vary by more 

than 8.6 kg CO2/GJ (25).   

Minerals.  Carbon dioxide from the endothermic decomposition of carbonate 

minerals during coal combustion are expected to increase the CO2 emission factor (21).  

Although carbonate minerals are relatively rare in U.S. coal they can have a significant 

effect on CO2 emissions elsewhere (26).  In practical combustion systems abundant 
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mineral matter may also increase CO2 emissions due to loss of sensible heat from the 

boiler in flyash, bottom ash, or slag, as well as increased parasitic energy consumption by 

pulverization mills; more work is required to evaluate these possibilities. 

Main data sets 

COALQUAL.  The COALQUAL data (12) include comprehensive assays for 

7432 U.S. coal samples collected from drill holes, mines, exploration pits, and outcrops 

(table S2).  Details of the COALQUAL reporting conventions and assay procedures are 

fully explained in text that accompanies the data (27).  Several details are worth noting.  

Hydrogen values include H in coal moisture.  This reporting convention has significance 

for the calculation of heating values from elemental composition.  Many samples were 

partially dried prior to analysis.  This assay procedure precludes an accurate rank 

determination for most of the samples, which is why, in part, text that accompanies the 

data (27, p.10) emphatically states: “THE USGS MAKES NO CLAIMS AS TO THE 

ACCURACY OF COAL RANK CALCULATED FROM PARAMETERS OF 

PROXIMATE AND ULTIMATE ANALYSES.”  

1 American Society for Testing and Materials 
2 Carbon, Hydrogen, Nitrogen, Oxygen, and Sulfur 

Table S2.  Description of COALQUAL data. 
Location 
Information 

State, county, latitude, longitude, province, region, field, district, 
USGS map (quadrangle) name. 

Geologic 
Information 

Formation, group, bed, member, zone, depth, bed thickness, 
system, geologic age. 

Collection 
Information 

Collector name, drill hole/mine name, estimated rank, and laboratory 
submission date. 

Laboratory  U.S. Bureau of Mines, Geochemical Testing Co., State lab, USGS 
lab, Dickinson Laboratories Inc. 

Sample Type Channel, drillcore, weathered channel, outcrop. 

Data Type Single sample assay, physical composite assay, calculated 
composite assay, partial composite assay, partial bed split. 

ASTM1 
Analyses 

(whole-coal basis) moisture, heating value, ash, volatile matter, 
CHNOS,2 ash fusion temperatures, free swelling index, sulfur forms, 
air-dry-loss, equilibrium moisture, and Hardgrove grindability. 

USGS 
Analyses  

(residual-moisture basis) USGS method ash, 11 major and minor 
ash oxides, and up to 62 trace elements. 
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Hower et al., (28) advise users of published coal quality data to consider the 

sample origin, collection protocol, and assay reliability.  Accordingly, only COALQUAL 

samples that originate from coal producing counties were selected.  Likewise, samples 

collected from weathered outcrops were ignored, and assay results were tested for 

reliability.   

COALQUAL is a geological database, which necessarily requires sample 

information such as a precise location, depth, bed thickness, formation, and age.  Such 

information can rarely be assured for samples collected from commercial coal shipments.  

Consequently, COALQUAL does not include samples of commercially produced coal 

that is burned at power plants.  Moreover, about 13% of the COALQUAL samples 

originate from counties with no coal production; although geologically significant, these 

samples are not representative of coal burned at power plants and were excluded from 

this study. 

About 10% of the samples included in COALQUAL are weathered.  Weathering 

at the outcrop can increase coal moisture and O (29, 30), and change the relative 

abundance of H and C (31, 32).  Although weathering usually reduces the heating value, 

dynamic variation of the heating value has also been observed (33, 34).  These sometimes-

profound compositional changes make CO2 emission factors calculated for weathered 

coal unreliable proxies for commercial coal production.  Accordingly, samples collected 

from outcrops or identified as weathered coal were ignored.  Weathered coal is not 

always easy to identify in the field.  Because severe weathering inevitably reduces the 

free swelling index (35, 36), a few samples with both elevated moisture and a diminished 

free swelling index were also ignored.  

A Mott-Spooner test was used to evaluate the reliability of the heating value and 

elemental (C, H, O, S) assays.  This test is appropriate because results of these assays are 

used to calculate the CO2 emission factor.  The test reports the difference between the 

measured heating value and a heating value calculated from the elemental composition 

(37).  Analytical error is likely where the Mott-Spooner difference is more than ±0.58 

MJ/kg (38).  About 10% of the COALQUAL records exceed this threshold and were 

ignored.  Table S3 shows a tabulation of selected and ignored COALQUAL data records. 
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Table S3.  Tabulation of selected and ignored 
COALQUAL data records. 

7,432  ORIGINAL RECORDS 
 18 nominal data or not representative1 
 75 FSI and moisture indicate weathering1 
 656 weathered or outcrop coal1 
 717 failed Mott-Spooner test1 
 843 lack carbon or heating value assays1 

5,118  SELECTED RECORDS 
 12 from Illinois1 
 939  from non-producing counties1,2 

4,167  RECORDS used  
1 ignored.  

IGS.  Twelve COALQUAL data records from Illinois were replaced by more 

numerous data records from the Illinois Geological Survey (39).  With one exception, the 

same criteria used to select COALQUAL data records were applied to the IGS data.  

Unlike Mott-Spooner values for COALQUAL data, which were normally distributed 

around a median value near zero, Mott-Spooner difference values for the IGS data were 

normally distributed around a median near –0.31 MJ/kg, so selection thresholds were 

modified to +0.27 and –0.90 MJ/kg.  The non-zero median is consistent with moisture in 

occluded pores, low inertinite content, and abundant organic sulfur but more work is 

required to support a definitive explanation.  Ultimately, IGS data for 651 coal samples 

from 17 counties were used to characterize the in-ground quality of Illinois coal (table 

S4). 

Table S4.  Tabulation of selected and ignored Illinois 
Geological Survey data records.  

5,837  ORIGINAL RECORDS 
 3197 lack carbon or heating value assays1 
 1191 uncertain location or not from Illinois1 
 160 failed Mott-Spooner test1 
 15 not coal1 
 7 likely weathered1 

1,267  SELECTED RECORDS 
 616 from non-producing counties1 

651  RECORDS used 
1 ignored. 
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FERC and EIA 423.  The FERC-423 data (40) originate from the Federal Energy 

Regulatory Commission (FERC) Form 423, monthly survey of fossil-fueled electric 

utilities (41).  Among other things (table S5), the FERC-423 data include county origin, 

tonnage, heating value, ash, and S values for coal shipments delivered to utility power 

plants with generation capacities of 50 MW or more.  About half of the year 1999, 

FERC-423 data records were selected for this study (table S6).  Records for liquid, 

gaseous, and other non-coal fuels were ignored, as were records for imported coal and 

domestic coal of uncertain state or county origin.  Except for the CO2 emission factor, the 

county-average produced coal quality values were weighted by shipment tonnage, state 

and rank-class averages for produced coal were weighted by county production tonnage, 

and state averages for delivered coal were weighted by shipment tonnage. The CO2 

emission factors were weighted by energy (tons × MJ/kg value). 

Table S5.  List of data fields in the 1999, FERC-423 data. 

Company Code for the name of utility parent company. 
Plant Code for the name of the utility power plant. 
Year Reporting year. 
Month Reporting month. 
District U.S. Bureau of Mines coal-producing district  
State U.S. state-of-origin (coal). 
County U.S. county-of-origin (coal). 
Mine Type Surface or underground coal mine.  
Region (plant) Regional location of the electric utility. 
State (plant) State location of the electric utility.  
Generic Fuel Type of fuel (solid, liquid, gaseous). 
Specific Fuel Bituminous, subbituminous, lignite, fuel oil, 

natural gas, etc.  
Contract Type Simple contract, contract with escalator, new, 

firm (gas), interruptible gas, spot and off peak 
gas, spot coal, or spot oil. 

Contract Expire Indicates if the contact expires within 24 
months. 

Quantity Tons in coal shipment (short tons). 
Btu  Heating value (gross Btu/lb, as-shipped). 
Sulfur Sulfur content (weight%, as-shipped). 
Ash Ash value (weight%, as-shipped). 
Cost Cents per million British thermal units (total, 

includes transportation and taxes).  
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Table S6.  Tabulation of selected and ignored 
1999, FERC-423 data records. 

35,886 ORIGINAL RECORDS 
15,790 Liquid or gas1 
20,096 Solid fuel 

20,096 SOLID FUEL RECORDS 
116 Imported coal1 
146 Uncertain origin1 
231 Petroleum coke1 

68 Refuse1 
42 Wood1 

19,493 Coal 
19,493 SELECTED RECORDS 

20 Anthracite 
15,948 Bituminous 

235 Lignite 
3,290 Subbituminous 

 1 ignored.  

Although fuel receipts reported in the 1999 FERC-423 data include over 99% of 

the coal delivered to electric utility power plants, non-utility power plants (independent 

power producers and combined heat and power plants) are not reported in this data set.  

These non-utility power plants received 51 Tg of coal (~5%) of the total 852 Tg delivered 

to U.S. power plants >50 MW during 1999 (42).  Also not included is information on the 

quality of coal exports, shipments to coke and industrial plants, and coal delivered to 

institutions and homes.  Despite these deficiencies, the 816 Tg of coal is reported in the 

1999 FERC-423 data represents more than 80% of total 1999 U.S. production.  The 

geographic extent of the FERC-423 data is even more impressive; during 1999, the 190 

counties included in FERC-423 produced over 98% of U.S. coal production. 

As noted, about 5% of the coal delivered to U.S. power plants during 1999 was 

not reported with the FERC-423 data.  Since then, the market share of independent power 

producers, which do not report on FERC-423, has increased. During 2005 about 27% of 

the coal delivered to U.S. power plants was not reported on FERC-423.  Beginning in 

2002, information on the amount and quality of this coal has been reported with the EIA-

423 data (43), which lack coal prices but are otherwise similar to the FERC-423 data.  

Consequently, FERC-423 and EIA-423 data were combined to tabulate the quality and 
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amount of coal delivered to U.S. coal-fired power plants (>50MW) during 2005.  These 

combined data include more than 23,000 records for 918 Tg of coal shipped to 479 power 

plants.  Selection criteria applied to the combined data were similar to those applied to 

the 1999 FERC-423 data, except that records for imported coal and coal of uncertain 

origin were included; CO2 emission factors for these shipments were estimated using 

equation 5. 

Rank designations reported with FERC-423 data are anecdotal; no guidance on 

how to determine rank is provided with the FERC Form-423 instructions (41).  

Consequently, the ASTM rank designations determined in this study, although largely 

calculated from FERC-423 data, sometimes differ from rank designations reported with 

these data.  Rank designations reported with the related EIA-423 data are likewise 

uncertain because rank classification rules in the EIA-423 instructions (44) show 

overlapping indicative Btu ranges for lignite and subbituminous rank classes.   

Determination of coal rank 

In this paper, the rank of coal produced from 223 counties (table AS1) was 

determined in general accordance with the ASTM standard (22).  The ASTM Btum,mmf 

rank parameter was calculated from the tonnage-weighted ash, S, and heating values for 

produced coal (mostly FERC-423 data).  Because fixed carbon (FC) is not reported for 

produced coal, the ASTM FCd,mmf  rank parameter was calculated from FC, ash, S, and 

moisture values for in-ground coal (mostly COALQUAL data).  Note that, because 

FCd,mmf  is on a dry basis, it is not affected by the partial drying of COALQUAL assay 

specimens that precludes a reliable rank determination for most COALQUAL data 

records.  The agglomerating character, which is used to distinguish certain bituminous 

and anthracite coals, is also not reported for produced coal.  For these distinctions, 

western U.S. coal (Alaska, Arizona, Colorado, Montana, New Mexico, North Dakota, 

Utah, and Wyoming) and coal from counties with >89% FCd,mmf  was assumed to be non-

agglomerating, whereas the remaining coal was assumed to be agglomerating.  Finally, 

the coal rank class was geographically inferred for 11 counties that lack appropriate assay 

data. 
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Other data sets 

ICR and FERC-580.  The 33 coal-producing counties that are not included in the 

FERC-423 data produced 17.6 Tg of coal during 1999 (~1.5% of total production).  

Average produced coal quality for 11 of these counties, which together produced 13.2 Tg 

coal, was calculated from the ICR and FERC-580 data.  The ICR data originate from an 

Information Collection Request issued by the EPA (45) to inform the Clean Air Mercury 

Rule.  The ICR data include the county origin as well as dry-basis, ash, S, Hg, Cl, and 

heating values for about every third coal shipment to power plants ≥ 25 MW during 1999.  

Estimated moisture values (46) were used to adjust the ICR data to an as-shipped basis.  

The FERC-580 data (47) contain 7905 records for commercial coal shipments delivered 

to certain power plants ≥ 50 MW between 1992 and 1999.  These data include county-

origin, shipment tonnage, heating value, ash, S, and moisture values reported on the 

FERC Form 580, biannual survey of investor-owned, interstate electric power plants.   

EIA-906/920 data.  These data (48) report generation and fuel consumption at the 

power plant and were used to estimate the quantity of coal shipped from transfer stations 

to certain power plants (mostly Tennessee Valley Authority plants).   

Equations in U.S. customary units. 

The CO2 emission factor (lbs CO2/million Btu) was calculated as:  

                                        lbs CO2/million Btu = 3.6642
100

106

××
C

lbBtu
       (1) 

where C is wt.% carbon of the coal, Btu/lb is British thermal units per lb coal, and 3.6642 

is the gravimetric factor to convert C to CO2 

 

An adjusted S value (Sadj) was calculated as:  

                      

prod

prod
prod

grdin

grdin
grdin

prodadj

S
S

Btu

S
S

Btu
SS

−
×⎟⎟
⎠

⎞
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⎝

⎛
×−

−
×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×−

×= −

−
−

100
100

100
4050

100
100

100
4050

        (2) 

where Sprod is the weight percent S of the produced coal, Btuin-grd is the average Btu/lb 

value for the in-ground coal by origin county, Btuprod is the Btu/lb value for coal 

produced from that county, 4050 is the Btu/lb contribution from sulfur, and Sadj is the 
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weight percent S required for the in-ground coal to have the same S emission factor as the 

produced coal.   

 

An adjusted C content (Cadj) was calculated as: 

                                         
( )
( )grdin

adj
grdinadj S

S
CC

−
− −

−
×=

100
100

         (3) 

where Cin-grd is the county-average C content of in-ground coal, Sin-grd is the 

corresponding in-ground S content, and Sadj is from equation 2.   

 

An adjusted Btu/lb value (Btuadj) was calculated as: 

             
100

4050
100

100
100

4050 adj

grdin

adjgrdin
grdinadj

S
S

SS
BtuBtu ×+

−

−
×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×−=

−

−
−        (4) 

 

For high volatile A bituminous and lower rank coal the CO2 emission factor was 

estimated as:  

 2
,

7
,

3
2 821.1862.5647.19.252 mmfmmmfmef BtuEBtuESBtumillionCOlbs ×+×−×−= −−      (5) 

where Sef is the S emission factor (lbs S/million Btu) for the produced coal, and Btum,mmf 

is the moist, mineral-matter-free Btu/lb rank parameter for produced coal.   

 

For medium volatile bituminous and higher rank coal the CO2 emission factor was 

estimated as: 

 2
,

2
,2 857.2843.37647.00.336 mmfdmmfdef FCEFCSBtumillionCOlbs ×+×−×−= −     (6) 

where Sef is the S emission factor (lbs S/million Btu) for the produced coal, and FCd,mmf is 

the dry, mineral-matter-free fixed-carbon rank parameter. 

 

An approximation formula to calculate the net heating value is:  

Btu/lbnet = Btu/lbgross – 92.08×(0.1119M + H),  

where Btu, M (% moisture), and H (% hydrogen, excluding H in moisture) are on a moist, 

whole-coal basis.   
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An exact formula to calculate the net heating value can be used if coal oxygen (O) and 

nitrogen (N) values are also available: 

Btu/lbnet = Btu/lbgross – (91.21×Hdry –0.33×Odry – 0.38×Ndry)×(1-0.01M) – 10.50×M 
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Appendix 

Data Tables 

Table AS1.   Carbon dioxide emission factors for U.S. coal by origin state and 
county, 1999. 
Table AS1a. (SI units) 
Table AS1b. (U.S. customary units) 

Table AS2.  Carbon dioxide emission factors for U.S. coal by destination state 
and power plant, 2005. 
Table AS2a. (SI units) 
Table AS2b. (U.S. customary units) 
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