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SECTION 3
COAL-FIRED UTILITY BOILERS

INTRODUCTION AND SOURCE DESCRIPTION

Coal combustion produces emissions of geveral greenhouse gases,
including CO;, NO,, methane and other hydrocarbons. Coal-fired utility
boilers contribute an estimated 16 percent of the global anthropogenic CO,
swissions and about 12 percent of global NO, emissions. The combined
emisvions of these two gases from coal-fired utility boilers are estimated
to contribute about 10 percent to the total estimated global radiative
forcing assoclated with anthropogenic sources.

Global emissions of CO, and NO, from utility boilers are clearly
significant. PYurthermorse, the emissions of both specles vary from country
to country. Thus, it is necessary to characterize the variations to
develop representative global emissions estimates. Por example, emissions
of CO, are related to the type and quality of coal used in a given country
{i.e., coal rank and carbon content). Since coal quality varies
significantly from country to country, emissions of €O, also vary.

This chapter summarizes the results of AEERL's initial effort to
davelop country-specific emission factors for coal-fired utility boilers.
Wheres emission factors could not be developed dus to a lack of data or for

other reasons, the areas requiring additional study are identified.

FACTORS AFFECTING CO, EMISSIONS

Several aspects of coal-fired electric power systems influsnce carbon
dionide emissions. The most significant of these are thas overall




efficiency of the generating station and distribution system and the fuel

quality (coal heating value and carbon content}). A more efficient power
and electrical distribution system consumes less fossil fuel tc produce a
given amocunt of electricity and thus, reduces greenhouse gas emissions,

For example, the 1986 overall efficiency for electric utilitles in India is
egtimated to be 20.4 percent, while that for the Federal Republic of
Germany is 36.6 percent (QECD, 1987). Such efficiency differencas produce
eignificant variations from country to country for c¢arbon-based greenhouse
gases emitted from power statlions. Key variables which affect overall

efficlency include the following:

beiler type and vintage

fuel quality

use of plant auxiliaries and emissions contrele
turbine and generator efficiency
transformer/transmission line lasses
operational procedures

maintenance

Although data for all of these factors are not available on a
country-spacific basis, fossll fuel energy consumptlion data and electricity
genaration data are avallable for many countrieas and can be used to
astimate generating station efficlency (referred to here as the busbar
aefficiency) and transmission line lcsmes (EIA, 1987a; EIA, 1987b; OECD,
1988; QECD, 1987; OECD, 1989).

Carbon dioxide emissions are also affected by variations in fuel
heating value and carbon content. Emiesions of CO; are proportional to the
fuel carbon content and inversely proportional to the heating value of the
fuel (a higher heating value requires less fuel consumption for a given
amcunt of energy production), Fuel properties vary for different coal
types, with lignite or brown coals tending to have lower carbon content and
heating value than hardar coals such as subbituminocus, bituminous and

anthracite. Country-specific coal consumption information by type can be




used to estimate coal carbon content and heating values for use in
calculating CO; emission factors.

DEVLLOPMENT OF COUNTRY-SPECIPIC CARBON DIOIIDE ENISSION FACTORS

Carbon dioxide emission factors were calculated by simple mass balance
assuming that all the carbon in the coal is converted to CO; (except a
small portion which is assumed to remain in the fly ash). The emission
factors are in units of mass of carbon per unit of energy produced at the
fencs line of the powar plant {referrsd to as busbar energy). In general,
4s carbon content increases, the emission factor increases, and as coal
heating value increases, the smission factor decreases.

As previously discussed, two factors have been identified as having a
significant influence on the amissions of CO; from coal-fired electric
utilities. These two factors are: (1) the overall energy efficiency and
(2) tho coal quality. The overall energy efficiency factor takes into
account the efficiency associated with the generation station itsaelf and
the losses assoclated with the electricity transmission/distribution
systea. The fusl guality factor takes into account the extent to which
coal carbon content and heating value affect CQ, emissions. These two
factors are discussed in the following pages.

Overall Ensrgy Efficiency

Overall ensrgy efficlency for coal-flred pousr plants varies
significantly from GOuhtry te country. EKstimates of ths overall snergy
conversion eftliciency of coal-fired utility boilers on 8 country-spezific
basis is needed o estimate plant fuel requirements based on energy demand
estimates. In addition, an estimate of current plant efficiency is needed
to forecast amissions using emissions sodels since the current efficiercy
forms the benchmark from which future changes in energy efficlency are
estimated and msasured.
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Ovaerall snergy efficiency can be estimated based on data available for
coal consumption by electric utilities and ensrgy production from electric
utilities, taking into account losses through transmission lines (U.N.,
1984 U.N., 1987; WRI, 1986; OECD, 1987).

Overall = Reported Net Electric Enerqgy Supplied from Coal x A x 100
Efficiency Total Ccal Energy Consumed
%)

where A = {100 - ® Transmission Line Loss).

Overall efficiency thus represents the efficiency of the conversion of
coal energy into electricity delivered to the end-user. Losses through
transmission lines may be omitted from the above equation to yield a
calculated busbar efficiency. Transmission line losses can be included or
onitted depending on the type of emissions calculation beling performed
{(i.9., estimating emissions based on electricity consumed by the end user,
or electricity produced at the busbar). Emission factors presented in this
analysis are in terms of energy produced at the busbar, and have been
calculated using the appropriate busbar efficiencies. Transmission line
losses are reported separately.

Country-specific busbar efficlencies and transmisaion line losmes are
presanted in Table 3-1 along with key data used in thelr derivation.

Overall efficiencies for countries marked with an asterisk (*) in
Table 3-1 wers deterunined by making ssveral assumptions as indicated in the
table. In several caloi, the busbar efficiency for coal plants could not
be calculated due to inadequate data. Transmission line losses were
available in some cases. If the busbar efficiency for all fossil fuels
(coal, ¢il, and gas) was available for a particular country, these data
ware used in lisu of information specifically for coal plants. No
significant differences were noted hetween the busbar efficiency for all
fuels and that for coal plants for those few countries where both data
items were available. This may be because coal is the predominant fuel




used by electric utilities. Transmission line losses, if avallable, were

applied {0 the bushar efficlency to geanerate the overall sfficiency of coal
plants (ccal energy to delivered end-user electricity). If buabar
efficisncies could not be estinmated using some actual data, values were

agssigned based on estimates for a neighboring country. These exceptions
are noted in Table 3-1.

Coal Quality

Emissione of CO, from combustion sources generally depend on the
amount of carbon entering the process as fuel carbon and the amount leaving
the system either in the flue gases (CO;, CO and hydrocarbons) or as ash,
This evaluation assumes almost complete combustion of fuel carbon to CO;.
Appro«imately 1 percent of the original fixed carbon in coal is raetained in
ash on combustion {Rotty and Marland, 1984). Therefore, it is assumed that
99 percent of the fuel carbon is released in the CO; smissions after
combustion and the emission factor is determined accordingly.

Regleciing the effacts of boiler efficiency and fuel carbon retained
as ash, the general expression used to calculate C0O; emission factors for
coal combustion processes is:

BPCO; = MWCO,/MWC x VC x 1/HV

where EFCOp = Carbon Dioxide Emission Factor (mass CO, per unit energy into
the plant)
WNCO; = Molecular Weight of €O, (44 g/mole)
MWC = Molecular Weight of € (12 g/mole)
AC = Carbon Content of Fuel (mass C per mass fuel)
BV = Heating Value of Fuel (unit energy per mass fuel)




COUNTRY-SPECIFIC OVERALL ENERGY EFFICIENCIES FOR COAL-FIRED UTILITY BOILERE

TABLE 3-1.

OVERALL
EFFICIENCY
OF CoAL
PLANTS (X)
TO DELIVERED
EMD USER ELEC]

)

LINE LOSS

BUSEAR
MISBAR  EFFICIENCY

CALOMATED
EFFICIENCY FOR COAL  TRANSNISSION
(X}

ALL RELES PLANTS
)

ELEC

FROM
(Gh)

PERCENT
OF TOTAL
GLORAL
CORSLNED

-------------------------------

-------------------------------

-------------------------------

30.8
26.0
33.0
29.7
8.2
37

38

------------------------------

GERMANY, FEDERAL REPUBLIC OF
UNITED KINGOOM

oIA

KOREA, SOUTW (REPUBLIC OF)

GERNAN DEMOCRATIC REPUBLIC
HONG KONG

CHINA (MAIMLAND) & MONG KOWG

UNITED STATES

usse
CTZECHOSLOVAKIA

SPAIN

SOUTH AFRICA
AUSTRALIA
NETHERLANDS

FINLAND
THAILAND

INDONESTA
ZIMBASUE

YUGOSLAVIA
BELGILM
ISRAEL
BRAZIL

POLAND
JAPAN
FRANCE
ROMAN A
DENKARK
1TALY
GREECE
MUNGARY

(cont inued)
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The carbon content and heating value vary with coal type or rank. 1In

general, as a coal ages and hardens (progressing from low rank lignite to
higher rank bituminous and anthracite coals), the carbon content and
heating value increase. Analyses of various coal types sampled from U.S.
coal mines are presented in Table 3-2,

Although country-specific data for coal carbon content were not
available, coal consumption data for the majority of coal-consuming
countries generally are avallable for several coal types (e.g., hard coal
and brown coal or lignite)}. The éonsumption data avallable are provided
either in mass units or in coal energy units, and may often hbe given
simultanecusly in both unit mass and unit enerqgy for a given time period.
Whan.both forms of data are available, heating values can be calculated as

follows:

Coal Heating Value = Coal Consumptien {upit ererqy}

Coal Consumption (unit masa)

Alternatively, heating values of particular coal types, as congumed,
ara available on a country-specific basis for countries listed in
Table 3-3. Several countries for which coal heating value data are
unavailable are not major ccoal consumers, and omitting them should not
affoct the results of this analysis significantly.

In contrast to coal heating values, country-specific coal carbon
content data are less readily available. However, a relationship can be
drawn between carbon content and heating value from the coal data presented
in Table 3-2. <Ccal carbon content versus heating value is plotted in
Pigure 3-1 for the various coal types, including lignite, subbituminous,
bituminous and anthracite. <Carbon content .g linearly proportional to

heating value for lignite, subbituminous and bituminocus cocals (%C = 2.27 x




TABLE 3-2. CHARACTERISTICS OF COAL DURING PROGRESSIVE STAGES OF

TRANSPORMATIOR™
Percent Heating Value
Fuel Classification Locality Carbon BTU/1b TJ/1000T
Peat Minnesota $2.2 9057 21.05
Lignite North Dakota 64.7 11038 25,65
Lignite Texasn 64.1 11084 25.76
Subbituminous ¢ Wyoming 61.7 ) 10598 24.63
Subbituminous B Wyoming 67.3 12096 28.11
Subbituminous A Wyoming 73.1 12902 29,99
Bituminous High Colorado 73.1. 13063 30.36
High Volatile C
Bituminous Illinois 74.6 13388 31.11
High Volatile B
Bituminous Pennsylvania 79.5 14396 33.46
High Volatile A ~
Bituminous West Virginia B6.4 15178 35.27
Medium Volatile
Bituminous Volatile West virglnin 85.4 15000 34.86
Semi Anthracite Arkansas 76.4 13142 30.54
Anthracite Pennsylvania 76.8 12737 29.60
Meta-anthracite Rhode Xsland 82.4 11624 27.01

‘Analysis is on a dry basis.

*Source: Combustion Engineering, 1957.
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HV + 5.0285; r = 0.994). The relationship for anthracite is less clear,

since anthracite apparently contains a higher amount of fixed carbon
relative to the other coal types.

Coal carbon contents used in this analysis were derived from the
relationships shown in Figure 3-1 using country-specific calculated or
reported heating values determined as described earlier. ¥Yor anthracite,
an average carbon content of 78.5 percent was used for all heating valuss
{genarally 25-30 TJ/1000T).

Avalilable data for coal consumption typically delineate hard and soft
coal and do not distinguish anthracite from other coal types. In this
study, hard ccal ie assumed to include higher rank coals (bituminous to
anthracite) while soft ccal is assumed to include lower rank coals {brown
and lignite). The International Energy Annual (EIA, 1987a) publishes
“Rankings of Coal- Producing Countries,” which gives an approximate amount
of anthracite produced as compared to total hard coal production (i.e., the
fraction of all hard coal produced which ls represented by anthracite) for
major coal-producing countries. Although these data refer to coal
production as opposed to coal conlumption, it was assumed that the
anthracite portion of hard coal remains approximately the same from
production to consumption for a'givon country. Countrlies which produce no
anthracite (and are thus not included in the rankings) are assumed to burn
no anthracite as fuel. The balance of the hard coal reportsd is assumed to
be bituminous and subbituminous coals. This analysis does not take into
account that axports could contain anthracite; therefore, the results
presanted here could reflect more or less anthracite coal than a given
country actually consumes.

Carbon dioxide emission factors were calculated using the reported and
estimated amounts of different coal types consumed by a country's utility
sector, the estimated heating value of the coal consumed, and the estimated
carbon content. The calculation was based on a weighted average of the

emission factors for each coal typa:
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TABLE 3=-3.

COUNTRIES WITH LITERATURE-REPORTED UTILITY COAL EEATING VALUES

COUNTRY SOURCE

Australia

Japan Economic Commission for Asia and the Pacific.

South Xorea Electric Power in Asia and the Paclfic, 1981~

Hong Kong 1982, United Nations, 1984.

New Zealand

India

Thailand United Nations. Energy Balances and Elactricity
Profiles 1986. New York, 1988.

Colombia

Maxico

Philippines

Chile

Argentina

Pakistan

Singapore

Poland EBconomic Commigsion for Europe, United Nations.

Belgium The Annual Bulletin of Blectric Energy
Statistice for Europe, 1986. 1987.

USSR

South Africa
Brazil

United Nations. 1986 Energy Statistics
Yearbook, 1988.
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ErCo, = (A X EFCQ,, HC) + (B x EPCO.,AC) + (C x EPCG,,BC)
A+ B+ L

where EFCO, = Welghted Country-specific Carbon Dioxide Emission
Factor Baved on Different Types of Coal Consumed
{emissions per unit energy input)

EVCO,,HC = Enission Factor for Hard Coal

EFCO,AC = Emission Yactor for Anthracite Coal

EFCO;,BC = Emission Yactor for Brown Coal
A = hard coal (bituminous, subbituminous) congumed
B = anchracite consumed
C = brown coal (lignite} consumed

Taking into account the busbar energy efficiency estimated as described
earlier, and the fuel carbon retained as ash, the emigsion factor can be
calculated as described below:

EPCO,* = EFCO, X 0.99 x l/eff

where EFCO,* = country-specific emission facter for CO, {emissions per unit
of snergy produced)

eff = busbar efficiency for coal-fired utility plants

For each country Lincluded hers, transmission line losses can be added to
end-use ensrgy demand {e.g., electricity demand by industry) to yield the
energy required at the fenceline of power plants in a given country. When
this demand for c¢oal plants is multiplied by EF¥CO,*, the emissions from
coal-firsd power plants within that country are estimated. Table 3-4 lists
the country-specific €O, emission factors in grams of CO, reported as
carbon per Gigajoule of energy produced. Table 3-8 presents the data
pertinent to emission factor cal-ulations for each country. The countries
listed in Tables 3=4 and }-5 are ranked from largest coal producer to
smallest for which data were available,
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FACTORS AFFECTING MO, EMISSIONS

Emission factors for NO, vary significantly from country to country.
For sxample, several western Rurcpean countries as well as Japan have
relatively stringent NO, control requirements (i.e., lgh efficiency
selective catalytic reduction controls) while much less stringent control
requirements are smployed in the United Statas, Maxico, and many other
large countriss (NO, controls in these countries are typically limited to
the use of low to moderate efficiency combustion modi!ic‘tton-. such as low
NO, burners, multi-stage combustion, flue gas recirculation, reduced alr
prehsat, reburning, aor reduced excess air}. In ldditiog to the influence
associated with thess combustion and post-combustion controls, NO,
emissions are affected by the general boiler design, which may also vary
globally. FPor example, tangentially-fired boilers emit significantly less
NO, per unit fuel input than do cyclone and wall-fired units.

Finally, NO, emissions are affected by other factors such as operating
practices, vhich may alsc vary substantially from one country to another.
A boller cperating st full capacity will emit more NO, per unit fuel input
than one operating at a reduced lcad. However, since operating practices
are difficult to characterize from country to country, general assumpticns
would have to be made. Since many variables affecting country-specific NO,
emigsjion factors are not quantifiable with the currently available data,
NO, emigsions are discussed in detail, but country-specific emlission
factors have not been developed.

COUNIRY=-SPECIFIC NITROGEN OXIDE EMISSION FACTORS
Uncontrolled emission factors for NO, are published in the Compilation
of Alr Pollutant Emission Factors (commonly referred to as AP~42) on a mass

of pollutant per mass coal baeis for several different boiler

configurations as shown in Table 3-6. These emission factors represent

-




TAELE 3}-4. COUNTRY-SPECIFIC CARBOM DIOXIDE EMISSION FACTORS
POR UTILITIY COAL~FIRED BOILERS

OVERALL
EMISSIOM REASOM EMISSION
PFACTOR PFACTOR NOT
COUNTRY (gC0,~C/aT) DEVELOPED
UNITED STATES OF AMERICA 74767
UNION OF SOVIET SOCIALIST REPUBLICS 87831
CHIRA (MAINLAND) & HOKG XOMNC 88165
GERMANY, FEDERAL REPUBLIC OF 67931
UNITED KINGDOM 72334
INDIA 95416
POLAND 81073
SOUTH AFRICA 75769
GERMAN CEMOCRATIC REPUBLIC 88118
CANADA 78696
AUSTRALIA 76659
CZECHOSLOVAKIA 86880
SPAIN 83413 ’ )
YUGOSLAVIA 99140
JAPAN 61305
FRANCE 78169
ROMANIA 95618
DENMARK 63960
ITALY 67992
GREECE 108092
HUNGARY 125808
KOREA, SQUTH (REPUBLIC OF) 79590
HONG XONG 62126
BELGIUM 73735
ISRAEL No heating value.
BRAZIL 67152 .
NETHERLANDS 62085
FINLAND 44620
THAILAND 60456
INDONESIA No heating value.
ZIMEABWE Ho heating value.
COLOMBIA 105330
AUSTRIAMA 79458
MEXICO 66575
PORTUGAL 66916
PHILIPPINES 73492
CHILE 66567
HOROCCO No heating value.
IRELAND 70992
TURKEY No heating value,
{continued)
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TABLY 3-4, COUNTRY-SPECIPIC CARBON DIOXIDE ENISSION FACIORS
FOR UTILITY COAL~FIRED BOILERS (continued)

OVERALL

ENISSION REASON EMISSION

FACTOR FACTOR NOT

COUNTRY (gC0,-C/GJT) DEVELOPED

NEW ZEALAND 78486
SWEDEN 531618
BOTSWANA No heating value.
ARGENTINA 62973
MALTA 91224
SWITZERLAND & LIECHTENSTEIN No heating value.
NIGER No heating value.
PAKISTAN 159003
BURMA No heating value.
NETHERLANDS ANTILLES AND ARUBA No heating value.
LUXEMBOURG 92980
NORWAY 52303
MALAWI No heating value.
NIGERIA No heating value.
SINGAPORE 69013

maximum NO, emissions, neglecting any reductions hue to combustion or post-
combustion controls or the use of alternative operating practices. Information
regarding coal type and heat content can be used, together with the overall
efficlency factors presented in Table 3-1, to convert these uncontrolled AP-42
factors from a unit mass to a unit energy basis. However, emission factors
vary depending on boiler configuration, so it is necessary to obtain
information regarding the population of boller configurations that exist in
each country in order to use the data in Table 3-6 to estimate country-specific
NO, emission factors.

Data are readily available for boiler configurations used in the United
States, However, estimates based on the U.3S. population of technologies may
not account for differencee in NO, emigsions due to different boiler types and
emission contrel strategles employed by other countries. In addition to plant
design, country-specific emission factors will also be affected by general
epsrating practices (e.g., operating boilers at less than full capacity or at

reduced combustion air rates). Again, data for NO, reductions dus to general
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operating practices are readily available for the United States, but may not be
applicable to other countries. To obtain comprehensive country-specific data
at this time requires a level of research which goes heyond the scope of this
study. Literature searches were conducted and experts contacted, but a
complete met of country-specific boiler population data was not readily
available.

The literature reviews and contacts made did yield some country-specific
information which could be useful in future efforts to develop country-specific
emisgion factors. These data are summarized here. Firat, it is clear that KO,
emissions are regulated and controlle& in several western European countries
and in Japan, the United States and Canada. Regulations for many of the most
potentially significant countries producing NO, emissions from utilities are
presented in Table 3~7. The extent and efficiency of control technologies
employed depend on various emissions standards estahblished for the countries
shown. Of the countries listed in Table 3~7, only a few require the use of
high-efficiency post-combustion controls for RO, emissions. Countries
requiring post-combustion controls are identified in Table 3-8.

Data presented in Tables 3-7 and 3-8 were obtained from reports prepared
by IEA Ccal Research in London. (Vernon, 1988) A full report on NO, emissions
requlations and controls {3 currently boing prepared by IEA. This report
should contain information on boiler configurations and NO, emissions control
technologies employed by most western Eurcpean countries, Japan, the United
States, and Canada. Based upon this information from IEA Coal Research, (t is
likely that these data will enable calculation of NO, emission factors for
these countries. However, information for Eastern Bloc countries and
developing nations is not as readily available. It was assumed based on IEA's
investigations that countrles not covered in their analysis generally do not
employ combustion and post-combustion control technologies for HO, reducticn.
Thus, only information describing general boiler design and operating practices

for these countries is necessary for estimation of country-specific No,
emission factors.
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COAL~FIRED UTILITY

COURTRY-SPECIFIC CARBON DIOXIDE EMISSION FACTORS FOR
BOILERS AND SUPPORTING DATA (continued)
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TANLE 3-6. MNITROGEN OIIDE ENISEION FACTORS FROM EXTERNAL
SUBBITUNINOUS AND BITUNINOUS COAL COMHUSTION'

N0, Emission Pactor
Piring Configuration kg /lg _-1b/ton
-~

Pulvorizodl"-_f:onl-?l.:ad
Dry Bottom - Wall-Pired 10.5 21

Dry Bottom = Tangential-Pired 7.5 15

Wet Bottom 17 34
Cyclone Furnace 18.5 37
Spraader Stoker 7 14
Overfeed Stoker N 3.25 7.5
Underfeed Stoker N 4.75 9.5
Handfired Units . _ 1.5 3

~
‘AP-42 Manual, September 1985, Table 1.1-1.

Future efforts should be diracted toward q;;thortnq additional information
with respect to country-apecific coal-fired boller types currently in use.
These data, along with the NO, emissions controls and regulations report being
prepared by IEA, should enable a complete set of country-specific NO, emission
factors to be estimated for major coal-consuming countries.
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The Relationship of Carbon Dioxide
Emissions with Coal Rank and Sulfur Content

Richard A. Winschel
Consolidation Coal Company
Library, Pennsylvania

Carbon dioxide emissions, on an equivalent energy basis, were caleulated
for 504 North American coals to explore the effects of coal rank and sulfur
content on COg emissions. The data set included coals ranging in rank from
lignite through low-volatile bituminous from 15 U.S. states and Alberta,
Canada. Carbon dioxide emissions were calculated from the carbon con-
tent and gross calorific value of each coal. The lowest CO; emissions are
calculated for the high-volatile bituminous coals (198 to 211 lbs COy/
MMBtu) and the highest for lignites and subbituminous coals (209 to 224
Ibs COo/MMBtu). The lower CO; emissions from the high-volatile bitumi-
nous coals result in part from their generally higher sulfur content, Howev-
er, even at equivalent sulfur contents the high-volatile bituminous coals
give lower CO; emissions than the lower-rank coals. On average, the lower-
rank coals produce 5 percent more CO; upon combustion than the high-
volatile bituminous coals, on the basis of gross calorific value. This differ-
ence increases to 9 percent on the basis of estimated net calorific value. The
net calorific value is better indicator of power plant energy production than
the gross calorific value. The difference in CQ2 emissions resulting from the
use of high-volatile bituminous coals and lower-rank coals is of the same
order of magnitude as reductions expected from near-term combustion
efficiency improvements. These results are useful to those interested in

current and future CO; emissions resulting from coal combustion.

There is growing scientific and political
concern about carhon dioxide (COy)
emissions resulting from the combus-

tion of fossil fuels and the potential

effects of those emisstons on future
global climate. Strategies for reducing
the CO; emissions from fossil fue! com-
bustion include reducing end-use ener-
gy demand {conservation), improving
the efficiency of engines and generators
and shifting the mix of fossil fuels con-
sumed. Natural gas generates the low-
est CO; emissions per unit of energy
output of all available fogsil fuels. How-
ever, the other major fossil fuels, coal
and petroleum, will continue to supply
the bulk of the United States’ and the
world’s energy needs for the foresee-
able future because of available re-
sources and infrastructure and relative
economics. Coal currently supplies
about one-fourth of the total U.S. ener-
gy demand and over cne-half of the
U.S. electrical generation demand.
Coal accounts for about 80 percent of
the COz emissions from the U.S. utility
power generation fuel-use sector and
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ahout half of the CO; emissions from
the U.S. industrial sector.! All fuels in
these two sectors account for about 35
percent and 25 percent, respectively, of
total U.S. CO; emissions and less than
8 percent and 6 percent, respectively,
of the world-wide total.!

Power plant design improvements
that would increase the thermal effi-
ciency of electricity generation from
coal are currently being sought. Any
improvement in thermal efficiency will
reduce CO; emissions by a nearly
equivalent amount. Most coal-fired
electric generating plants have heat
rates of about 10,000 Btu/kWh (34 per-
cent thermal efficiency). Heat rate re-
ductions to below 6,000 Btu/kWh
(nearly 60 percent thermal efficiency)
are projected for an integrated coal gas-
ification-fuel cell power plant,? though
the technology to provide such a high
heat rate in a commercial plant will not
be available for gome time. Near-term
improvements in heat rate are possible.
For example, heat rate improvements
of 100 to 300 Btu/kWh (1 to 3 percent)

have been demonstrated as a result of
hardware retrofits and on-line moni-
toring.3 Pressurized fluidized-bed com-
bustor retrofits are projected to reduce
heat rates by 1,000 Btu/kWh (10 per-
cent improvement).? Integrated coal
gasification combined cycle plants are
expected to show heat rates of about
8,950 Btu/kWh (15 percent improve-
ment).?

This paper provides a collection of
data that shows that the combustion of
different coals results in differences in
CO; emissions of the same order of
magnitude as those being sought
through near-term design improve-
ments, and that most of those differ-
ences are related to coal rank.

The approach taken was to calculate
the CO; emissions of 504 North Ameri-
can coals on the basis of gross calorific
value, to estimate the CQO; emission of
those coals on the basis of net calorific
value and finally to observe the rela-
tionship of sulfur content and CO,
emissions.

Experimenial Mathods

Analyses

All analyses were performed between
1976 and 1989. Almost all were per-
formed by the Research and Develop-
ment Department of Consolidation
Coal Company (Consol). In most cases,
proximate and ultimate analyses were
perfortned with Leco MAC-400, CHN-
600 and SC-32 instruments and gross
calorific values were determined with a
Parr 1261 calorimeter. However, the
earliest data in the set were obtained
by modified.versions of standard
ASTM methods.

Data Set

An original data set of analyses of
519 North American coals was com-
piled from the archives of Consolida-
tion Coal Company. The analytical
data included carbon, hydrogen, ash
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and total sulfur contents and gross cal-
orific value, all reported on a dry basis,
and the coal identifications. Inspection
of the data set revealed that 15 carbon
or calorific value determinations were
probably unreliable. In most of those
cases, the moisture- and ash-free
{MAF) carbon content appeared un-
reasonable when compared to other
samples taken from the same mine or
from the same seam at a nearby loca-
tion, Most of these 15 analyses were
performed prior to 1983. Those 15 sets
of data (3 percent of the original set)
were removed from further consider-
ation, leaving a final data set of 504
analyses. A summary of the final data
set appears in Table 1.

The data set includes 504 coals rang-
ing in apparent rank from lignite
through low-volatile bituminous coal.
Strick rank determinations such as
ASTM D-388% were not performed. Ap-
parent ranks were assigned on the basis
of one or more of three methods: 1) the
known rank of coals from the same
mine or from the same seam at nearby
locations; 2) the dry-basis ultimate and
proximate analyses and calorific value
of the sample; and 3) reference to infor-
mation supplied in Keystone.5 The 504
coal samples were taken from 15 U.S,
states and one Canadian province that,
when combined, produce the vast ma-
jority of North American coal. All sam-
ples were commercially produced dur-
ing routine mining operations except
for the two Mississippi lignites and 11
of the West Virginia high-volatile bitu-
minous coals, which are exploration
samples. The samples include run-of-
mine coals and various cleaned or sized
preparation plant products. Ranges of

Data set of North American coals.

225

o -~
R
s 220 f o
- ﬂ -4.
o ° a
5 '
L 215 o g . o
@ ° ¢ L) T
o r o -
= 10 | QOB . .n o !
3 2 oo, R H T
-~ h'“,. ‘o . cg;;,,
3 w L o
o 205 ¢ . ‘l“.
0 .
- t o aa
2 a200f wid e
[y Y
rd -
‘95 I 1 1 1 1
65 70 75 80 85 90 95 - .
% CARBON MAF L )

N = n,
Flgure 1. GO, emisslons {calcutated on the basis of the gross calorific value} as a function of "',‘.' '
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biturninous; open circles =

various properties of the coals in the
data set appear in Table L.

Calculations

Calculated carbon dioxide (COj)
emissions were referenced to gross cal-
orific value on a pounds COQ; per mil-
lion British thermal unmits (lbs CO/
MMBtu) basis as:

lbs CO,
MMBtu (gross)

- % Carbon
gross calorific value

X 36,640 (1)

where % carbon is from the ultimate

low- and medium-volatile bituminous. i 3

Pr l
.u“ﬂ‘

analysis and gross calorific value ig ii.'-
pressed in Btu/lb, both on a dry bakis.*
The constant, 36,640, is simply the T8}
tio of the molecular weight of COstts’
the atomic weight of carbon, multlphed"
by the ratio of 106 to 100 percent. o e

Inherent in this calculation is the -
simplifying assumption that all carb“cr)ﬁ;;
converts to CO, during combustion:ﬁ*
The gross calorific value was chosen:to ;.
calculate CO; emissions in this studyg
because of ita general availability. The y
gross calorific value is determmed at 3
constant volume and with water in; 1 the %
condensed state. The net calorific val‘ ‘
ue, which is determined at constant
pressure and with water in the vapor "

Table L.
Range, dry basns analyses Range of CO; emissions,
Apparent U.S. state or No. of Gross cal. value, lbs CO/MMBtu, based on
rank Canadian province samples Ash, % Sulfur, % Btu/lb Gross cal. value Net cal. value*
lig Mississippi 2 10.7-12.9.  2.8-29 10,279-10,688 219.6-223.5
lig North Dakota 11 6.7-14.9 0.4-14 10,356-11,314 213.2-219.0
lig Texas 6 _ 94-168__ . 09-1.2_____ 10,625-11,655 208.6z214.1
sub Montana 1 11.2 0.8 11,531 2179
sub New Mezxico 4 20.4-27.6 0.6-08 9,641-10,726 210.9-213.9
sub_______ Wyoming 4 7.7=10.7 C4-L1 1112511865
hvb - Illinois 63 5.4-35.5 0.8-3.7 8,075-13,868 202. 2—210 3
hvb Indiana 2 9.2-10.5 3.6-3.9 12,846-13,154 198.7-201.9
hvh Kentucky, east 29 3.6-23.6 0.7-2.3 11,061-14,320 202.8-208.6
hvb Ohio 40 40-118 2.0-4.8 12,586--14,001 197.7-205.0
hvb Pennsylvania 39 6.3-26.5 1.0-2.5 10,802-14,295 201.9-208.7
hvb Tennessee 13 6.7-11.5 0.7-0.9 13,210-14,042 202.4-209.4
hvb Utah 6 7.8-11.8 0.4-1.3 12,652-13,321 205.2-207.7
hvbh  West Virginia 232 57-22.0 07438 11,571=14,422
mvhb Alberta 13 9.1-9.9 0.2-0.3 13,980-14,172 207.9-214.2
mvb Pennsylvania 2 8.2-88 1.0-1.2 14,262-14,300 210.6-211.0
mvb Virginia - 3 46-8.3 0.6-1.0 14,421-15,110 207.9-210.7
axho West Virginia 24 59-7.8 0.5-1.0 14,431-14,839 205.0-210.
Ivh Virginia 8 4.6-5.5 0.7-09 14,856-15,000 209.1-212.5
Ivb West Virginia 2 6.2-6.4 0.7-0.8 14,762-14,763 210.3-212.5
Total set 504 3.6-35.5 0.2-4.8 9,0756-15,110 197.7-223.5

® Estimation, see text for estimation method.
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state, is a better measurement of the
¢nergy supplied by coal when it is used
as a fuel.5 Though the net calorific val-
ue is a better indicator of power plant
energy production, it is not routinely
determined for commercial coal trad-
ing purposes.’ The net calorific value is
always lower than the gross calorific
value. The difference is proportional to
the amount of water in the combustion
products, whether that water is coal
moisture or water of comhbustion, and is
thus proportional to the total hydrogen
content of the as-burned coai.

Actual moisture determinations,
which are required to calculate net cal-
orific values from dry-basis analyses,
were not available in the data base.
Therefore, a moisture value was as-
signed to each coal for this purpose.
Carbon, hydrogen, and gross calorific
values were converted to an as-received
bagis through the use of the assigned
moisture value. Net calorific values
were calculated as:

Net calorific value
= gross calorific value
- %H X 92.04 (2)

where ¢calorific values are in Btu/lb and
all values are on an as-received basis.
The constant is the product of the
ASTM correction factor of —1030 Btu/
ib of water” and the ratio of the molecu-
lar weight of water to the atomic weight
of hydrogen, divided by 100 percent.
CQ; emissions were referenced to net
calorific values as:

1bs CO,
MMBtu (net)
% Carbon
" net calorific value

X 36,640 (3)

where net calorific value is expressed as
Btu/lb and all values are on an as-re-
ceived basis. The constant, 36,640, is
the same as used in Equation 1.

Results and Discusslon

CO, Emisslons Based on
Gross Caloriflc Values

Calculated CQO- emissions are plot-
ted in Figure 1 on a MMBtu (gross}
basis as a function of MAF carbon con-
tent for the 504 coal-sample data set.
The abscissa in Figure 1, MAF carbon,
is a rank indicator, and generally in-
creases with rank. ASTM coal rank
classifications® consist of discrete
points, e.g., subB, hvAb, Ivb, etc. The
use of MAF carbon permits presenta-
tion of the data as a function of a con-
tinuous variable. For the entire data
set, calculated CO; emissions on a gross
calorific value basis range from 198 to
924 1bs COz/MMBtu (gross), a differ-
ence of 26 1bs CO:/MMBtu or about 13
percent. The individual data points in
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Figure 1 are keyed such that low-rank
(lignite and subbituminous), medium-
rank (high-volatile bituminous) and
high-rank (low- and medium-volatile
bituminous) coals are distinguishable,
The lowest CO; emissions are calculat-
ed for the high-volatile bituminous
coals (198 to 211, average = 204 lbs
COo/MMBtu). The low- and medium-
volatile bituminatis coals give interme-
diate calculated CO; emissions (205 to
214, average = 210 lbs CO,/MMBtu)
and the lignites and subbituminous
coals give the highest calculated CO,
emissions (209 to 224, average = 215 ths
CO/MMBtu). Thus, on average, the
lower-rank coals produce 5 percent
more CO» upon combustion than the
high-volatile bituminous coals on a
gross calorific value basis. No anthra-
cites were included in the data hase.
However, as coal rank increases beyond
low-volatile bituminous, calorific value
tends to decrease though carbon con-
tent continues to increase.? Therefore,
anthracites would be expected to have
CO; emissions even greater than the
medium- and low-volatile bituminous
coals.

The ASTM specifications for repeat-
ability and reproducibility of the gross
calorific value are 50 and 100 Btu/lb,
respectively.®'® In the hypothetical

case of a coal having 68 percent dry.

carbon and having a dry gross calorific
value of 11,500 Btu/lb, errors at the
ASTM repeatability and reproducibili-
ty limits would result in errors of 1 and
2 1bs COo/MMBtu, respectively. An er-
ror at the ASTM repeatability limit of
carbon content, 0.3 percent,!! would
also give an error of 1 Ib COy/MMBtu
in caleulated CO; emissions. In the case
of a coal having 78 percent dry carbon
and a dry gross calorific value of 14,000
Btu/lb, the same errors in measure-

ment would produce slightly lower er-
rors in calculated CO; emissions. Thus,
calculated CO; emissions should be re-
producible to within about 2 lbs COy/
MMBtu,

CO; Emisslons Baged on
Net Calorlflc Values

The energy usable to a power plant
from the combustion of fuels is more
closely related to the net calorific value
of the fuel than to the gross calorific
value.5 The former is determined at
constant pressure and with all mois-
ture, including moisture from combus-
tion, in the vapor state, whereas the
iatter is determined at constant volume
and all moisture in the condensed
state.” ASTM Method D-1217 cites a
correction-factor of —1030 Btu/lb of
water to convert the gross calorific val-
ue to the net calorific value. Since most
lignites and subbituminous coals con-
tain much more moisture {20 to 30 per-
cent or more) than higher rank coals,
the difference between low-rank and
bituminous coals in CO; emissions for
an equivalent net energy output will be
somewhat greater than that calculated
on the basis of the gross calorific value.

For the calculation of the net calorif-
ic value from the gross calorific value,
moisture contents or as-received total
hydrogen contents are required. Since
the archival data base included neither
value, net calorific values were estimat-
ed by assigning an estimated moisture
content to each coal. Two estimating
approaches were taken.

First, moisture contents were as-
signed to six representative coals from
the data base on the basis of informa-
tion supplied in Keystone® with refer-
ence to the known specifi¢ sources of
the coals. Assigned moisture values and

250
245 [
240 [
235 o
230 a
225 1
220
215
210
205
200

Ibg CO2 /7 MM Btu {(net)

. . -
y r. a Ky ‘i oe&a
' ". 0% °§
a * ..‘ [
. e

(-]
]

1 . 1 1

195 ! :
65 70 75

8o 85 90 95

% CARBON MAF

Figure 2. CO, emissions (calculated on the basis of the estimated net caloritic value) as a
function of MAF carbon content. Symbols as in Figure 1,
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Table I1. CO, emissions from representative coals calculated from gross and estimated net ealorific values.

ibs CO»/MMBtu, COzem :
Coal description Analysis, dry basis Agssigned  Net cal. value based on ielatlf:emm 7
Us. Apparent Gross cal. moisture, Btu/ib, Gross cal.  Net cal. to hvAb .
state Seam rank C,% H,% value, Btu/lb %asrec'd as rec'd value value Toss o
——J
ND Coteau ligA 63.2 4.2 10,653 37.9 5,985 2175 240.4 1.07 114" "
WY  Upper/Lower subC 672 45 11,724 29.8 1,633 210.1 226.5 103 107 )
Wyodak '5
IL  Illinois6 hvCb 699 4.8 12,631 10.0 10,871 202.6 2119 100 05’ *
WV Pittsburgh hvAb 779 53 14,021 27 13,142 203.5 211.2 1.00 1.00 ;
WV Mixed® mvh 82.6 4.9 14,684 2.3 13,788 207.4 214.4 102 102 &
VA Pocahontas 3 Ivb 86.2 4.4 14,992 1.6 14,335 210.8 216.9 1.04 103" %
a Mixture of Upper Eagle, Middle Eagle, No. 2 gas seams. A
gh- T L
Lo 6320

authentic analytical data which were
used to estimate the net calorific values
of the six coals appear in Table II. Ta-
ble II includes a comparison of CO,
emissions calculated on the basis of
both gross and net calorific values for
those coals. On a gross calorific value
basis, the subbituminous coal and lig-
nite give CO; emissions that are 3 per-
cent and 7 percent, respectively, great-
er than the high-volatile bituminous
coals. On a net calorific value basis, the
difference increases to 7 percent and 14
percent, respectively.

The second approach taken was to
assign a single moisture content to all
coals in the data base of a single rank.
The moisture values assigned were as
follows: lignite, 30 percent; subbitu-
minous, 20 percent; high-volatile bitu-
minous, 6 percent; medium-volatile bi-
tuminous, 3 percent; low-volatile bitu-
minous 2 percent. The values are
compromises designed to best fit the
entire data set. For example, within the
high-volatile bituminous rank, 3 per-
cent is a better estimate for the Appala-
chian coals and 10 percent is a better
estimate for the Illinois basin coals;
however, a single estimate of 6 percent
was chosen. The values assigned are
reasonable compromises in light of
typical moisture contents of specific
coals® and typical moisture contents of
the various ranks of coal.!? Carbon di-
oxide emissions based on estimated net
calorific values are plotted in Figure 2
as a function of MAF carbon content.
Net CO; emissions in lbs COo/MMBtu
ranged from 206 to 242, a difference of
about 18 percent. Specific values were
206 to 219 (average = 212} for the high-
volatile bituminous coals, 223 to 243
{average = 231) for the low-rank coals
and 212 to 221 (average = 216) for the
higher-rank coals. Thus, on average,
the lower-rank coals produce 9 percent
more CO; upon combustion than the
high-volatile bituminous coals on a net

. calorific value basgis.

Relationshlp Betwaen Sulfur
Content and CO; Emisslons

As the data in Figures 1 and 2 show,
the high-volatile bituminous coals as a

864

group produce significantly less CO; ever, at equivalent sulfur contents'
than the lower-rank coals. On average, (Figure 3), the difference is smallers
the difference is 5 percent (gross basis) than that illustrated by the entire dats@
or 9 percent (net basis). As noted earli- set (Figure 1). For the high-volatile bi-$

er, the data set consists almost entirely tuminous coals, calculated CO, emis-§

of commercially produced coals. Many gions decrease with increasing sulfur

commercially produced North Ameri- content. A linear regression of those}
can high-volatile bituminous coals data yielded the following equation |
have relatively high sulfur contents. with a correlation coefficient (r) of 07 '
The calculated CO; emissions from Ibs CO,
high sulfur coals are somewhat de- MMBta (gross) 2074
pressed from their sulfur component. u {gross) y
In essence, a greater proportion of the — 1.495 X % sulfur (dry basm) (4)
total energy of high sulfur coals is pro- The regression line is shown in Rig-
duced by burning sulfur and a lower ure 3. Extrapolation of the data to thelk
proportion of it is produced by burning intercept of the regression indicates
carbon. Emission control devices that that a sulfur-free high-volatile bitumi-g¢
limit the sulfur dioxide so produced nous coal would be expected to give aJlf
can consume as much as 3 percent of a calculated CO3 emission {gross calorifi¢
plant’s generated power.1? value basis) of 207 lbs COy/MMBtu}
To evaluate the importance of this which is lower than the lowest valug

effect, calculated CO; emissions were calculated for all the lower-rank coals]

plotted as a function of sulfur content. in the data set. The regression coeffi-
Figure 3 shows the CO; emissions on a cient of determination (r?) is 0.49, indi:
gross calorific value basis. As shown in cating that sulfur content accounts for
Figure 3, the high-volatile bituminous about half the variance in the calculat-
coals as a group have lower calculated ed CO; emissions from .the high-vola-JE

CO,

coals, even at equivalent sulfur con- such as mineral matter concentrationi
tents, e.g., at 0.9 percent sulfur. How- and composition and hydrogen, nitro-

emissions than the lower-rank tile bituminous coals. Other factors,i§

225

220

215

210

205

Ibs CO2 / MM Btu (gross)

200

195

% SULFUR (dry)

Figure 3. COQ;emisslons (calculated on the basis of the gross catorlific value) as a function of oy
sulfur content. Regresslon line tor hvb coals. Symbols as In Figure 1. L
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<en and oxygen concentrations un-
doubtedly also contribute to the vari-
ance. Some insight in this area can be
gained from the semi-empirical equa-
tions provided by Given et al.!* and
Mott and Spooner!® and the related
discussions, and the empirical equa-
tions provided by Neavel et al.’® and
Mason and Gandhi!? concerning the
calculation of calorific values from ulti-
mate analysis data.

Figure 4 is a similar plot of the data
on the basis of the estimated net calo-
rific value. On this basis, the separation
between the bituminous and lower-
rank coals is increased. Interestingly,
the high-volatile and higher-rank bitu-
minous coal populations merge to form
a single group in Figure 4. A linear re-
gression of the bituminous coal data
yielded the following equation with a
correlation-coefficient {r) of 0.73:

Ibs CQ,
MMBtu (net)
= 216.3 — 1.695 X % sulfur (dry basis)

The regression line is shown in Fig-
ure 4. The intercept indicates that a
hypothetical sulfur-free bituminous
coal would be expected to give a calcu-
lated CO; emission (net calorific value
basis) of 216 lbs COs/MMBtu, which is
considerably lower than the lowest val-
ue calculated for all the lower-rank
coals in the data base.
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