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Introduction 

A major goal of current government policy is to shift our 
nation's industries from the use of imported oil and gas 

to the use of domestic coal. The Powerplant and Industrial 

Fuel Use Act (FUA) mandates the use of coal in major fuel­

burning installations (MFBis). At the same time, the Clean 
Air Act limits the quantity of air pollutants that can be 
emitted from coal-burning MFBis. In particular, the air 
quality act requires the Environmental Protection Agency 

(EPA) to develop new source performance standards (NSPS) 
specifying allowable levels of sulfur dioxide (S02) emis­
sions. 

The NSPS, which EPA expects to promulgate in 1983, will 
influence industrial decisions about which type of emission 

control technology (ECT) to install on coal combustors, : 

and which type of coal to burn. The Morgantown Energyi 

Technology Center (METC), an energy technology center of 
the U.s. Department of Energy (DOE), is charged with devel-. 

oping and supporting the development of emission control 
and coal-burning technologies. METC is therefore interest­

ed in determining the probable impact ot FUA and the NSPS 

on the industrial use of various S02 emission control tech-·. 

nologies. 

To assist METC in this effort, Hagler, Bailly & Company 
and Science Applications, Incorporated (SAI); conducted a 

study to assess the market development .. among MFBis of so2 
emission control systems. 

· ·Hagler, Bailly & Company ix 



INTRODUCTION 

This study comprised two phases. The first phase involved 
preliminary data collection and development of a computer 

analysis program to identify the most economically attrac­

tive systems and the most promising market sectors. SAI 

reviewed numerous EPA, DOE, vendor, and user studies and 

reports to develop consistent cost and performance data 

for the competing systems. 

Four major findings emerged from Phase 1. First, under 
the postulated energy price scenarios, there will be a 
significant amount of conversion to coal in the late 1980s 

to mid 1990s. Based on our estimates, by the year 2000, 
over 90 percent of the energy used by large MFBis will be 

coal. Second, under the postulated Phase 1 system cost 

and performance scenarios, the atmospheric fluidized bed 

(AFB) combustor will dominat~ the market because of its 

significantly lower capital cost estimate and higher effi­

ciency estimate than competing systems.* Gasifier/boiler 
combinations were found not to be cost-competitive in the 
applicable size ranges. Third, the major market for these 

systems will be in the Southwest region (Texas/Louisiana), 

which iii now heavily dependent on natural t.JaS fo.r industrial 

boilers. Finally, costs for the various flue gas desulfur i­

zation (FGD) technologies were projected to be sufficiently 

close that the seleetion of one over another will depend 
on site-specific factors such as the availability of waste 

disposal facilities, the demonstrated reliability of the 

pyrticular systems, and the vendor's reputation. 

In the second phase of the study, we refined our estimates 
of market development through discussions with potential 

*The Phase 2 cost and performance estimates, however, 
showed that the AFB and .FGD options were much closer in 
costs, and thus the AFB dl.d not dominate this market. 

Hagler, Bailly & Company 



.INTRODUCTION 

industrial users of the systems, and through a more detailed 

estimation of system costs and performances conducted by 

Oak Ridge National Laboratory (ORNL) . In addition, we up­

dated our assessments of the impacts of federal regulations 

such as FUA, NSPS, and tax regulations. 

Phase 2 was conducted in six c~eps. First, in a related 

study for METC, Foster-Wheeler Development Corpo·ration, 

under contract to ORNL, developed a detailed comparison 

of the capital costs, operating . and maintenance (O&M) 
costs, and performances of the various technologies we 

were evaluating. The following technologies were analyzed: 

• Conventional coal boilers with four types of FGD 
systems (or "scrubbers"): sodium, lime/limestone, 
dual-alkali, and lim~ spray drying 

• AFB boiler system 

• Low-Btu gasifier plus low-Btu gas boiler system 

. • Conventional oil boiler system 

• Conventional gas boiler system. 

We also evaluated each of these systems with a steam turbine 

as a cogeneration system. 

Our second step was to project and characterize steam de­

mand from MFBis between 1980 and 2000. Total MFBI fuel 

consumption was estimated using projections generated by 

the Energy Information· Agency • s (EIA) Midterm Energy Fore­

cast~ specifically, its medium ~orld oil price scenario, 
which projects a world oil price in 1995 of $50 per barrel 

in (1979$). This forecast was ~isaggregated by fuel type 

Hagler, Bailly & Company xi 



INTRODUCTION 

for each of the 10 DOE regions. In addition, we estimated 

the distribution of fuel consumption by boiler size (for 

three size ranges: 100-250 mmBtu/hr, 251-500 mmBtu/hr, 

and greater than 500 mmBtu/hr), by plant electricity-to­
steam-demand ratio (for three ratios: 0.1, 0.2, and 0.3), 

and by total plant steam demand. Industrial sector fuel 

prices were also provide~ on a regional basis for the 1985-

1995 period using EIA's medium world oil price scenario • 

. 
Next, we examined the laws and requlations that affect 

coal-fired MFBis, particularly under FUA and the Clean Air 

Act's industrial N5P5. FUA determines which market sectors 
are required to use coal. Fo~ our base case analysis, we 
assumed that no MFBis will be allowed exemptions from FUA, 

and that all MFBis will require 502 emission control equip­
ment. These estimates thus represent the maximum possible 
market for 502 ECT, which would be reduced by exemptions 

from FUA or by relaxation of the N5P5. Although EPA has 
not yet promulgated the N5P5 .for industrial boilers, the 

agency provided us with a set of preliminary standards 
which we used t;;Q c;alc;:t,Ilate the emission control system 

costs and performances. Other laws and regulations that 

we considered in comparing the projected economic perfor­

mance of various ECT systems affected the energy investment 
tax credits and the depreciation ~chedules allowed for 

investments in coal-fired and cogeneration systems. 

Fourth, we held discussions with key industrial decision­

makers to determine those economic and other factors that 
affect the use of coal as a boiler fuel and the choice Of 

an ECT. In addition, we discussed the role of federal re­

search and development (R&D) efforts in developing 502 

emission control technologies. 

Hagler, Bailly & Company xii 



INTRODUCTION 

Next, we evaluated the comparative economic performance 

and market penetration of all the competing ECT systems 

for each market segment, using the economic techniques and 
criteria commonly used by industry. Specific factors we 
analyzed included: type of application (i.e., whether the 

system is new, a replacement of worn-out equipment, or a 

retrofit of equipment still having a useful life); tech­

nology (e.g., AFB boiler, coal-fired boiler with lime/lime­

stone FGD equipment), and configuration (i.e., steam p~o­

duction only or combined electric power and steam produc~ 

tion) • This analysis formed our "baseline scenarion of 

expected market development. 

The results of this baseline scenario depend on assumptions 

made regarding federal regulations such as FUA and NSPS, 
and on assumptions made regard\ng the behavior of industr i­
al decision-makers. Accordingly, we used three "sensitiv­

ity scenarios" to examine the sensitivity of our findings 

to variations in the behavior of the industrial decision­
makers and to changes in federal fuel choice and environ­
mental regulations. Specifically, we assume·d in one analy­

sis that no federal industrial NSPS for SOx were promul­
gated, and that the state implementation plan (SIP) stan­
dards therefore governed the degree of control required. 
In another analysis, we also relaxed the FUA requirement 

for coal use in new MFBis, and allowed decision-makers to 

select freely among coal, oil, and natural gas systems. 

Finally, we incorporated subjective or attitudinal factors 
to determine their approximate impacts on the mar~et pene­
trations of various systems. 

Several major findings emerged from our discussions and 

analyses. 

Hagler, Bailly & Company X iii 



INTRODUCTION 

First, under the postulated EIA medium world oil price 

scenario, in which oil prices are projected t~ rise at a 

real rate of 2.2 percent per year, coal will represent 
from 78 to 91 percent of MFBI fuel consumption by the year 

2000, up from the present 16 percent. This level of in­
crease will occur even in the absence of FUA, because the 
cost of coal is substantially lower than the cost of oil 

or gas. Much of this market will develop in the relatively 
near to intermediate term (before 1990) • Annual installa­

tions will be much lower (by about 40 percent) after that 
period, reflecting a lower overall steam demand growth· 
.rate and the fact that much of the discretionary conversion 

of gas and oil boilers to coal will have been completed. 

About 22 percent of. the sales will be for discretionary 

conversion of oil and gas boilers still having some useful 
lifei the rest will be for nbndiscretionary expansion or 

replacement of worn-out boilers. 

Ondet the postulated cost and performance estimates for 
the competing coal-burning technologies, we expect that 

hFB combustors and lime spray dryer FGD systems will dom­

inate the ma~ket, with 42 percent of the market in our 
base case scenario. If the attitudes of the industrial 
decision-makers are factored into the analyses, particu­

larly their aversion to FGO systems with wet wastes, the 

A¥B'an~ lime spray dryer technolo9ies will capture as much 
as 73 percent of the coal-burnlny ffill.i.:ket. 

Jn the chapter$ that fellow, we detail the assumptions and 

methodology we ~sed to derive these re~ults. In Chapter 

1, we describe .the pertinent regulatory, technical, and 
market factors we considered in defining the industrial. 

MFBI market sectors. Chapter 2 summarizes our discussions 

with current and potential industrial users of these sys­

tems regarding the economic and other factors ·affecting 
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INTRODUCTION 

their choice of boiler fuels and SOx emission control sys­

tems, as well as their suggestions for future government 

actions to encourage the clean use of coal in industrial 

boilers •. Chapter 3 presents our projections of baseline 

market development from 1980 through 2000. In Chapter 4, 

we discuss how changes in key attitudinal parameters and 

reg~1atory policies would affect our baseline estimates 

of market development. 
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I 
DEFINING THE MARKET 

The first step in Phase 2 of our study was to define the 
I 

i~porta~t f~ctors that will affect the competitiveness of 

the systems in each market segment. We focused on: 

• Reviewing the regulatory requirements af­

fecting the market 

• Estimating the costs and performances of 

the emission control technologies 

• Estimating regional 'considerations such 

as energy prices, coal availability, 

utility buyback and standby rates for co-

generation 

demand. 

transactions, and steam 

~GULATORY REQUIREMENTS 

The market for emission control equipment has·been created 

largely by laws mandating the use of coal in certain kinds 

of installations and limiting allowable emissions of pollu-

tants fro~ coal-fired systems. The major federal acts 

that define these requirements are FUA and the Clean Air 

Act. The market development of ECT systems will also be 

a~fected by th~ Economic Recovery Tax Act (ERTA) , the 

Erterqy 'fax Act, the Crude 0 il Windfall Profit Tnx Ar.t:, t.hP 

Public Utility Regulatory Policies Act (PURPA), and the . . . 

Resource Conservation and Recovery Act (RCRA). In the 

1 
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pgFTNTNG THB MABBBT 
1.2 

following sections, we review briefly the aspects of each 

act that affect the market for industrial emission con­

trols. 

Powerplant and Industrial Fuel Use Act 

FUA prohibits the use of oil or gas in new MFBis. (An MFBI 

is defined as a boiler having a design heat input rate of 

100 mmBtu/hr or greater.) Initially, FUA also prohibited 

oil- and gas-fired additions of 50 mmBtu/hr or greater if 

the aggregate plant capacity after the addition is 250 

mmBtu/hr or greater. However this requirement has been 

dropped by the Reagan administration. FUA also allows DOE 

to mandate the use of coal or ~oal/oil mixtures in existing 

facilities. 

·Exemptions from the FUA regulations are allowed under five 

conditions: 

• If the cost of a coal-fired plant would 

"substantially exceed" that of a ·com­

parable plant fired by imported oil (assum­

ing a· $1/bbl oil price premi urn above the 

i~ported oil price and a 7.7 percent dis­

count rate)~ 

*Industrial discount rates are typically 20 percent or 
higher. The mandated use of a 7.7 percent discount rate 
and the requirement· of a. premium on the oil price thus 
make capital-intensive coal technologies appear more cost­
effective than they would seem to industrial firms using 
their normal criteria and procedures. 

Hagler, Bailly & Company 2 



REFINING THE MARKET 

• If the ?lant cannot meet local environ­

mental restrictions using coal 

• If the plant uses oil or gas cogeneration, 

synfuels, coal/oil or coal/gas mixtures, 

or other "innovative" technologies 

• If the plant has limited usage 

• If the plant is scheduled for retirement 

soon. 

1.3 

In the base case scenario for this study, we did not allow 

for any exemptions from FUA for new MFBI capacity; our 

estimate thus represents the'maximum market size for sox 

ECTs. (In one of the sensitivity scenarios, we eliminate 

this requirement and estimate the impact on coal use of 
allowing unrestricted boiler fuel choices; see Chapter 4). 

Whether investments are viewed as discretionary or nondis­

cretionary depends on whether they are requlred under FUA. 

The "new" market represents new capacity ~eeded to meet 

increased steam demand at new or existing pl~nts, including 

expansion at existing sites. The "replacement" market 

represents capacity that has reached the end of its useful . . -
life and must be retir~d and replaced. New ann replacement 

investments are nondiscretionary because, under FUA, they 

must be coal-fired. The "retrofit" market represents capa­

city that still has a useful life but that can be converted 

to coal use for economic reasons; accordingly, conversion 

is considered a discretionary investment. 

Hagler, Bailly & Company 3 



-PfiFINTNG TJW MA3KET 1.4 

Although the Economic Regulatory Administration (ERA) has 

established regulations governing fuel use by industrv, 

the provisions that permit exemptions from these fuel-use 

restrictions have been modified several times since 1979. 

in addition, enforcement of the regulations has changed 
• dramatically over the same period. In fact, with only a 

few exceptions, industrial facilities requesting them have 
been able to obtain exemptions. Because of the current 

administration's emphasis on deregulation and the apl;)arent 

abundant supply of natural gas, industrial decision-makers 

expect either that the elements of FUA prohibiting natural 

gas use in certain facilities will be rescinded or that 

enforcement of the existing law and its regulations will 

not be strict. 

Clean Air Act 

The Clean Air Act (together with major am~ndments adooted 

in 1970 and 1977) will have major impacts Qh the costs and 

use of coal systems in industr.y, particularly through the 

associated regulation of SOx, NOx and particulate emis­
sions. ~he major features of the a~t and regulations af­

fecting industrial coal use require EPA to: 

• Develop national NSPS for industrial boilers which 

set allowable 1 imi ts on NOx, SOx r and particulates. 

• Develop national ambient r.d r quality standards 

(NAAQS). 

• Specify prevention of significant dete~ioration 

(PSD) areas for regions having air quality 

Hagler, Bailly & Company 4 
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DEFINING THE MARKET 1,5 

significantly better than the national standards. 

New sources in these areas are allowed to con­

tribute only a fraction of the difference between 

the current level of pollutants and the national 

standard. They are also required to use the "best 

available control technology"· (BACT) to control 

emissions. 

• Specify nonattainment area• for regions in which 

national standards are not currently being met. 

New sources must use control technologies that 

meet the "lowest achievable emission rate" (LAER), 

and provide offsets in which new emissions are 

more than compensated for by reductions in 

emissions from other,sources, thus resulting in a 

net improvement in air quality. 

• Require a "percentage reduction" in SOx emissions, 

even if a low-sulfur coal can be burned which meets 

allowable emission levels without scrubbing or 

using other SOx reduction processes. 

• Have states develop "state implementation plans" 

(SIPs) presenting in detail their specific stra­

tegies for complying with the NAAQS. 

NSPS have not yet been issued for industrial boilers under 

250 mmBtu/hr fuel input. (Boilers above 250 mmBtu/hr fuel 

input are now covered by the utility standard of 1.2 lb/ 

mmBtu for so2, 0.05 lb/mmBtu for particulates, and~0.6 lb/ 

mmBtu for stoker coal and 0.7 lb/mmBtu for pulverized coal 

for NOx.) In addition, a percentage reduction require-

ment will be promulgated when the final rules are issued. 

Hagler, Bailly & Company . 5 



DEFINING THE MARKET 1.6 

Most observers believe, however, that it is unlikely that 

NSPS will be issued before mid-1983, if ever. If no indus­

trial NSPS are promulgated, then the SIPs' will govern 

allowable emission levels within each state. 

Congress is currently considering several bills to ~mend 

major portions of the Clean Air Act, particularly those 

relating to the percentage reduction requirement and the 

PSD ~gquirements. Th~ out~ome of these bills is uncert~in 
despite the support of the Reagan administration: the envi­

ronmental lobbies and high-sulfur coal-producing states 

are expected to provide significant opposition. One likely 

compromise is the retention of the percentage reduction 
requirement for large (above 250 mmBtu/hr) industrial 

systems, but elimination of 'the requirement for smaller 

systems. 

We also reviewed the current state regulations for SOx 

(see Appendix A). Exhibit l.a summarizes the regional SOx 
control requirements developed for the ·sensitivity sce­

nar lul:i. w~ uev~lop~d the!!e requiremento by uoing the limi­

tations imposed by the states in each region, weighted by 

the relative amount of industrial activity. In addition, 
we assumed that states having regions currently in non­
compliance with primary NAAQS will require scrubbing on 

new coal-burning faciiities (see Exhibit l.b). Because 

the overall relative system costs were not very sensitive 

to the percent removal required, we assumed that high­

sulfur bituminous coal ( 3. 5 percent sulfur) requiring 
scrubbing would have a 90 percent removal rate, and low­

sulfur subbituminous coal (0.7 percent sulfur} requiring 
scrubbing would have a 70 percent removal rate. 

Hagler, Bailly.& Company 6 



Exhibit l. a 

SIP Requirements 

Economically Available 
Weighted Coal TvEes 
S02 MFBI 

Emission Level Sulfur Control. 
DOE Region (lb S02 /mmBtu) Content Rank Required? 

I New England 1.1 High Bituminous Yes 

II New York/New Jersey 2.3 High BituminOIJS Yes 

Low Bituminous No 

III Mid-Atlantic 1.2* High Bituminous Yes 

IV South Atlantic 2.0 Medium Bituminous Yes 

Low Bituminous No 

V Midwest 2.1 High Bituminous Yes 

VI Southwest 2. 8 . Low Subbituminous No 

Medium Bituminous Yes 

VII Central 2.3 High Medium Bituminous Yes 

Low Subbituminous No 

'i!III North Central· 1.6 Low Subbituminous No 

IX West 0.8 Low Subbituminous Yes 

X Northwest 2.0 Medium Suhbituminous No. 

*Not including Pennsylvania, where scrubbing is required in most areas. 

7 



Exhibit 1.~ S02 Nonaltainment Co\.lnties -1981 
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Economic Recovery Tax Act 

The Economic Recovery Tax Act of 1981 fERTA) i.ncludes 

several business incentive provisions that can enhance the 
attractiveness of coal-burning systems. In particular, . 
the accelerated cost recovery sy~tem (ACRS) replaces the 
previous complex and varied rules for depreciation, which 
include asset depreciation ranges and several methods of 

defining depreciable property. The new law provides four 

classes of property: 3-year, 5-year, 10-year, and 15-year 
public utility "recovery" property. Schedules of del;)recia-
, 
tion are established for property placed in service (a) 

between December 31, 1980, and January 1, 1985, (b) in 

1985, and (c) after December 31, 1985, when the full effect 
of ACRS depreciation occurs ~see Exhibit l.c for the cor­
responding depreciation schedules provided by the act) • 

T~e Internal Revenue Service (IRS) has not yet established 

regulations on classification according to these 

schedules. It is expected that IRS will place all steam­

generating equipment (including fuel-handling, waste 
treatment, and other ancillary equipment) in the 5-year 

class of property. However, it is uncertain which class 
electrical generating equipment associated with a cogenera­

tion facility will be placed in: for this study, we assumed 

it will be 5-year recoverable property. 

Energy Tax Act/Windfall Profit Tax Act 

The Energy Tax Act of 1978 eliminates the standard 10 per­
cent investment tax credit (ITC) for oil- and gas-fired 

boilers. At the same time, it provides an additional 10-

Hagler, Bailly & Company 9 



Exhibit Lc 

Depreciation Schedule Provided by ERTA 

DeEreciation Percentage 
Period Property is 
Placed in Service Year 1 Year 2 Year 3 Year 4 Year 5 

1981-1984 15 22 21 21 21 

1985 18 33 25 l6 8 

1986 and beyond 20 32 24 16 8 

10 
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percent ITC to accompany the standard 10-percent ITC for 

coal-fired and alternative-fueled steam generators. The 

Crude Oil Windfall Profit Tax A.ct of 1980 makes available 

an ad~itional 10-percent ITC (for a total of 20 percent) 
for cogeneration systems that do not use natural gas or 

oil as primary fuels (i.e., gas or oil account for less 

than 20 percent of total fuel us•) • 

The composite ITC incentives provided by both acts (see 

Exhibit l.d} are due to expire at the end of 1982, except 

for the 10-percent additional tax credit for steam gen~r­
ators fueled by biomass, whi~h expires at the end ~f 1985. 
gowever, there are various le~islative proposals before 

Congress to extend the termination date for the additional 

ITCs. For this study, we ha~e assumed that they will be 
continued. 

Public Utility Requlatory Policies Act 

The part of PURPA that is most relevant to our study is 

Section 201, which requires utilities to interface with 

cogeneration facilitiesi to set fair rates for backup and 

supplemental power for those fa~ili~ies, and to purchase 
excess cogenerated electricity at a rate based on the util­

ity's "avoided cost." 

' . . . 

The assumptions on these cogen•ration standby and buyback 

rates are summarized later in this chapter. 

Hagler, Bailly & Company 11 



Exhibit l.d 

INVESTMENT TAX CREDITS UNDER CURRENT LAW* 

Oil and Waste and 
System/Fuel Type Natural Gas Coal Process Residuals 

Conventional 

Process steam boiler 0% 10% standard 10% standard 
10% additional 10% additional 
through 12/31/82** through 12/31/85** 

Cogeneration 

Boiler/steam turbine 0% for boiler 10\ st~ndard 10% standard 
lOt standard 10% additional 10% additional 
for turbine throuqh l2/3l/82** through 12/31/85** 

(boilers only) 

* Includes Energy Tax Act and Windfall Profit Tax Act 
** Windfall Profit Tax Act specifically extends the 10-percent 

additional tax credit to December 31, 1990 for "long construction 
projects." 

SOURCE: Hagler, Bailly & Company 
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Resource Conservation ano Recovery Act 

Certain FGD wastes may be defined as hazardous under RCRA, 

and therefore will require expensive disposal procedures. 

However, because none of the systems we examined produces 

wastes officially considered hazardous, we allowed for no 
additional expenses for hazardous ·waste disposal. 

COSTS AND PERFORMANCES 

The industrial decision-maker has three major options for 

meeting air emission standards: flue gas desulfurizers 
(FGDs), which ~unction after the coal has been burned*; 

atmospheric fluidized beds (A"FBs) , which operate while the 
coal is being burned; and gasifiers, which remove·sulfur 

from the coal before it is burned. 

In the following sections, we describe each technology 

option briefly and then compare system costs; more detailed 

*In addition to FGDs, AFBs, and gasifiers, one other pos­
sibility for reducing SOx emissions is the use of cleaned 
coal. This was not considered a major factor in this 
study. Coal cleaning uses ei'ther chemical or physical 
processes to remove sulfur and ash. Chemical processe~ 
do not. now appear to be economically viable with 
conventional scrubber systems. 5 ignificant levels of 
sulfur removal by physical coal cleaning are possible on 
only a few types of high-sulfur coal in a few regions, and 
only about 40 percent or less of the sulfur In th6se coalS 
is typically removed. At best, cleaned coal will meet 
state .or federal standards only ori smaller boilers not 
under the FUA provisions and thus not within the scope of 
this study. It may be possible to combine physically 
cleaned coal with a smaller FGD1 our resources did not 
permit a detailed evaluation of ·these systems. 

Hagler, Bailly & Company 13 
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descriptions of systems, costs, and performance are pre-. 

sented {n the appendices. 

Technology Options 

Flue gas desulfurize~ remove sulfur dioxides from the 

~ombustion flue gas after ~t leaves the boiler, ~Y passing 
the flue gas through a "scrubber." In the s~rubber, th~ 

so2 in t:h~ fl.11.:- g~s reacts with solutions of calcium, sooi­
um, or other salts to form a waste product that can be 
disposed of as sludge or a dry product. The four FGO sys­
tems we examined in this study are sodium throwaway, lime/ 

·limestone, dual-alkali, and lime spray drying. 

In the sodium throwaway system, a soluble sodium alkali 

~elution abso~bs the so2. ~he effluent solution is then 
partially recycled, with a sl.ipstream going to waste treat­

ment and disposal. It is also poss{ble to use alkaline· . . 
process waste streams from some industrial processes in 

place of the sodium solution, or to use the FGD waste 
stream in certain other industrial processes (such as 

pulping). Over 80 percent of existing industrial-size 
~crubber~ are of this type; primarily for use in oil field 

systems b~rning high suifur crude oil in California.* 

The lime/limestone system uses the calcium salts in lime 

(CaO) .or limestone (CaC03) to .react with the S02 to form 

81-019a~ April 1981·~ 
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a calcium sulfate sludge that must be disposed of, typically 

by pending or landfill. This system has been extensively 

developed for utility applications. 

Sodium/calcium dual-alkali systems use soluble sodium for 

S02 absorption and a calcium-based alkali to regenerate 
the active sodium solution. Thus, they reduce the problems 

of scaling that lime/limestone systems are claimed to have 

when scaled down to industrial sizes. The CaS04 sludge 

mu.st then be disposed of, typically by pending or landfill. 
Other dual-alkali systems are possible (e.g., ammonia or 
potassium instead of sodium), but the sodium/calcium system 

is the most highly developed. These systems are assumed 

to be economically viable only on high-sulfur systems, be­
cause combustion of low-sulfur coals results in a high 
02/S02 ratio. This promotes oxidation of the sorbent·to 

sodium sulfate, which is not readily regenerable and· thus 

results in excessive operating costs. 

The lime spray dryer system uses a slurry of lime to remove 

the so2 from the boiler flue gas, producing a dry particu­

late in the flue gas. This dry product is removed with 
fly ash in a fabric filter, thus eliminating the problems 
associated with handling large amounts of fluid sludges. 

' . 
To date, these systems have been used only with low-sulfur 

(0 .6 percent) and medium-sulfur ( 2. 0 percent) c.oals. How­

ever, it is expected that ~hey can readily be used on high-. 

sulfur (3.5 percent) coals without major design or oper­

ating problems. 

All of the FGb syst~ms have a particulate removal sys~em: 
electrostatic precipitators are used in the high-sulfur 

systems (with the exception of the lime sp~ay dryer) , and 

Hagler, Bailly & Company 15 
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fabric filters (or "baghouses") in the low-sulfur and high­

sulfur lime sprayer systems. 

AFB combustors are a newer technology than FGDs. The coal 

is burned in a bed of noncombustible material by a flow 

of combustion air which keeps the combustion region in a 

"fluid".state. If the bed is composed of a reactive materi­

al such as limestone, the S02 generated will be captureq at 

a potential efficiency of 90 percent or better. AFBs can 
be smaller and hence l.ess costly than conventional coal­

fired boilers, can operate at lower temperatures (thus 

reducing N02 emissions), and may have multi-fuel firing 

capability. However, they have not been used much in in­

dustrial applications, so their performance, cost, andre­

liability have yet to be thoroughly demonstrated. The AFB 

systems also have baghouse particulate removal systems for 
both high-sulfur and low-sulfur coals. 

Coal gasification is another technique for S02 removal. 
Air (or oxygen) and steam are injected into a bed of hot 
coal, producing a gas which, after cleaning, can be used 

in furnaces designed to burn conventional natural gas with 

only minor modifications. If air is used in the gasifica­

tion process, the gas produced is a low-Btu product (100-
200 Btu per standard cubic foot, or scf). If oxygen ~s 

used, a medium-Btu gas is produced (200-500 Btu/scf). Con­
ventional natural gas is a high-Btu product (1,000 Btu/ 

scf) • Because the flame temperat.ure of low-Btu coal gases 

is considerably below that of natural gas, use of these 

gases can reduce the effective capacity of the boiler, 
resulting in a higher boiler cost per unit of output. 

Hagler, Bailly & Company 16 
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Two types of low-Btu gasifiers were selected: 

Stoic gasifier for western subbituminous coal 

Wellman-Galusha agitated gasifier for eastern 

bituminous coal. 

Both systems are currently being sold commercially . 

. We evaluated only systems sized to provide the total input 

of a single boiler. Much larger systems may be economically 

more attractive (in industrial park applications, for 

example) , since gasifiers typically achieve large econo­

mies of scale. However, these applications were beyond 
I 

the scope of this study. 

Cogeneration systems, which produce both process steam and 

electricity, were evaluated as options to supplement these 

three general ECT technologies. We focused particularly 

on the most commonly used system: a back-pressure steam 

turbine used in a topping cycle, in which steam from the 

boiler goes to a turbine/generator to produce electricity, 

~nd hot exhaust from the turbine goes to the process. We 

analyzed use of this cogeneration system· with the FGD, 

AFB, and gasifier emission control systems. 

Relative System Costs 

ORNL and Foster-Wheel~r Development Corporation estimated 

costs and per~?rmances for a generic set of systems, in­

c].uding: 

Hagler, Bailly & Company 17 
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• Stoker and pulverized coal boiiers 

• FGD systems (sodium throwaway, lime/limestone, 

dual-alkali and lime spray dryer) 

• AFB/boiler 

• Low-Btu gasifier/boiler 

• Residual oil boiler 

• Medium-Btu gas boiler. 

Detailed system design and cost estimates were developed 
for .:t 250 mmBtu/hr ( abs.orbed by bC"'Ii. 1 t==-r) .!;y~t.Am, and sc:alin9 

equations were developed for the major subsystem components 

to allow estimates to be made for large and smaller systems. 

Estimates were developed for the two major coal types 

available to fndustry: a high-sulfur bituminous Eastern 

coal ( 3'. 5 percent su.lfur) and a low-sulfur subbi tuminous 

western coal (0 .5 percent sulfur) • These coal types deter­

mined the system design requirements. For each range of 

boiler size, we assumed that all systems would provide the 

same amount of process.steam. Variations in size and cost 

arose from differartcQS in thermal efficiency, and because 

cogeneration systems need to be oversized to provide both 

electrical energy and the required process steam. ORNL 

developed equations relating.system size to system cost, 

and also estimated the level of system performance. These 

data are presented in greater detail in Appendix B. Ex­

hibits l~e and l.f show system costs for conventional and 

cogeneration systems for both coal types. Exhibit l.g 

compares annualized costs for the various coal-burning _.,.. 
system options, using bituminous coal, to produce 250 

mmBtu/hr of net steam in the South Atlantic in 1990. To 
l 

convert the initial capital cost into an annual charge, 
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Exhibit l.e 

Technology Cost Comparison 
(South Atlantic Region, Bituminous coal 
1990, 250 mmBt~/hr) · 

Capital 
Overall Cost 

System Efficiency! ($ 106)2 

Pulverized coal boiler 0.76 31.82 

PC boiler, sodium 0.73 43.34 

PC. boiler, dual alkali 0.73 37.88 

PC boiler, lime/limestone 0.73 36.39 

PC boiler, spray dryer 0.76 36.75 

AFB boiler 0.73 35.23 

Low-Btu gasifier/boiler 0.52 80.99 

Oil boiler 0.73 13.89 

AFB boiler w/steam turbine 0.70 42.91 

l(Net process +electric energy)/(fuel input energy). 

2January 1981 dollars. 

Annual Costs {$ 1061 
Relative 

Capital3 0 & M Fuel4 Total Cost 

8.38 1.45 7.42 17.65 0.88 

11.42 3.66 7.73 22.81 1.14 

9.98 3.26 7.73 20.97 1.04 

9.59 3.33 7.73 20.65 1.03 

9.68 2.98 7 .42· 20.08 1.00 

9.28 2.64 8.16 20.08 1.00 

21.34 5.79 10.85 37.98 1.89 

5.03 1.10 17.59 23.72 . 1.18 

11.30 3.08 5.825 20.02 0.99 

3capital recovery factors: coal= 0.2635: (which includes effect of 20 percent investment tax credit): 

oil= 0.3620 (no investment tax -credit). 

4coal = $3.68/rnmBtu plus $0.21/mmBtu for AFB systems for sizing: residual oil = $8.38/mmBtu: electricity = 

$17.04/mmBtu. 

Spurchased coal cost = $8.69 x 106: value of cogenerated electricity = $2.87 x 106. 



1"\.) 

C> 

Exhibit 1. f 

Technolo·~Y Cost Comparison 
(Southwest Region, Subb•.uminous coal 
1990, 250 mmBtu/hr) 

Overall 
System Eff iciency1 

Pulverized coal boiler o. 72 

PC boiler, sodium 0.69 

p(; boiler, lime/limestone 0.69 

PC boiler, spray dryer o. 72 

AFB boiler o. 71 

Low-Btu gasifier/boiler 0.54 

Oil boiler 0.73 

AFB boiler w/ste'aro turbine 0.67 

Capital 
Cost 

($ 106)2 

39.29 

43.15 

43.65 

42.18 

34.79 

73.90 

13.89 

42.44 

l(Net process+ electric ene~gy)/(fuel input energy). 

2January 1981 ~ollars. 

Annual Costs ($ 106~ 
Relative 

Capital3 0 & M Fuel4 Total Cost --
10.35 2.04 7.28 19.67 1.03 

11.37 3.01 7.60 21.98 1.15 

11.50 3.07 7.60 22.17 1.16 

11.11 2.95 7.28 21.34 1.12 

9.17 1.92 7.97 19.06 1.00 

19.47 6.64 9. 71 35.82 1.88 

5.03 1.10 17.81 23.94 1.26 

11.18 2.25 4.915 18.34 0.96 

3capital recovery factors: coal= 0.2635 :which includes the effect of ~0 percent investment tax credit): 

oil= 0.3620 (no investment tax credit). 

4coal = $3. 42/~tu plus $0-. 29/mmBtu for io\FB S"_/Stems for sizing: residt:al oil = $8. 48/mmBtu: electricity = 

$22.44/IDIIIBtu. 
5Purchased coal ccst = $8~69 x 1061 value ::>f cot;~enerated electricity= $~.79 x 106. 
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we multiplied it by a capital recovery factor,* which is 

a function of the required return-on-investment and tax 

factors that affect cash flows. These exhibits illustrate 

several points. 

First, the AFB and lime spray dryer technologiP.s appear 

slightly less expensive on an annualized cost basis than 

the more established FGD technologies. The AFB may even 

be less expensive than an uncontrolled pulverized coal 

boiler for subbituminous coal systems. 

Second, judging from the same estimates, gasifier systems 

do not appear cost-effective for process steam applications 

in single-boiler sizes, due to their high capital and 

operating costs and the relaeively low overall efficiency 

(estimated at less than SO percent) of the gasifier/boiler 

combination. 

Finally, cost estimates for the FGD and AFB systems are 

relatively close~ on the basis of economics alone, it ap­
pears that no single system is overwhelmingly more or less 

expensive than other FGD systems. Other, site-specific 

*An account of how this factor was derived c~n he found 
in The Cost of Energy from Utility-Owned Solar Electric 
Systems, by the Jet Propulsion Laboratory (JPL S040-29, 
ERDA/JPL-1012-76/3), June 1976. We assumed a return-on­
investment (after tax) of 20 percent of capital costs, a 
system life of 20 years, an ITC of 20 percent for coal 
systems and 0 percent for gas and oil-fired systems, a tax 
rate of SO percent, and a post-1986 ACRS depreciation 
schedule. On the basis of these assumptions, we calculated 
a capital charge rate of 0.264 for coal-fired systems and 
0.362 for gas- and oil-fired systems. The capital charge 
rate factor is lower for coal systems because they have a 
20 percent investment tax credit, which gas- and oil-fired 
systems do not. 
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Exhibit 1.11 

Comp.native Economic Perfornance of Coal Burning 
System Options, South .l\tlantk Region, 1990 

Annualized 
Costs 1106 1 

I 
Coa'l Boiler 

• Electricity Credit 

ISJ Fuel Cost 

(lD O+M Cost 

0 Annualized Capital Charge 
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factors will probably determine the actual choice among 

FGD systems. 

REGIONAL CONSIDERATIONS 

In defining the market, we also estimated regional energy 

prices, coal supplies, cogeneration costs, and MFBI steam 

demand. 

Energy Prices 

Regional energy prices were developed using the April 1981 

computer runs of EIA's Midterm Energy ForeGasting .System 

(MEFS) .* The MEFS programs are used to forecast national 

and regional energy supply, demand, and prices for the 

major energy-consuming sectors. In our analyses, we used 

the medium world oil price scenario, which projected that 

world oil prices will reach $50/bbl (in 1979 $) by 1995. 

The MEFS model provides industrial sector energy prices 

for 1985, 1990, and 1995. EIA also provided actual energy 
prices in each of the 10 DOE regions for the industrial 

sector for 1979. 

DOE's Natural Gas Policy Office felt ·that the EIA natural 

gas projections were based on overly optimistic estimates 

*A detailed descr iptiori of the model's structure and supply 
and demand assumptions can be found in Annual Report to 
Congress 1978, u.s. Department of Energy, DOE/EIA-017~-3 
and Applied Analysis Model Summaries, U.S. DOE, DOE/EIA-
018316. . 
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of "tight sands" gas supplies and costs in the late 1980s 

and early 1990s. Furthermore, the Phase 1 incremental 

pricing provisions of the Natural Gas Policy Act specify 

that the price of industrial natural gas should be equal 

to or only slightly below (in energy equivalence) the price 

of resid\lal oil. Accordingly, we set the natural gas price 

at the higher of the EIA gas price estimate, or 90 percent 

of the EIA residual oil price estimate. This reflected 

the current thinking of a number of price forecasting 

modelers, who generally project natural gas prices to be 

from 85 percent to 105 percent of the residual oil price. 

Exhibit l.h presents the national average EIA industrial 

energy price projections to 199 5. Electricity prices 

remain relatively stable after 1990, due primarily to a 

massive conversion to coal and nuclear power, which to­

gether will represent about 95 percent of power generated 

in 1995. In addition, the EIA projections assume that 

coal prices remain relatively stable, with less than one 

percent growth per year in real prices. Additional detail, 

with regional prioe projectionliii, is; provided in Appendix C. 

To calculate energy prices for 1995-2020, we assumed the 

following: 

• Residual oil and natural gas prices will 

grow at the same rate (in real terms) as 

world oil p~ices: 3 percent a year from 

Hagler:. Bailly & Company 24 



Exhibit l. h 

National Average Industrial Energy Prices 
(1979 $/mmBtu) 

1979. 1985 

Medium Price Scenario 

Coal 1.33 2.25 
Distillate oil 4.65 7.43 
Residual oil 3.06 6.45 
Natural gas 1. 76 5.29 
Electricity 8.02 12.58 
Wqrld oil price ($/bbl) 32.00 37.00 

25 

1990 1995 2020 

2.55 2. 72 3.23 
8.28 9.88 15.42 
7.28 8.62 13.45 
5.85 6.30 9.83 

12.67 12.68 15.48 
41.00 50.00 78.00 
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1995-2000, 2 percent a year from 2000-

2010, and 1 percent a year from 2010-2020. * 

• Coal prices will increase 0.7 percent a 

y~ar after 1995. (This is a simple extrapo­

lation of the 1985-1995 trend.) 

• Electricity prices will increase 0.8 

percent a year after 1995, a&&uming that 
the generating mix MEFS determined for 

1995 (68 percent coal, 27 percent nuclear 
power, 5 percent oil and natural gas) is 

constant beyond 1995, and that the growth 
rate in electricity prices is proportional 

to the weighted aver~ge growth of prices 
we assumed for coal and oil/natural gas. 

Coal Supplicc 

1. 26 

Hecognizing that system costs are a tunction ot the coal's 

rank (i.e., bituminous or subbituminous) and sulfur con­

tent, we estimated the types and amounts of coal available 

in each region for industrial use by MFBis. These estimates 

are based on a complex coal supply model operated by EIA 

*These estimates were developed based on a review of world 
oil price forecasts made by a number of government and 
private sector foz;-ecasters ,(see Fossil Energy Evaluation: 
Republic of Korea Draft Reportf Argonne Natlonal Labora­
tories, May 1980). These forecasts assume development of 
significant amounts of alternative fuels (including syn­
fuels such as shale oil), expanded use of coal and coal 
derivatives, and significant conservation efforts by the 
major industr~al countries. 
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and integrated into the MEFS forecasts which depends not 

only on regional coal minemouth and transportation costs, 

but also on assumptions about the development of new mines, 
. . 

expansion of the rail and barge network, and transportation 

bottlenecks that will effectively limit the types of coal 
available in each reg ion. The EIA data indicate that seven 

regions will use primarily medium- to high-sulfur butumi­

nous coals* (New England, New York/New Jersey, Mid­

Atlantic, South Atlantic, Midwest, Central, and Northwest) 
and that the West, Southwest, and North Central regions 

will use primarily low-sulfur subbituminous coals. 

Cogeneration Costs 

The buyback rates and standby charges that electric util­
ities level on cogenerators will significantly affect the 
economic attractiveness of cogeneration systems. 

Buyback rates must be based on the utility's "avoided 

costs," which are a functto~ of the utility's generation 
mix and the reliability.of the cogenerated power. We de­

veloped estimates of these rates based on the EIA energy 
price projections, revie~s of studies in this area, our 
own analyses developed for uti~ity rate hearings, and pub­
lished buyback rates. Generally, these rates range from 

70 to 125 percent of the retail rate, although in a few 

cases they are nearly triple that rate. The higher rates 

occur primarily in the near term, when many utilities are 

*High sulfur -- more than 1.68 lb sulfur per mmBtu; medium 
sulfur -- 0.67 to 1 .• 68 lb sulfur per mmBtu; low sulfur 
-- less than 0.67 lb sulfur per mmBtu. 
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still burning significant amounts of oil and natural gas. 

As these utilities convert to more coal and nuclear in the 

future, the buyback rates should come down substantially 

from today's levels. In addition, we used a standby rate 
of $65/kW/yr, and assumed that 50 percent of the installed 

generating capacity has tpis standby backup. 

We also assumed that the industrial cogenerator will nego­

tiate with the utility in the most economically advanta­

geous manner1 that i&, if the buyback rata i& greater than 
the retail rate, the cogenerator will sell all of its co­

generated power to the utility at the buyback rate while 
simultaneously buying the power needed at the normal retail 

rate~ If the buyback rate is less than the retail. rate, 

the cogenerator will use its bwn cogenerated power first 
to displace purchased power, and sell only the surplus 

power to the utility. 

MFat Steam Demand 

Estimates of overall MFBI steam demand for 1985, 1990, and 

1995 were taken from EIA's MEFS forecast. MEFS projects 

total annual con~umption. for each of the 10 DOE regions 
by fuel type, and its projections are consistent with the 

energy price forecasts. Estimates of 1980 MFBI consumption 
were taken from EPA's industrial boiler inventory,* which 

in turn is based on the National Emission Data System 
(NEDS) data base. State totals by fuel type were aggregated 

*U.S. Environmental Protection Agency, The Population and 
Characteristics of Industrial/ Commercial Boilers (EPA-
600/7-79-178a), May 1979. 

. . 
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to federal regions. EPA's boiler inventory lacked con­

sumption data for certain fuel types in some states (gener­
ally states with little or no consumption of that particular 

fuel type) . We estimated the missing data from 1978 
consumption figures given in the State Energy Data Report 

(DOE/EIA-0214(78), Aprill980), assuming thatMFBI consump­

tion of a particular fuel type in a state is equal t~ the 

regional consumption of that fuel by MFBis times the ratio 

of the total industrial ~onsumption of that fuel type in 

the state to the total industrial consumption of that fuel 
type in the region. Steam consumption for 1995-2000 was 
extrapolated from estimates of the 1990-1995 growth rate, 

or 1. 7 . percent per year. Exhibit 1. i summarizes the 
regional and nationai MFBI consumption estimates. 

EIA' s regional consumption estimates for 1985 indicate 
that over 70 percent of total industrial fuel consumption 

by MFBis will occur in three regions: the Southwest, the 

Midwest, and the South Atlantic region. This concentration 

should increase by 1995, when MFBI consumption in those 
three reg ions will rise to 75 percent, with over 40 percent 

of total consumption occurring in the Southwest. 

In addition to projecting overall fuel use for steam demand, 
we estimated the distribution of equipment by boiler size 

and electricity-to~steam demand ratio. 

Data on distribution of industrial boilers by size came 

from the EPA Inoustrial Boiler Survey (see Exhibit l.j). 
Data from this survey indicate that about 58 percent of 

overall industrial steam capacity consists of MFBis (plants 
that use 100 mmBtu/hr or more) • 
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Exhibit 1. i 

REGIONAL MFBI FUEL CONSUMPTION 
(lol2 Btu/yr) 

Region 1980 

New England 73.7 

New York/ 
New Jersey 122.5 

Mig-~tlantic 243.5 

South Atlantic 500.5 

Midwest 687.2 

Southwest 987.9 

Central 133.0 

North Central 74.2 

West 144.8 

Northwest 122.2 

Total 3,089.5 

1985 1990 1995 

80.3 83.9 84.0 

133.9 140.1 14!;.6 

282.3 217.4 219.1 

594.3 645.4 722.2 

796.7 724.7 742.8 

1,145.5 1,487.6 1,746.4 

154.2 152.9 170.8 

86.0 96.6 100.5 

175.5 192.2 202.5 

141.7 161.3 181.2 

3,590.4 3,902.1 4,Jl5.0 

SOUR<;:E: Department of Energy, Energy Information Agency1 May, 1981. 

30 

2000 

84.1. 

150.2 

220.8 

786.1 

757.9 

1,961.6 

185.7 

103.7 

210.6 

197.7 

4,658.4 



Exhibit l.j 

Distribution of Industrial 
Boiler Capacity by Size 

Boiler Size Number of 
{mmBtu/hr) Boilers 

0-49 27,011 

50-99 5,640 

100..;.249 3,833 

250-500 914 

500+ 298 

Fraction 
of Total 

Total Capacity Capacity 
(mmBtu/hr) (%) 

506,390 23 

1414,390 .19 

564,220 26 

300,600 14 

393,940 18 

SOURCE: The Population and Characteristics of Industrial 
Boilers, EPA-600/7-70-178a, May 1979. 
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DEFINING THE MARKET 1 32 

Knowing a plant's electricity-to-steam ratio is important 

in estimating the costs and benefits of using a cogeneration 

system. Our assumptions about the national distribution 

of these ratios are based on conclusions presented in DOE's 

Cogeneration Technology Alternatives Study (see Exhibit 

1. k) • 
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Exhibit l:k 

Distribution of Electric/Thermal Demand Ratios 

PERCENT OF 
TOTAL STEAM 

MARKET 

Jlii -

30 -

.lti -

ti -

---r---.--r-.--.-.--.-..--.--.-.-.--• .----.--,--,-,-? 
.06 .10 .li .20 .26 .JO .Jii .40 .41i .liO .lili .60 .lili .70 .80 .90 l.OO 

E/T RATIO 

SOURCE: Market Development for Advanced Coal-Based Cogeneration 
Systems; U.S. Department of Energy, October 1980. 





2 
INDUSTRIAL USER DISCUSSIONS 

In the courie of this studv, we held in-depth discussions 

with representatives of nine industrial firms that are po­

tential users of SOx emission control systems. Within the 

constraints of budget and resource limitations and OMB 

guidelines, we carefully selected nine interviewees 

representing: 

• The major steam-producing industries (e.g.·' chemi­

cals, petroleum refining, pulp and oaper, 

textiles) 

• The regions of the country where the ma~or in­

dustrial coal use is expected to occur (i.e., 

Southwest, South Atlantic, and Midwest) 

• Firms that are currently using or seriously con­

sidering using coal. 

Our initial list, consisting of approximately 50 candi­

dates, was based on industry a~d 'regional data banks, a 

review of recent trade magazine, newspap~r, and journal 

articles, and previous contacts by the study team. The 

firms contacted were generally verv interested in the study 

and willing to cooperate. (Exhibit 2.a shows the firms 

interviewed and their pertinent characteristics.) 

Our discussions with the interviewees focused on the ec­

onomic and other factors affecting their choice of coal as 

a boiler fuel and their choice of emission control 

Hagler, Bailly & Company 
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Exhibit 2.a 

industrial Firms Interviewed 

Firm Location 
. 

1. Fiber Industries Charlotte, N.C. 

2'. B. F. Goodrich Akron, OH 

3. St. Regis Paper C:>. W. Nyack, NY 

4. u.s. Steel Corp,. Pittsburgh, PA 

5. Celanese Chemical Co. Da.llas, TX 

w 6.· Shell Oil Co. Houst·::>n, TX ... . 0'\ 

7. J.P. Stevens & Co., . Greemrille, S.C. 
Inc. 

8. Caterpillar Tractor Co. Peoria, IL 

9. General Foods Corp •. Terrytown, NY 

*To.tal· for Celanese Carpc.ration. 

Annu:al 
Sale; 

$1 million 

$3.1 blllion 

$2.7 b.Lllion 

$12. 5 billion 

$3. 3 billion * 

$20.6 billion 

$1.9 b:.llion 

$:).6 billion 

$6.6 blllion 

Industry 

Synthetic textiles 

Chemicals. plastics, 

rubber 

Fiber, paper. oil & gas 

Steel 

Chemicals 

Oil, gas, cheaJcals 

Textiles· 

Construction equipment, 
engines 

Food products 

Plant Locations 

South Atlantic 

Mid Atlantic, 
South Atlantic 
Southwest, West 

All except New England 
& NY/NJ 

Mid Atlantic 

Southwest 

Southwest, Midwest, West 

New England, 
South Atlantic, 
Southwest, Central 

Mid Atlantic, Midwest, 
Central, West, Northwest 

All except New England, 
& North Central 



INQQ§TRJlH. U§BR QI§CU§§IQN§ 2. 3 

technologies, as well as on government actions to promote 

environmentally acceptable coal use. 

SELECTION-OF A BOILER FUEL 

All of the firms interviewed are either using coai· now or 

are seriously considering it for a facility in the neat 

. future. Economics was cited as the primary factor in their 

decision. Additional factors influencing the decision in­

cluded concern about the consistency of environmental regu­

lation and the certainty of future gas and oil supplies. 

Other factors such as FUA and land availability were con­

sidered minor factors. 

All of the firms interviewed ~reated coal conversion as a 

normal capital investment decision. Although several firms 

had made strategic decisions to shift to coal, the shift 

would be made only as fast as the economics warranted. 

The "h.urdle rates" mentioned by our interviewees as neces­

sary for a specific project to be approved were in the 

range of 15 percent to 40 percent, with most firms in the 

20 to 25 percent range (after ·tax and net of general in­

flation), These ROI requirements are. generally higher, for 
. . . 

coal conversion (and similar "utility" investmehts such 

as energy conservation) than for other types of investments 

such as plant expansion or new product development·. In 

addition, interviewees mentioned that the ROI required for 

discretionary coal conversion (i.e., replacing an existing 

usable gas or oil boiler) is slightlv higher than for a 

new or replacement installation, although they could not 
. I 

quantify this differential. 
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INDUSTRIAL USER DISCUSSIONS 2.4 

Only two firms indicated that coal conversion would be 

car red out if the investment did not meet the firm's normal 

hurdle rate. Both had had severe problems with fuel avail­

ability,_one with oil and the other with naturai gas. The 
first indicated that the ROI requirement would be relaxed 

somewhat for coal conversion, to about 15 percent from a 

normal 18 to 20 percent. The other indicated that coal 
conversion was a top priority almost regardless of cost. 

This firm had built its own low-Btu coal gasifier for pro­

cess heat applications because it did not feel that natural 

gas supplies were secure. However, these two firms were 

the exceptions: all of th~ other firms felt that natural 

gas and po•sibly residual oil supplies were at least as 
reliable as coal, and would continue to be for the fore­
seeable future. 

The interviewees mentioned two factors as delaying the 

conversion to coal. The ~irst was the current high interest 
rate3 ~ouplod with the I'Cr..,~ooion. Thb~~ sitn~tian appear& 

to be delayi~g. (although probably not eliminating) many 

previously planned expansions and other capital i~vestment 
programs, including coal conversion. A second m~jor. nP.ga­

tive factor is the perceived inconsistency in environmental 

regulation. Some potential coal users are concerned that 
the standards will be tightened after their coal-burning 

'facilities are installed, possibly requiring installation 

of scrubbers or a switch to significantly more expensive 
compliance coals. This is primarily a state-level problem, 

with some states (e.g., tllinois) perceived as much more 

of a problem than others (e.g., Texas). 

All of the interviewees considered FUA as having little 

or no effect on coal use, particularly when the economic 
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factors justify coal use~ because exemptions are relatively 

easy to obtain. Land availability for coal piles or waste 

dispo~al was perceived as a problem only in areas of high 

indust:rial concentration such as the Houston Ship Channel. 

For most firms, this was more a question of priorities 

(current coal, ash, and sludge piles, or future expansi~n) 

which could only be resolved on a case-by-case basis. 

In general, most firms appear to be moving toward a strategy 

of flexibility in planning for boiler fuels. Most would 
consider only multi-fuel (oil/gas) boilers for new instal­

lations. One firm is installing coal-capable boilers only, 

but using oil or gas while the price is low; that firm is 

switching to coal by installing the required scrubbers and 

coal- and waste-handling equipment when ·the economics 

justify it. 

' SELECTION OF AN EMISSION CONTROL TECHNOLOGY 

All of our interviewees had conducted extensive comparative 

studies of coal emission control systems within the past 

year, and thus were quite knowledgable regarding the cur­

rent costs and performance of commercially available units. 

Most 6f the interviewees indicated that if th~y had to 

choose an SOx control system today, they would choose a 
dual-alkali unit, largely because they feel it would oper­

ate effectively in an industrial setting. Lime/limestone 

systems, which are the most popular systems in utiiity 

applications, are not seriously considered by industry be­

cause of the severe problems that arise when the utility­

sized systems are scaled down (e.g., smaller diameter 

piping clogs up much faster). However, they are concerned 

about the sludge-handling problems associated with dual-
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INDUSTRIAL USER DISCUSSIONS 2.6 

alkali systems. One interviewee who has been trying to 

get dual-alkali scrubbers to work properly for several 
years indicated that he is seriously considering replacing 

the units with AFB systems, once those have been suf­
ficiently demonstrated. The primary advantage he sees for 

the AFB is the dry waste, which he feels will eliminate 

many of the problems his company has been having· with the 

sludges. 

Sodium throw~w~y systems, which are currently the most 

frequently used FGD systems in industrial applications,· 

are viewed as not being economically competitive except 

in certain cases, such as the crude oil-pumping systems 

in California. The major drawback of these systems is the 

cost of constructing large' evaporation ponds in dry 
climates where this is feasible, or constructing waste 

water treatment facilities in other areas. There is also 

concern that the wastes from this system may be declared 

hazardous and thus require even more expensive treatment. 
These types of systems may be feasible in certain applica­
tions in the chemical, textile, or pulp and paper industries 
where alkaline waste streams for scrubbing ~re ~vuilablc 

and waste water treatment facilities are required anyway, 

or where the sodium and sulfur can be recovered for use 

in the process. One pulp and paper plant in Florida is 
using a sodium system on a coal/wood boiler, and recovering 

the sodium and sulfur for use in kraft cooking liquor. 
The process is still experimental, but·· if it is successful 

it may be applicable in other pulp and paper industry 
plants. 

Regenerable processes with sulfur or ·sulfuric acid by­

products were generally not considered economically 

Hagler, Bailly & Company 
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competitive except under very special circumstances. These 

processes are more complex and thus have higher capital 
I . -

and operating costs. The byproducts usually have little 

value because they are in relatively small quantities or 
not of a sufficiently high quality, and thus.are difficult 

to market. If the byproducts could be used on site, the 
systems would be more attractive, but .there is also the 
question of balancing the plant's requirements with the 
process outputs. One interviewee had perform'ed a detailed 

evaluation of a citrate process for a facility that could 

use the byproducts, and then rejected it on economic 

grounds. 

The lime spray drying system is extremely attractive to 
industrial users primarily because it has a dry waste. 
All the interviewees indicated that it would be their top 

FGD choice as soon as it has been commercially demonstrated. 

There .was particular interest in systems applicable to 

medium- and high-sulfur coals that could q~arantee a 90 

percent SOx removal~ 

Many of the interviewees felt that AFBs would be the pre­
ferred coal systems because· of t·heir potentially lower 
costs (i~e., lower than a conventional coal boiler with 

an FGD), higher efficiencie~, and ability to use a wide 
variety of fuel types without design changes. However, 

they are waiting until industrial systems are demonstiated 

in more installations before .they are willing ~o commit 

to them. In particular, they want to see how well these 
systems respond to the cyciic and rapidly changing loads 

typical of most industrial ~pplications. 

Hagler, Bailly & Company 
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Only one of the firms interviewed felt coal gasification· 

was an economically viable option for boiler fuel, and 

that was primarily for retroi'i t applications. Another 

user installed a low-Btu gasifi~ation system for-process 

heat applications, because he was extremely concerned about 

natual gas shortages. Most felt that gasification-could 

be justified only for chemical feedstock. In that case, . . . . 

expanding the gasification facility for process heat or 

boiler applications might be economically justifiable. 
. . 

Coal/oil mixtures were not felt-to be economically viable 

for the long term in industrial applications exce-pt perhaps 

where space or environmental limitations were severe. The 

small savings (10 to 20 percent of the residual oil price) 

did not appear to justify the conversion expenses. In 

addition, there did not appear to be any supply advantages 

since a substan~ial amount of oil was still required and 

the user might be restiicting itself to a few supplier~, 

who would then be able to control price • 

. One participant believed that chemical coal cleaning has 

major potential for meeting. environmental constraints. He 

claimed that his firm is willing to pay $25/ton (about 

$1.10/mmBtu} more for its boiler fuel if the need for 

scrubbers would be eliminated. 

GOVERNMENT ACTIONS 

The interviewees discussed both government regulatory 

actions and R&D activities. All of them indicated support 

for the. environmental goals of the Clean Air Act, but felt 

that the regulations need to be applied more flexibly· and 

consistently. Specifically, they were una~imo~sly opposed 
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to the percentage reduction requireme~t, preferring that 

they be atlowed to burn low.:..sulfur coal rather than required 
to in~t~ll scrubbers when doing:s6 would mee~ the e~ission 
constraints. 

regulations 
• 

In additi~n, there wa~ major concern th~t 
are not being administered fairly or 

consistently on the state or local level. In particular, 

the interviewees were concerned· that emission levels would 
be tightened after a plant went on-stream, requiring ex­

pensive design changes and retrofits~ They would like a 
. . . . . 

moratorium on tightening emission limits for a plant .for 

a period of 5 to 10 years after s~artup. They feel this 

would allow for more rational p+anning and would facilitate 

their coal conversion efforts. 

FUA was considered only ~ minor influence on fuel choice, 
since coal use was economically justifiable in most cases 

anyway, and would be more so with oil and ga~. price de­
control. In addition, exemptions were relatively easy to 

justify. One interviewee had obtained 13 exemptions for 

his company, and did not know.of a single request for his 
or other companies that had ever been denied. 

"Pollution offsets," which would allow firms to sell or 

swap allowed emission levels, were considered a minor 

factor. Most organizatio~s that had them preferred to 

retain them for future use, rather than sell them. 

. . . 
Although the respondents ~xpressed many opinions regarding 

the role of federal R&D on SOx emission control systems, 
there was general agreement on several items. First, the 

interviewees saw a need for a government R&D effort, since 
they felt the vendor organizations historically had been 

unwilling or unable to finance R&D into innovative 
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approaches that promi-se major breakthroughs l.n costs or 

efficiencies and to finance early demonstrations of new 
technologies.· One interviewee felt that major progress 

in this area would come only from a continued government 
effort, since private R&D would be too cyclic and no firm 

want·s to risk R&D on a technology that could be rendered 

obsolete by a change in regulations. This interviewee 

also felt that the federal efforts should concentrate on 

fully developinq a few technolgies, rather than on .invest­

igating all pocciblc options superficially. 

It was felt that FGD systems would be fully commercialized 

with little or no future government support needed except 

perhaps in applying spray dryers to high-sulfur coals. 
Low-Btu gasification was similarly felt to be a mature 

technology requiring no major government R&D support. 

There was some support, however, for having the government 

fund a full-scale industrial AFB demonstration. 

Most interviewees felt there was a role for fed~r~l R&D 

in medium-Btu coal gasification. They cited the long lead 

time for development (10 years or more), the size of the 
investment in prototype or oilot scale facilities (hundreds 

\ 

of millions of dollars) , and the volatility in conventional 

gas and oil prices, which means that even if the project 

is technically successful it may not be commercially. 

viable. 

Most interviewees felt that government assistance was 

useful for accelerating the commercialization of new ECTs 

because vendors have historically not done so, and none 
of the potential users were willing to take any financial 

risk on a full-'scale application. About half the companies 
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supported government funding of full-scale demonstrations, 

as well as innovative financing arrangements in which the 

government assumes the financial risk of technology 

failure, and the company pays the government back out of 

any savings that may accrue. 
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pROJECTED MaRKET p~PfnENT 

To establish a baseline scenario for evaluating the ec­

onomic attractiveness of the ECTs, and to identify the 

most promising market sectors for SOx te~hnologies in the 

period 1982-2020, we made a number of simplifying assump­

tions: 

• No new MFBis will be allowed exemptions from FUA 

coal conversion requirements 

• Industrial NSPS will be promulgated that will 

require 90 percent '!;ox removal for high-sulfur 

coals and 70 percent SOx removal for low-sulfur 

coals 

• The major factor governing choice of ECT technology 

will be relative economic performance 

• Coal will be availabl~ to any industrial users who 

want it, in any region. 

we· used these assumptions to estimate the maximum coal 

market siz~, and thus the maximum market potential for 

EC~s.. We conducted our market eval~ation in four steps 

(see Appendix C for details): 

1. Evaluated the ~ost and performance.of each tech­

nology b~ market segment . 

47 
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2. Estimated market shares for each segment 

3. Determined market size over time 

4. Projected the number of installations. 

First, we divided the market into 360 segments, with three 
categories of boiler size, three categories of electricity­

to-steam ratio, 10 re9ions, two coal types, and two kinds 

of application (new and replacement, and retrofit). For 

each market segment, we determined capital cost and annual 

O&M and fuel costs for each of the competing technologies, 

using the cost estimates developed by ORNL. Next, we 
calculated each technology's market share for each market 

segment. To do this, we de~ermined the after-tax cash 
flow for the life of each technology, and compared their 

after-tax ROis. All systems, both cogenerating and 

noncogenerating, competed against all other systems, both 

~oqenerating and r1onco.;enerating; on t:he basis of sfter···· 
tax lifecycle cost. For example, a coal-fired cogeneration 

system with a lime/limestone FGn competed with coal-fired 
cogeneration systems with other types of FGD, as well as 

I 

with noncogenerating coal-fired systems with all types of 
FGD. Finally, we estimated how a technology might lag in 

achieving its market share because of such market diffusion 

factors as risk aversion among potential customers, and 

delays in developing manfacturing capacity. 

Onca we had determined market shares, we estimated the 

actual size of each market segment (in Btu/yr of consump­

tion). First, we determined the size of the new market 
(the net addition to total steam demand for the period). 
Then we determined the size of the retrofit and replacement 
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markets, taking into account that an early retirement in 

the retrofit market would reduce the later replacement 

market. Finally, we calculated the expected installations, 

aggregated by application, technology, and region. 

In the following sections, we present our market develop­

ment results by application, technology, and reqion. 

Because these results depend partly on projected costs for 

technologies that have not yet been commercialized, care 

must be 'taken in interpreting and applying them. 

MARKET DEVELOPMENT BY APPLICATION 

Exhibit 3.a shows expected market development, for both 

cogenerating and noncogenerating technologies, by applica­

tion: new,, retrofit, and replace~ent. The new market 

represents' sales to MFBis of boilers to meet expanding 

steam demand. The replacement market represents boilers 

that have reached the end of their useful economic life 

and must be replaced. The retrofit market represents gas 

and oil b<?ilers that are retired before the end of. their 

economic life because of the cost savings available through 

coal use. 

Overall, the market for these systems is expected to decline 

gradually between now and the year 2000, primarily re.,.. 

fleeting a decline in the growth rate of overall industr.ial 

steam requirements (as projected by EIA' s MEFS .:model) • 

This slower ·srowth is the result of real increases in · 
. . 

~nergy prices as well as co~servation investments, which 

.result in lower net steam qeman<'i per unit of output~ In 

addition, the discretionary retrofit of existing oil and 
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PROJECTED MARKET DEVELOPMENT 3. 5 

gas boilers to coal results in their not being available 

for ·replacement, in sub'sequent years, thus shifting the 
, I . 

sales of these ~ystems :to earlier years. 

MARKET DEVELOPMENT BY TECHNOLOGY 

Exhibit 3. b shows the expected market development by tech­

nology. This assessment is based purely on the relative 

economic performance of the syatem options, and does not 
include the effects of the attitudinal factors identified 

in our discussion• with industrial decision-mak~rs. (The 

impacts of these factors are examined in the next chapter.) 

The market shares of the AFB and lime spray dryer systems 

incr~ase over this period, whlle those of the conventional 

sodium, lime/lime~tone, and dual-alkali systems decrease. 

This difference i~ attributable to the "diffusion" period 

required for new ~echnologies to gain market acceptance, 

and to the overall·superior economjc performance e~hibited 

by the AFB and sp~ay dryer system~. This is illustrated 

more clearly in Ex~ibit 3.~, where'the AFB and lim~ spr~y 
dryer technologies: increase from about 15 percent to over 

* 60 percent of the market. _ 

The dual-alkali s~stem market share is~lower than might 

be expected, since its costs and performances are very 

*The low-Btu gasifiers are not shown because their pro­
jected market penetration for steam boiler applications 
is negligible (less than 0.1 percent) due to high capi~al 
costs and low overall net efficiency. There may be a siq­
nifi6antly.greater .~arket for these. systems in process 
heat or chemical feedstock (medium-Btu), applications, 
which were beyond the scope of this study; 
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Expected Market Development: Technology Market Shares* 
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similar to those o"f the limeilimestone systems.·, This 

occurs because we assumed that dual-alkali systems would 

be applicable only to high-sulfur bituminous coal. Since 

EIA pr6jects that over 60 percent of the new MFBI coal use 
. . . . . 

between 1985 and 1995 will be low-sulfur subbi tuminous 

coal, these systems will be closed out of a significant 

portion of the market. 

Exhibit 3.d shows the technology market shares for two 

regions, the predominantly low-sulfur subbituminous coal 

Southwest and the predominantly high-sulfur bi tminous coal 

Midwest. These shares are shown tor the year 199 5, to 

illustrate the economic market share for . the competing 

technologies once the AFBs and lime spray dryer systems 

are fully diffused. 

For the subbi tuminous coal reg ions, AFBs dominate the· 
'· 

market, with over 50 percent of the total. Lime spray 

dryers are next, with about 21 percent, and lime/limestone 

and sodium systems each have about 15 percent. In the 

bituminous high-sulfur regions, the AFB system has only 

24 percent of the market, the lime spray dryer has 28 per­

cent, and the dual-alkali and lime/limestone systems each 

have about 20 percent. The sodium throwaway system is the 

poorest performer, with about 7 percent of this market 

sector. 

Exhibit 3.e shows the technoloqy market shares by size 

range. Based on the cost estirnates developed by ORNI., 

AFBs will dominate the larger size ranges (over 250 

mmBtu/hr), while the lime spray drver system will dominate 

the 100-250 mmBtu/hr. This is contrary to the expectations 

of our industrial interviewees, who felt that the FGD 
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Exhibit 3.d 

'l'echnology Market Shares ByCoal Type* (percent) 

Region** (coal type) 

Boiler Only 

AFB 

Lime Spray Dryer FGD 
Lime/lim~stone FGD 
Dual-alkali FGD 
Sodium FGD 

Boiler/Steam Turbine 

AFB 
Lime Spray Dryer FGD 
Lime/Limestone FGD 
Dual-alkali FGD 
Sodium FGD 

*Market Shares for 1995. 

Southwest 
(Subbitciminous low sulfur) 

34 
14 
10 

11 

18 
7' 

.5 

5 

** . . Numbers may not add due to rounding. 

55 

Midwest 
(Bituminous High sulfur) 

16 
20 
15 
14 

5 

8 
8 
6 
6 
2 



Exhibit 3.e 

~echnology Market Shares By Size Range* (percent) 

Size Range lmmBtu/hr) 

100-250 . 251-500 501+ 

r 

Technology ** 

AFB 23 45 51 

Lime Spray Dryer FGD 31 20 18 

LlJi1e/L.i.me::; Luue !'GD 21 .16 14 

Dual-Alkali FGD 12 9 7 

Sodium FGD 14 10 9 

*For 1995 
**Includes both boiler only and boiler/steam turpine configurations 
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PRQJECIED MARISET DEVELOPMENT 3. 11 

systems would be more competitive in the larger sizes while 

the AFBs would dominate the smaller sizes. 

Exhibit 3.f shows the cumulative market development for 

industrial MFBis. By the year 2000, approximately 90 per­

cent of the total MFBI capacity will be coal-fired. The 

majority of these installations will use some type of FGD, 

largely because the AFB systems will require time to be 

widely accepted. 

MARKET DEVELOPMENT BY REGION 

Exhibit 3 .g shows projected the market development for 

coal-fired MFBI installation~ by region from 1980 to 2000. 

Texas and Louisiana in the Southwest are expected to 

dominate, with 43 percent of installations. Over 75 percent 

of all installations will be located in three reg ions: 

the Southwest, the South Atlantic, and the Midwest. 
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E Khibit J.f 

Expected Market Development: Cumulative Installations 

5000 

4000 

Annual MFBI 
Fuel Consumption 
1012Btu/yr 

V1 
co 

3000 

2000 

1000 

Total Fuel Consum,::lion Subject to FUA 

............... ----______ ........... -------
Existing f\atual Gas/Residual: Oil/Distillate 

1982 1984 1988 1990 

---------

1992 1994 

Year 

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

1996 1998 

------· 

2000 

Sodium/Steam Turbine 
Dual Alkali/Steam Turbine 

2002 



North Central 
(2.396) 

Exhibit 3.g 

Base Case Market Development: Region (1982-2000) 

Southwest 
(43.2) 

Midwest 
(14.4) 

South. Atlantic 
(18.0) 

York/New Jersey (.3.2%) 

New England (3.1) 
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4 SENSITtyiTY ANALYSES 

We evaluated the sensitivity of our "base case" market 

scenario to three factors: no promulgation of industrial 
NSPS, repeal of FUA, and atttiudinal decision factors on 

the part of the industrial decision-makers. Exhibit 4.a 
summarizes the characteristics of tHe base case and the 

three sensitivity scenario•· 

Exhibits 4 .b and 4. c compare the. estimated sales for coal­

burning technologies under the base case and three sensi­
tivity scenarios.- The total market size varies from 3,385 
x 1012 mmBtu/yr to 4,003 x. 10A2 mmBtu/hr, depending on the 

regulatory assumptions used. Scenario A, which includes 

a strict application of FUA and more lenient application 
of environmental regulations, probably represents the maxi­

mum realizable coal use under the postulated world oil 

price scenario: Scenario B, with no FUA, represents th~ 

minimum expected coal use. In these two scenarios, coal 
will represent from 78 to 91 percent .of total MFBI fue'l 

con~umption. Tbe distribution of techh~logies in Scenario 
C (which incorporates attitudinal factors) represents our 

best estimate ·of what the expected mix of SOx control. 
technologi~s ~ill be, with AFBs and lime spray dryer FGD~ 

rep~esenting over 73 pereent of the market over the entire 

peribd 1982-2061. 

~- . 
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Exhibit 4.a 

Sensitivity Scenarios 

Scenario 

Base Case 

~ ... - No NSPS 

B - No NSPS, No FUA 

C• Attitudinal 

Environmental 
Regulations 

NSPS 

SIPs 

SIPs 

NSPS 

62 

Fuel 
Choice 
Regulations 

FUA enforced 

FUA enforced 

No FUA 

FUA enforced 

Decision 
Factors 

economic 

economic 

economic 

economic/attitudinal 



Exhibit 4.b 

. Total Market Projections For Coal Technologies 1982- 2001 

0'1 
w 

Annual 
MFBI 
Consumption 
(1012 Btu/yrl 

5000 

4000 

3000 

2000 -

1000 -

Sodium"FGO 

Dual Alkali 
FGD 

lime/ 
limestone 
FGD 

lime Spray Dryer 

FGD 

AFB 

Base Case 

Coal Boiler 
NoFGD 

Sodium 

Dual Alkali 

lime/ 
limestone 

Lime Spray Dryer 

AFB 

Scenario A 
(No NSPS) 

-

Coal Boiler 
No FGD 

Sodium 

Dual Alkali 

lime/ 
limestone 

-
lime Spray Dryer 

AFB 

Scenario B 
(No NSPS/No FUA) 

.. 

Sodium 

Dual Alkali 

Lime/ 
Limestone 

Lime Spray Dryer 

AFB 

Scenario C 
(Attitudinal I 



Annual 
MFBI 
Consumption 
(10 12 Btu/yr) 

Exhiblt4.c 

Expected Market Development: Various Scenarios 

5,000 

4,000 

3,000 -
2,000 

1,000 

0 
19~2 

fUP.. ---.,.,b\ec:'- to - - . 
t\01\.... -- . 

con~>u"'P - - . 
'fu•' -

"{ota --------

Existing Coal Fired MFBI,s 11980) 

1934 1988 1990 . 1992 

--
\ -------

1994 1996 1998 

----

2000 

--
No NSPS 

Base Case 
Attitudinal 

No NSPS/ 
NoFUA 
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SENSIIIY~T~ AN¥YSES 4' 5 

SCEN~RIO A - NO NSPS 

Our first sensitivity scenario evaluated the impact of not 

~aving federal industrial NSPS; an~ thus of leaving the 

environmental control requirements for sox up to the indi~ 

vidual states throu9h their SIPs. EPA has indicated that 

industrial NSPS with SOx emission levels will probably not 

be promulga~ed. Thus, SOx will be governed.by the SIPs. 

At present~ none of the SIPs have scrubbing requirements, 

so in many cases it is possible to meet these requirements 

by using low-sulfur "compliance" coal. 

To evaluate this factor, we evaluated the SIPs in each 

region, the coal types available in each region, and .the 

sox of ·rtonattainment areai i~·each st~te. These d~ta are 

described in Appendices A and D. Exhibit 4.d summarizes 

the results for the 10 DOE regions. For each region, the 

average allowable MFBI SOx emission level is indicated, 

which equals the state levels weighted by their industrial 
. . 

energy use. Also, the least expensive medium-or high-

sulfur coal was chosen, which usually requires scrubbing, 

and the least expensive low sulfur coal. If the delivered 

cost of the low-sulfur coal was $2/mmBtu more than the 

delivered cost of the high-sulfur coal, it was assumed not 

to be economically competitive and was dropped from con­

sideration. This occurred in the New England, Mid Atlantic, 

and Midwest regions. For all practical purposes, three 

other regions had only low or me~ium sulfur subbituminous 

coals available: North Central, West, and Northwest. 

Thus, there was meaningful competition between low-sulfur 

compliance coals and high-sulfur coals requiring scrubbin9 

in only four regions: New York/New Jersey, South. Atlantic, 

Southwest, and Central • 

. Hagler, Bailly & Corppany 65 



· .. f ~·:. 0 0 N 

Exhibit 4.d 

SIP Requirements 

Economically Available 
Weighted Coal Types 
so2 MFBI 

Emission Level Sulfur Control 
DOE Region (lb so2/nunBtu) Content Rank Required? 

T ~P.w England , . , Hiqh Bituminous Yes 

II New York/New Jersey 2.3 ~igh Bi tumi.nous Yes 

Low ni~uminous ~n 

III Mi.n-A tlant.ic 1.2* High Bituminous Yes 

IV South Atlantic 2.0 Medium Bituminous Yes 

Low Bitwninous No 

V Midwest 2.1 Hig~ Bituminous Yes 

VI Southwest 2.8 Low Subbituminous No 

Medium Bituminous Yes 

VII Central 2.3 High ~edium Bituminous Yes 

Low Subbitumlnous No 

VIII North Central 1.6 ·Low Subbituminous No 

IX West o.a "Low Subbi t.uminous Yes 

X Northwest 2.0 Medium Subbituminous No 

*Not including Pennsylvania, where discussions with state firms indicate that scrubhirig is 
required in most areas~ 

.: . 

r. 
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SENSITtyiTY ANA&YSES 4. 7 

Exhibit 4.e compares the market penetrations for competing 

systems, including a coal boiler with no controls. ~he 

uncontrolled coal boiler using compliance coal.captures 

about 15 perc~ht·of the market, nationwide.* In addiiion, 
the overall market size for coal equipment is about 4 per­

cent larger over the petiod 1982-2001 (4,004 x 1012 Btu/yr 

in th~ sensitivity scenario ~s. 3,859 x 1012 Btu/yr in the 

base case). This is the result of a 30 percent inctease 

in the size of·the discretionary retrofit market (to 1,108 

x 1012 Btu/yr ·from 855 x 1012 Btu/yr) over the period. 

This increase· is the result of the availablity of a cheaper 

coal boiler option that can use complfance coal and requres 

no FGD. Be~a~se of the·dynamic interaction between the 

retrofit and replacement· markets, however, ·the size of the 

replacement market in later y~ars is reduced by these dis­

cretion~ry ret~ofits, a~d -~~e net additional coal use is 

only 57 percent of the·apparent increase in the retrofit 
market .. size. 

Exhibit 4~f shows the market shares of the uncontrolled 

coal boiler using compliance coal in each region. Its 

attractiveness is reqionally specific, with the South At­

lantic region having the largest number of these systems. 

*The mark&~ penetration percentage of the dual-alkali FGD 
system also increases. In this sensitivity scenario, high­
sulfur coals were allowed to compete in the Southwest, 
while in the base case only low-sulfur coals were allowed 
to compete there. Because the dual-alkali FGD works only 
on hiqh-sulfur coals; this in effect increased that 
system~s potential market. 

Hagler, Bailly & Company 67 



~tf.~Gt of NSPS qn 
T~chno~Q9¥ Mar~~t Penetr~t~on 

eoal Qoil~r, oq S02 control 

A-VB 

~ime ~P~~Y qryer FGD 
4ime/limesto~~ FGP 

nua3..-a.l.~~H F® 

Sodillm fGP 

*Fqr the pertqq 19a1~4000. 

Ba~e C~se; 

NSJ;»S S,02 l,imit,s 
. ** .. er:_omqlg~~eci .. 

3Q.4 

1,~~2 

23.1, 

l,2.Q 

!~.2 

**w~th a perGentage ~edYPtiGn requi~emeo~. 
*~*Incluoes both boi!e~ only ang PQi].e~/s.t.e~ turbine ~Ystems. 
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S!P S02 limits 
(1,; NSPS) 

15.3 

2~.a 

.1,6.7 

~Q.l 

3.7 ~ 3 

7.9 



Exnibit 4,f 

Market Share of Compliance Coal Boiler 

Region 

southwest 

south Atlantic 

Midwest 

Mid-Atlantic 

Northwest 

West 

Central 

New York/New Jersey 

New England 

North Central 

Fraction of 
National Market 

... in . Reg ion .. 

0.432 

0.180 

0.144 

0.045 

0.045 

0.043 

0.041 

0.032 

0.031 

0.828 

69 

Percentage of 
Market Captured bv 

compli.ahce Co~l. 8oi:l;et 

8 

46 

35 

6 

46 

33 



4.10 

SCENARIO B: NO NSPS, NO FUA 

The second sensitivity scenario we investigated was elimi­

nation of the FUA restrictions on industrial MFBI gas and 

oil use. This allows the industrial decision-maker to 

make the most economic choice. 

Exhibit 4.g summarizes the overall national market shares 

of each technology over the 1982-2001 period. Because of 

their continually ~scalating prices, gas and oil ~iil cap­

ture only 15.4 percent of the MFBI mark~t betweeri riow and· 

2001. This distribut:ion is highly time--dt:!ptmu~nL, however. 

In the 1982-1983 perio~, g~s and oil systems capture 29.2 

percent of the MFBI market; . in 2000-2001, they· capture 

only 6 percent of the market~ 

The distribution is also very regionally dependent. Ex-
, . . . 

hibit 4.h shows the na~ural gas and residual oil share of 

new boiler installations for the 10 DOE .regions. Bas~d 

on the EIA projections, market shares of these noncoal 

technologies will range from 5 percent to over 60 percent 

in the J982-2001 period. 

SCENARIO C: ATTITUDINAL FACTORS 

The final scenario we investigated was the effect of atti­

tudinal factors on the part of industrial decision-makers 

in addi~ion to the economic factors. Our interviews with 

industrial decision-makers indicated that noneconomic 

factors entered stongly into their decisions. In par-

ticular, they were strongly opposed to any system, such 

as the lime/limestone FGD, that produced a sludge. One 
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:Exhiit 4.g 

Comparison of Technology 
Market Penetration Estimates: 
No FUA, No NSPS 

Technology* 

Coal boiler, no FGD 

AFB 

Lime spray drye~ FGD 

Lime/limestone FGD 

Dual-alkali FGD 

Sodium FGD 

Residual oil boiler 

Natural gas boiler 

Base Case 
Market Share 

(percent) 

30.4 

19.2 

23.1 
' 

12.0 

15.2 

*Includes both boiier only and boiler/steam turbine systems. 

- . 

71 

No FUA, No NSPS 
Market Share 

(percent) 

l2.7 

20.2 

14.7 

16.3 

14.5 

6.1 

3.8 

11.6 



Exhibit 4.h 

Regibnal Oil ann Gas MFBI 
Market Penetration: 
No FtJA 

~egiori 

Southwest 

South Atlantic 

Midwest 

Mid-Atlantic 

Northwest 

West 

Central 

New York/New Jersey 

New England 

North Central 

National 

*For new boilers. 

Fraction of 
National Market 

in Regio!l_ 

0.432 

0.180 

0.144 

0.045 

0.045 

0.043 

0.041 

0.032 

0.031 

0.028 

72 

Oil ann Gas 
MFBI Market Share* (percent) 

1982-83 2000-01 1982-2001 

31.5 5.1 16.4 

14.2 2.5 7.4 

30.9 2.7 9.2 

23.4 2.0 7.7 

89.4 37·.1 61.1 

82.S 19.3 43.7 

14.8 1:s 5.0 

16.2 2.4 7.7 

34.3 3.9 15.8 

28.0 1.7 10.9 

i9.::l 6,.0 15.4 



SENSITIVITY ANALYSES 4.13 

intervi~wee ~ho has operated dUal-alkali §ystems for 

several year~ is so dissatisfi~d because of the associated 

problems (e.g., finding safe disposal sites, haVing the 

equipment operate reliably, maintaining site cl~anliness) 

that he is seriously considering replacing them with AFB 
. ~ . 

systems having a dry waste. 

Although our data base is not large_ enough to quantify 

these factors in a statistically rigorous manner, we can 

approximate the effects of these attitudinal factors using 

information supplied by our interviews with industrial de­

cision-makers to weight the economic market share estimates 

provided in the model.* To do thi~, a set of judgment~ 

must be made on what the relative market shares of the 

competing technologies would be if the lifecycle costs 

were exactly the same. This is done by arbitrarily 

assigning a wetghting factor of 1. 0 to the least attractive 

technology, comparing it to the next least attractive tech­

nology, estlmating their relative market shares, and set­

ting the relative weighting factor proportional to these 

market shares. Thi~ process is continued until all tech­

nologies have been assigned relative weighting factors 

that are proportional to their relative market shares. 

Exhibit 4.i illustrates the effect of this factor on the 

relative market shares of two competing technologies for 

various sets of weiqhting factors. 

In this study, we arrived at the relative weighting factors 

through the following process. First, based on our 

*A detailed description of the mathematics involved is 
provided in The Ener~v-Economv Interaction Model and is 
summarized in- Appehdlx C. 
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Exhibit 4.i 

·Effect of Judgmental Weighting hctors on Market Shares 

Ma~ket Share 
of Technology "1 

Weighting IT1 :T2) = 1:1 

~ .............. ____ ,. . .. ~-.... , 
•• * ... · / •• • 

.. ······ ,/ 
. I 
~ . 

:· I 

Weighting (Technolog.,- 1: Technology 2) = 4:1 

~ 

• • .:· I 
: . 

I I : . 
. : I 
• • • • • 

• • I Weighting (Tl :T2) = 1:10 
• • • 

I 

•• •• •• •• •• ..... 

1.4 

• • • . 
·­• • 

•••• •••• 
•• •• •• 

m.2 

Rati[) of Life Cycl2 Costs 

1.0 

( 
LCC of Tecnnology•l) 
LCC of Tochnologv"2 

• 
I 

• 
I 
• 

I 

0.8 0.6 



SENSITIVITY ANALYSES 4.15 

discussions with industrial decision-makers, the least at­

tractive so2 control technology is the sodium FGD system. 
This is because it requires large settling ponds in dry 

climates or extensive waste treatment facilities. While 

the system may be f·easible in. some applications having 

alkaline waste streams or that can use the effluent (such 

as certain chemical processes or in the pulp and paper 
' . 

industry), these situations appear limited~ Finally, our 

interviewees expressed concern. that the wastes may be 
declared hazardous, in which case ~hey will be extremely 
expensive to dispose of. This system is given a weighting 

of 1. 

The next least attractive system is the lime/limestone 
FGD. Our interviewees were ~tremely adverse to handling 

the sludges generated by this system, and the system has 

a bad reputation in industrial-size applications. However, 

there is much more experience.with these systems than with 
sodium systems in various regions of the country based on 

their utility applications. ·Therefore, these systems are 

given a relative weighting of 2. 

The dual-alkali systems are very similar to the lime/lime­

stone systems because they have a sludge waste. However, 

they do not have the scaling and plugging ~roblems of the 
lime/limestone systems and thus are perceived as much more 
acceptable in industrial applications. These are given a 

weighting of 4. 

Lime spray ·dryer FGD systems have a dry waste that can be 

handled similarly to normal ash wast~s, thus eliminating 

the major drawbacks of the other FGD systems. These systems 

are therefore given a relative weighting of 8. 
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SENSITrVITY ANALYSES 4. 16 

AFB systems aiso have a dry waste, and ih addition have 

several advantages over the lime spray dryer FGD. Specifi­
cally, they are a more compact unit; are simpler to operate, 

and can handle a wider variety of fuels than a coai boiler 

with an FGD. These are therefore given a relative weiqht 

of 16. 

Although we do not have an uncontrolled coal boiler in 

this scenario (because we are assumin9 a federal NSPS with 

a percentage reduction requirement) , such a boiler would 
have a weighting similar to the AFB, since it has a dry 

waste. Howeve·r, these boilers generally cannot handl.e the 

variety of fuels that an AFB can, and thus will be ·slightly 

less attractive, with a weight in the range of 12 to 15. 

Oil boilers do not require the extensive coal and waste­

hand! ing facilities that the coal systems require, are 

more compact, are easier to operate, and can generally 

operate more flexibly with quicker response to fluctuating 

loads and better turndown ratios. However, there is concern 

about the reliability of supply and stability of price of 
this fuel in regions such as New England that rely heavily 

on imports. This system is given a relative weighting of 18. 

Finally, natural gas is the most attractive fuel, since 

it does not require extensive emission controls and is 

similar to oil in its operating flexibility. There i.s 

some concern about its availability, but this concern is 
waning with price decontrol and the potential repeal of 

certain regulatory barriers to its use such as the Natural 

Gas Policy Act. This system was given a weighting of·20. 
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SENSITIVITY ANALYSES 4.l7 

Gasi!iers nave a v~~Y low relative weighting, 0.5 or less. 

This ts becaus~ they (1) have byproducts (tars and oils) 

that are difficult to handle, (2) are highly sensitive to 

tne type of coal, thus reducing the user'$ flexibility in 

supply sources, and ( 3) are complicated to install and 

operate. These factors further reduce a very small economic 

market share to a negli9ib~e one. 

These attitudinal factors will affect the market projec­

tions in two ways. First, the relative market shares of 

the technologies are changed. Exhibit 4.j illustrates the 

changes_for high-sulfur and low-sulfur coal regions (the 

Southwest and South Atlantic) in the year 2000, when dis­

tortions caused by the need for new technologies such as 

AFBs and lime spray dryer FGDs to become accepted and fully 

diffused into the marketplace have disappeared. The esti~ 

mated sales of the AFB and lime spray dryer FGD systems 

i_ncrea_s~ by .30 to 40 percent over that es~im,..~t~d '?Y . a 

purely economic comparison. The sales of the lime/lime­

stone and sodium throwawav FGD technologies are reduced 

by 60 to 80 percent, with the estimated sales of the dual­

alkali system down only about 15 percent. 

These attitudinal factors will also affect the size of the 

projected market, as shown in Exhibit 4. k. While the 

overall si~e of the new market is unaffected by these atti­

tudinal factors, the discretionary retrofit market is re­

duced by-approximately 20 percent: industrial firms will 

prefer to retain their oil and ga~ burners rather than 

convert to coal even when coal conversion meets their ROI 

requirements. About a third of these lost discretionary 

conversions will be picked up in later years when worn­

out oil/gas boilers are replaced with coal units: thus, 
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Exhibit4.j 

Impact of Attitudinal F,actors on Expected Market 
Shares* 

•o Southwest Region (Low-Sulfur Subbituminous Coal) 

Market Share (percent) 

Technology· 

Sodium FGD 
Lime/Limestone FGD 
Lime Spray Dryer FGD 
AFB 

Economic 

Hi.O 
14.8 
20.8 
48.3 

o South Atlantic Region (High-Sulfur Bituminous Coal) 

Economic/Attitudinal 

3.2 
5.8 

.24. 5 
66.5 

Market Share (percent) 

• 

Technology 

Sodium FGD 
Dual Alkali FGD 
Lime/Limestone FGD 
Lime Spray Dryer FGD 
AFB 

Economic 

7 •. 9 
19.3 
20.6 
28.1 
24.2 

Market share estimates for the year 2000 
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Economic/Attitudinal 

1.7 
t6.3 
8.7 

35.9 
37.4 



Exhibit 4.k 

Impact of Attitudinal Factors on Market Application* 

Application 'Economic Economic/Judgmental 
Market Size Market Size 
(lol2 Btu/yr) (1012 Btu/yr) 

New 1,608 1,608 
Retrofit 855 677 
Replacement 1,396 1,457 

Total 3,859 3~742 

*For the entire period 1982-2001 
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SENSITIVITY ANALYSES 4. 20 

the effect on the overall market size is small, with a net 

~eduction of about 3 percent. 
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Appendix A sTATE so2 REGULATIONs 

We reviewed the state SOx emission requirements for MFBI 

* systems of 100 rnmBtu or greater . These are summarized 

in Exhibit A .1, together with each state's 1979 industrial. 

energy consumption and an indication of whether portions 

of the state are not complying with the primary NAAQS so2 
standard**. (The MFBI emission limit shown is that for a 

100 mmBtu/hr fuel input boiler. Most states have the same 

limitation for all boilers over 100 mmBtu/hr.) 

* Sedman, C .B. "New Source Performance Standards for 
Industrial Boilers." Symposium on Flue Gas 
Desulfurization. Houston, Texas, October, 1980. 

**Environmental Protection Agency. Office of Air Quality 
Planning and Standards. Durham, N.C. 
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Exhibit A.l 

SIP SOx Regulations for 
New Coal-Fired Boilers 

*specifies "low sulfur" coal; ·this .limit is for 0.5. percent sulf.ur coal, 12,000 Btu/lb. 
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Exhibit 'A.l (contfnued) 

SIP SOx Regulations for 
New Coal-Fired Boilers 

Region 5 

Ohio 
Indiana 
Illinois 
Michigan 
Wisconsin 
Minnesota 

Region 6 

Louisiana 
Arkansas 
Oklahana 
Texas 
New Mexico 

Region 7 

Missouri* 
Kansas 
Iowa 
Neb~aska 

Region 8 

Colorado* 
Utah 
Wyoming 
South Dakota 
North Dakota 
Montana 

Total 
1979 Industrial 

Ener'gy Consumption 
( 109 mmBtu/yr) 

\. 

2,072 
1,396 
1,430 
1,052 

495 
529 

2,083 
371 
570 

4,642 
151 

't 

373 
'-\ 494 

426 
:1.98 

253 
\. 218 

264 
68 
94 

178 

MFBI Are Portions of 
Emission.Limit State Exceeding Primary 
( lb SOx/rmnBtu) SOx NAAQS Standard? 

1.00 Yes 
4.68 Yes 
1.80 Yes 
2.40 Yes 
2.38 Yes 
2.38 Yes 

~ient Regulations 
Ambient Regulations 

1.20 
3..00 

No Reguiation Yes 

~ ... 
·~ 

1.25 
Ns~Regulation 

s.oo Yes 
3.96 

1.25 
. ~ 1.58 Yes 

No Regulation 
3.00 
3.00 Yes 
1.00 

*standard is' 500 ppin# foi: 3' pe·tcent sulfur coal,.· 500.' pprir 502 in stack gas = 1. 25 lb 502/ 
rmnBtu fired. 
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Exhibit A.l (continued) 

SIP SOx Regulations for 
New Coal-Fired Boilers 

Region 9 

California* 
Arizona 
Nevada 
Hawaii 

Region 10 

Oregon 
Washington 
Idaho 
Alaska 

Total 
1979 Industrial 

Energ/ Consumption 
(10 mm/Btuar> -

1,639 
236 

75 
69 

290 
573 
135 
137 

MFBI 
Emission Limit 
( lb SOx/mmBtu) 

0.79 
0.80 
0.70 
3.17 

1.58 
2.50 
1.58 
1.25 

Are Portions of 
State Exceeding Primary 

SO~ NAAQS Standard? 

. ' 

Yes 
Yes 
Yes 

Yes 

* Standard is 200 lbfhr, 0.2 percent S02 by volWDe. 1.000 ppm, or o.s pAr~~nt st!lfur. 

SOURCE: Sedman, C.B., •:·· !'" Source Perfor111ance Standards for Industrial Boilers, • Symposium 
on P'lue Gas DeF "·i r lr:i:~tationr Houston, Texas; October, 1980. -. 

.. 
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Appendix B ESTIMATING COSTS AND PERFORMANCES 
FOR EMISSION CONTROL SYSTEMS 

A consistent set of capital cost, O&M costs, and per­

formances was developed by Foster Wheeler Development Corp­

oration (with minor modifications by ORNL) .* 

. Costs were developed ·for the following systems: 

• Stoker and pulverized coal boilers 

" • Sodium throwaway FGD 

• Lime/limestone FGD 

• Dual-alkali FGD 

• Lime spray dryer FGD, 

• AFB combustor 

• Low and medium-Btu on-site and central coal gas­

ifier 

• Residual oil boiler 

• Low- and medium-Btu gas boil~r. 
~ ~ 

Conceptual cost estimates were developed for each major 

subsystem of a refere-nce plant sized to provide 250 mmBtu/hr 

heat absorbed in the boiler. Exhibit B.l summarizes the 

general design conditions. 

*These systems and cost estimates are described in more 
detail i.n: A Comparative Assessment of Industrial Boiler 
Options Relative to Air Emission Regulations, Oak Ridge 
National Laboratory (in preparation), and Industrial Steam 
Supply Systems Characteristics Program: Phase I - Con­
ventional Boilers and Atmospheric Fluidized Bed Combustor: 
Phase II - Low- and Medium- Btu Gas Fired Boilers with 
Associated Gasification Plants, Foster Wheeler Development 
Corporation, August 1981 (FWDC No.9-41-8903). 
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EXhibit B.l 

Steam System Design Parameters 

Heat absorbed: 

Steam pressure: 

Steam temperature: 

Feedwater ~emperature: 

Feedwater makeupr 

Condensate return: 

Plant availability: 

Turndown ratio: 

86 

250 X 106 Btu/h 

650 lb/in2g 

7500F 

2500F 

so pereent 

50 perr:Pnt 

90 percent 

4.1 



Exhibit B.2 

Coal Properties 

Component/Property 

. Proximaie Analysis (~t%~ wet): 

Volatile matter 
Fixed carbon 
Ash 
Moisture 

.Ultimate Analysis (wt%, dry): 

Carbon 
Hydrogen 
Nitrogen 
Chlorine 
Sulfur 
Oxygen 

Ash Analvsis (wt%, dry): 

P2o5 
SiO 
Fe2o3 
AL203 
Ti02 
·cao 
MgO 
so3 
K20 
Na 2o 
Undetermined 

Higher Heating Value (Btu/ib) : 

As received 
Dry 

Ash Fusion Temperature 

(Reducing/oxidizing (Op) : 

Initial deformation 
Softening ~emperature: 

Spherical. 
Hemispherical 

Fluid 

Eastern High-Sulfur 
Bituminous Coal 

35.2 
43.2 
10.3 
11.3 

69.33 
4.30 
0.86 
0.04 
3.61 
9.64 

0.05 
45.73 
18.38 
19.40 
1.30 
5.50 
0.95 
6.63 
1.53 
0.02 
0.02 

11,026 
12,432 

1950/2270 

2l40/2380 
2160/2400 
2250/2500 

87 

Western Low-Sulfur 
Subbituminous Coal 

32.5 
30.7 

5.0 
31.8 

69.3 
5.2 
·o. 9 

0.5 
16.8 

28.8 
9.0 

13.0 
0.7 

25.0 
6.5 

18.0 
0.4 
l.2 

8,164 
11,970 

2140/2160 

2180/2190 
2200/2210 

.2280/2370 



ESTIMATING COSTS AND PERFORMANCES B.4 

Designs were developed for two reference coal types: · a 

high sulfur (3.6 percent) eastern bituminous, and a low­

sulfur (0. 5 percent) western subbi tuminous. These are 

representative of the major coal types available in the 

United States. Exhibit B.2 summarizes the coal 

characteristics. 

In addition to the cost estimates for the reference-sized 

system, scaling factors were developed for each cost com­

ponent to allow extrapolation of these costs to other siz~ 

systems. The cost of each component is given by the 

equation: C = A (S/Sr) b ··- · 

where: 

c = capital cost of component 

A = capital cost of reference system 

s = size of desired system 

Sr = size of reterence system 

B = component cost scaling factor. 

Detailed cost estimates were developed for the following 

component cost categories: 

• Site work 

• Boiler plant 

• Boiler support 

• Coal handling 

• General ~upport facilitieR 

• Indirect costs 

• Flue gas desulfurizer 
• Particulate removal. 
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ESTIMaTING COSTS AND PERFORMANCES B.S 
#! 

The total capital cost is the sum of these cost components. 

The indirect costs comprise field indirects and home office 

costs. Field indirects are 130 percent of indirect labor. 

Home office costs are 13.37 percent of the sum of field 

indirects and total direct costs. The cost estimates for 

FGD particulate removal systems include the indirect costs. 

Costs for conventional boiler, FGD, and particulate systems 
, include a 20 percent contingency allowance; costs for AFBs 

and gasifiers include a 25 percent contingency. 

·Exhibit B.3 summarizes these capital-cost equations forp 

this study. High-sulfur systems were assumed to have a 

90 percent sulfur removal requirement; low-sulfur, a 70 

percent sulfur removal requirement. High-sulfur stoker 
and pulverized coal systems (except for the lime spray 

dryer FGD) and oil boiler systems used _an electrostatic 

precipitator (ESP) for particulate removal: low-sulfur 

stoker and pulverized coal, lime spray dryer FGD, and AFB 

systems used baghouses. (The cost of the AFB baghouse is 

included in the AFB boiler support facility costs.) The 

exhibit also summarizes the relative efficiencies of the 
systems. It shows the gross efficiency (heat absorbed in 

boiler divided by fuel input) and. boiler house losses 

(fraction of heat absorbed needed for fans, etc.). The 

overall efficiency is the gross efeiciency times 1.0 minus 

bo~ler house losses. 

The nonfuel O&M costs are divided into a fixed and variable 

portion. The fixed portion does not change with plant 

operating factor; the variable portion is proportional to 

energy production. 
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Exhibit B.3 

Boiler and Emission Control ?echnology (ECT) C•pital Costs fo~ Systems Using High~Sulfur, Bituminous Coall 
(Millions of 19el dollars) 

Technology 

Stoker Syste.s 

No FGD 
Sodium 
Dual alkali 

~Lime/limestone 

C) Lime spray dryer 

Gross 
Efficiency 

0.845 
0.8~5 

0.8t5 
0.8-!>5 
0.8~,5 

Pulverized Coal Systems 

No FGD 
Sodiwn 
Dual alkali 
Lime/limestone 
Lime spray drye~ 

0.8~-7 

0.8~7 

0.8~7 

0 .• 8~7 
0.857 

AFB 0.859 

Gasifier2 0.621 

Low-Btu gas boiler 0.791 
Hedium-Btu·gas boiler 0.817 
Oil-fired boiler· 0.861 

Boiler 
P~ant 

Other 
Los£es C1 

0.107 
0.139 
O.H9 
O.U.9 
O.l•l1 

0.107 
O.l.U 
O.Hl 
O.Hl 
().117 

0.1-43 

O.Uti 

O.lCI7 
0 .1Co7 
0.107 

9.54 0.67 
9.54 0.67 
9.54 0.67 
9.5.; 0.67 
9.54 0.67 

l2.2E 
l2.26 
l2. 28 
l2.28 
U.28 

0.10 
0.10 
0.10 
0.10 
0.10 

L2.00 0.62 

26.63 0.81 

7.20 0.63 
6.08 0.63 
6.40 0.63 

Site l':ork 

0.16 
0.16 
0.16 
0.16 
o .. )E. 

0. 36 
0. 36 
0. 36 
0. 36 
o. 36 

0.60 
•1.60 
0.60 
1).60 
0.60 

1.6~ 

0.60 
1;60 
0.60 
1.60 

0.38 11.60 

0.(10 1.00 

0.(19 11.60 
O.Co9 0.60 
0.18 ID.60 

Boiler 
Support 

cs 

1.60 
1.60 
1.60 
1.60 
1.60 

1.60 
1.60 
1.60 
1.60 
1.60 

0.38 
0.38 
0.38 
0.38 
0.38 

0.38 
0.38 
0.38 
0.38 
0.38 

5.84 0.39 

4.54 0.70 

0.11 0.60 
0.11 0.60 
0.31 0.60 

General 
Facilities 

0.65 
0.65 
~.65 
0.65 
0.65 

0.65 
0.65 

.... ·o·:65 
0.65 
0.65 

C9 

0.61 
0.61 
0.61 
0.61 
0.61 

0.61 
0.61 o·:6f ..... 
0.61 
0.61 

0.68 0.61 

6.68 0.45 

0.51 0.62 
0.51 0.62 
0.59 0.66 

luigh sulfur = 3.5 percent eulfur. c 
Turnkey capital cost = C1H 2 + C)H 4 •· C5"::6 + c 7Mc8 + c 9HC1o + c 11,f12 + c

13
Hcl4 + c

15
Hcl6 

H =ratio of gr:>ss steam r-equire-ments= (S/SR). 
Sulfur removal = 90 percent. 

Coal 
Handling 

Cg 

5.36 
5.36 
5.36 
5.36 
5. 36 

5.36 
5.36 
5:·16 
5.36 
5.36 

0.53 
0.53 
0.53 
0.53 
0.53 

0.53 
0.53 

"0'.5) 
0.53 
0.53 

5.36 0.51 

7.23 0.75 

0.00 0.00 
0.00 0.00 
0.00 0.00 

2Total gasifier :3ystem capitaJ cc-st is comp.1ted by adding gasifier C05t and low-Btu gas boiler c•pital costs. 

Indirect 
Costs 

6.11 0.65 
6.11 0.65 
6.11 0.65 
6.11 -0.65 
6.11 0.65 

FGD Costs 

cn cu 

0.00 
9.11 
4.09 
3.41 
3.34 

0.00 
0.66 
0.66 
0.66 
0.66 

Particulate 
Control 

2.11 
2.11 
2.11 
2.11 
3.08 

0.60 
0.60 
0.60 
0.60 
0.60 

7.38 0.69 0.00 0.00 1.97 0.60 
1.38 0.69 9.71 0.66 1.97 0.60 
7. 38 .. o·.o9- ·-.. -·l·:·o·g-o-:o6·--·---l~O .60 

7.38 0.69 3.41 0.66 1.97 0.60 
7.38 0.69 3.34 0.66 3.08 0.60 

8.49 0.58 

15.13 0.74 

3.88 0.63 
3.34 0.63 
3.85 0.62 

0.00 0.00 

0.00 0.00 

0.00 0.00 
0.00 0.00 
0.00 0.00 

0.00 

0.00 

0.00 
0.00 
1.61 

0.00 

0.00 

0.00 
0.00 
0.60 



Exhibit B.3 

Boller and Emission Control Technology (ECT) Capital Costs for Systems Using Low-Sulfur, Subbituminous Coall 
(HHlions of 1981 dollars) 

Boiler Boiler General Coal Indirect. Particulate 
Plant Site Work Su[!~rt Pacil i ties · Handling Costs FGD Costs Control 

Gross Other 
Technol~l Efficiencl Losses cl c2 C] c. cs Cfi C] ca Cg CJo C)) CJ2 CJ3 cu CJs C16 

Stoker .syste~a~~ 

No FGD 0.798 0.107 ll.67 0.67 0.36 0.60 1.52 0.38 0.65 0.61 6.39 '0.53 6.97 0.65 0.00 0.00 3.08 0.60 
So.:iium 0.798 0.143 11.67 0.67 ·0.36 0.60 1. 52 0.38 G.65 0.61 6.39 0.53 6.97 0.65 2.42 0.66 3.08 0.60 
Dual alkali 0.798 0.143 11.67 0.67 0.36 0.60 1. 52 0.38 0.65 0.61 6.39 0.53 6.97 0.65 0.66 3.08 0.60 

~ Lime/limestone 0.798 0.143 11.67 0.67 0.36 0.60 1.52 0.38. 0.65 0.61 6.39 0.53 6.97 0.65 2.87 0.66 3.08 0.60 
Lime spray dryer 0.798 0.107 11.67 0.67 0.36 0.60 1.52' 0.38 0.65 0.61 6.39 0.53 6.9.7 . 0.65 2 •. 68 0.66 3.08 0.60 

Pulvedzed Coal Syate~a~~ 

No FGD 0.808 0.107 1~.37 0.70 0.36 0.60 1.52 0.38 . 0.65 0.61 6.39 0.53 8.82 0.69 . o.oo 0.00 3.22 0.60 
so.:fium 0.808 0.147 1~·.37 0.70 0.36 0.60 1. 52 0.38 0.65 0.61 6.39 0.53 8.82 0.69 2.42 0.66 3.22 0.60 
Lime/limestone 0.1808 0.147 15.37 0.70 0.36 . 0.60 1.52 0.38 0.65 0.61 6.39 0.53 8.82 0.69 2.87 0.66 3.22 0.60 
Lime spray dryer 0.1808 0.107 15.37 0.70 0.36 0.60 1.52 0.38 0.65 0.61 6.39 0.53 8.82 0.69 2.68 O.li6 3.22 0.60 

AFB 0.828 0.145 12.00 0.62 0.38 0.60 4.41 0.39. 0.68 0.61 6.39· 0;53 8.01 0.58 0.00 0.00 0.00 0.00 

Gasifier 2 0.635 0.147 22.51 0.75 0.00 0.00 4.71 0.68 5.57 0.15 8.36 0.75 13.56 0.69 ·o.oo 0.00 0.00 0.00 

Low-Btu gas boiler 0.791 0.107 7.20 0.63 0.09 0.60 0.11 0.60 0.51 0.62 0.00 0.00 3.88 .0.63 o.oo .o.oo 0.00 0.00 
Medium-Btu gas boiler 0.1837 0.107 6.08 0.63 0.09• 0.60 0.11 0.60 0.51 0.62 0~00 0.00 3.34 0.63 0.00 ·0.00 0.00 ·0.00 
Oil-fired· boiler 0.861 0.107 6.40 0.63 0.18 0.60 o.·n 0.60 !).59 0.66 o.oo 0.00 3.85 0.62 0.00 0.00 0.00 0.00 

lLow sulfur = 0.6 percent sulfur. 
Turnkey capital .cost = c1MF2 + c 3MF4 + c 5HF6 + c 7MF8 + cgMFlo + cll"cl2 + CuHC14 + cl5"cl6. 

-H = ratio of .gross steam.requirements ~ (S/SRl· 
Swlfur removal = 70 percent. 

2Total gasifier system capital cost is comp~ed by adding gasifier cost and low-Btu gas boiler capital costs. 



ESTIMATING COSTS AND PERFORMANCES B.8 

These costs are divided into six subcost categories: 

• Manpower 

• Electricity 

• Waste disposal 

• Maintenance 

• Water 

• Desulfurization 

• Coal handling 

• Particulate removal • 

The total O&M costs are determined by summing the individual 

subcost categories. The equations for these are summarized 

in Exhibit B.4. Exhibit B.5 summarizes the coefficients. 

Adjustments were made to these costs to develop costs for 

cogeneration systems using a conventional back-pressure 

steam turbine topping cycle, in which steam from the boiler 

is taken through the turbine and used to generate electri­

city. The turbine exhaust is then used for process • 

. The electric-to-thermal r.ati.o (E/T) nf the system was taken 

to be 0.11. The ov~rall efficiency loss is approximately 

5 percent greater than that of a conventional noncogen­

erating system. Since these systems typically require a 

higher pressure than conventional systems (850 psig/8250F 

compared with the 650 psig/7S00F used in the ORNL esti­

mates), the boiler capitai costs were increased by 2 

pereent*. 

*The variation of boiler capital costs with pressure and 
other factors is discussed in "Estimating Industrial Steam 
Costs," Coffin, B.D., Power, April 1979, pp. 106-111. 
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Exhibit B.4 

Nonfuel O&M Cost Equations 

Manpower = pl (F/FR)0.2 

Electricity. = p2 (F/FR)CCSF PJ (F/FR) (AU/AUR) (R/RR)P4 

Waste Disposal = Ps (F/FR) (AU/AUR) 

Maintenance = p6 (F/FR)CCSF 

Water = 0.0232 (F/FR) for boilers 

= P7 (F/FR) (AU/AUR) (R/RR)P8 

Desulfurization = Pg (F/FR) (AU/AUR) (R/Re)'PlO 

Particulate Removal = Pn (F /FR') 0 • 60 

Coal Handling = 0.143 (F/FR) lt.S3 for bituminous coal systems 

where: 

P1 - Pn = 
(F/FR) = 

(AU/AUR) = 

(R/~) = 

= 0.169 (F/FR)O.S3 
for subbituminous coal systems 

= 0.336 for bituminous gasifier 

= 0.388 for l'>IJhbj. tuminous t.Jasifier 

O&M cost parameters, Exhibit A.S. 
ratio of system net-steam-to-process to net-steam-to-process of 
reference system. 
ratio of annual utilization to reference annual utilization (AUR = 
1.0). 
ratio of desire~ removal efficiency to reference removal efficiency. 
RR = 0.90 for Eastern high-sulfur coal 

~ = 0.70 for Western low-sulfur coal. 

CCSF = capital cost scaling factor. 
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Exhibit 8.5 

Boller and ~halon Control Te=hnology Honftel O&M Costs for Systems Cslng High-Sulfur, Bituminous Coal 
(Millions of 1981 dollars) 

Particulate 
Man£!!:·Wer Electrlclt~ Waste Dis~sal Malntena~1ce Water Desulfurlzatlon Removal 

Capital Co3t 
.Technologi Scaling Factor PJ Pz P] Pt Ps Pfi Pz Pa Pg PJo PJJ 

Stoker SystBU 

No FGD 0.65 o. 7)5 0.049 0.014. o.oo 0.098 0.408 0.023 0.000 0.000 0.00 0.004 
Sodium 0.66 0.420 0.000 0.089 •).48 0.000 0.029 0.007 . 0.078 1. 200 1.00 .. 0.004 
Duai alkali 0.66 0.30 0.000 0.153 0.56 0.368 0.069 0.003 0.160 0.319 1.00 0.004 
Lime/limestone 0.66 0.4~l 0.000 0.184 0.56 0.453 0.054 0.003 0.190 0.217 ·1.00 0.004 
·Lime spray dryer 0.66 0.3(•9 0.000 0.204 0.90. 0.181 0.046 0.002 0.600 0.235 1.00 0.004 

Pulverized Coal S,&teiU 

No FGD 0.69 0.7E9 0.049 0.114 1.00 0.095 0.515 0.023 0.00 0.000 0.00 0.036 
Sodium 0.66 0.4;0 . 0.000 0.092 0.48 0.000 0.029 0.008 0. 77 0.204 1.00 0.036 

':g Dual alkali 0.66 0.347 . 0.000 0.161 1.56 0.368 0.069 0.003 0.12 0.319 1.00 0.{)36 
Lime/limestone 0.66 o.4a 0.000 0.190 1.56 0.453 0.054 0.003 0.06 0.217 1.00 .0. 036 
Lime spray dryer 0.66 0.3(9 0• .• 000 0.215 11.88 0.228" 0.046 0.002 o. 73 0.235 1.00 0.036 

AFB 0.58 0.911 0• .• 049 0.047 0.00 0.309 0.649 0.023 0.00 0.578 0.52 0.000 
Gasifier 0.74 1.596 0~192 1.309 0.00 0.182 1.403 0.184 0.48 -0.018 1.00 0.000 

Low-Btu gas boiler 0.63 0.487 o. 046 . 0.003' 0.00 0.000 0.226 0.023 o.oo 0.000 0.00 0.000 
Medium-Btu gas boiler 0.63 0.487 0.046 0.003 (1.00 0.000 0.039 0.023 0.00 0.000 0.00 0.000 

on boiler 0~62 0.487 0.046 0.003 ll.OO 0.000 0.242 0.023 0.00 0.000 0.00 0.000 

,, 



Exhibit B.5 

Boiler and Emission Control Technology Nonfuel O&M Costs for Systems Using Low-Sulfur, Subbituminous Coal 
(Millions of 1981 dollars) 

Particulate 
Man~wer Electr.icitJ! Waste Dis~sal Maintenance Water Desulfurization Removal 

Ca.pital Cost 
TechnologJ! Scalin!J Factor PJ p2 p"l p. Ps p6 pl Po Pg PJo pll pl2 

Stoker'Syst-s 

No FGD. 0.65 o. 735 0.049 0.021 o.oo .. 0.095 0.00 0.490 0.023 0.00 0·.000 0.00 0.074 
Sodbm 0.66 0.420 0.000 0.078 o. 73 0.000 0.00 0.025 0.003 0.30 0.139 1.00 0.074 
Lime/limestone 0.66 0.421 0.000 0.169 0.53 ·0.056 1.00 0.046 0.003 0.18 0.024 1.00 0.074 
Lime spray dryer 0.66 0.309 0.000 0.169 0.86. 0.041 0.30 0.043 0.002 0.64 0.023 1.00 0.074 

- -·---------- --- -·- ----·----:-~--·-·-~-~~-~--:--=:-·- --------·-- ----=··----·---~- ______ ...._ __________ 
Pulverized Coal Syst-s 

No FGD 0.69 0.789 o;o49 0.152 o.oo 0.084 0.00 0.643 0.023 0.00 0.000 0.00 0.077 
Sodium 0.66 0.420 0.000 0.092 o. 73 0.00 o.oo 0.025 0.003 0.28 0.139 1.00 0.077 
Lime/1 imestone 0.66 0.4.21 0.000 0.184 o·.53 0.056 1.00 0.046 0.003 0.06 0.024 1.00 0.077 
Lime spray dryer 0.66 0.309 0.000 0.202 0.87 0.069 0.17 0.043 0.002 o. 73 0.023 1.00 0.077 

~ AFB 0.58 0.911 0.049 0.045 0.00 0.087 0.00 0.490 0.023 0.00 0.053 0.52 0.000 
Gasifier 0.69 1.596 0.196 2.056 o.oo 0.133 0.00 1.288 0.086 0.11 -0.015 1.00 0.000 

Low-Btu gas boiler · 0.63 0.487 0.046 0.003 0.00 0.000 0.00 0.270 0.023 0.00 0.000 0.00 0.000 
Medium-Btu gas boiler 0.63 0;487 0.046 0.003 0.00 0.000 0.00 0. 226 0.023 0.00 0.000 0.00 0.000 

Oil boiler 0.62 0.487 0.046 0.003 o.o·o 0.000 0.00 0.242 0.023 0.00 0.000 0.00 0.000 



ESTIMATING COSTS AND PERFORMANCES B.l2 

In addition, the boiler and ancillary equi?ment needed to 

be oversized by a factor of 1.17 (= (l.O + 0.11)/0.95) to 

allow for the additional fuel needed for the power genera­

tion and the adaitional efficiency losses. 

Based on a review of cost quotations for steam turbines 

ranging in size from 1 MW to 73 MW, we developed the fol­

lowing formula for estimating the total installed cost of 

the turbine/generator package: 

cost (millions of 1980$) = 0.769 rMW)0.727 

Annual O&M costs for the turbine/generator were estimated 

at 3 percent of the installed capital costs. 

Finally, the capital costs for the systems were adjusted 

to reflect regional cost differences. These adjustments 

are given in Exhibit B.6, which was provided by Foster­

Wheeler. 
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Exhibit B.6 

Regional Cost Multipliers 

Cost 
Region City mul tipliera 

1 Boston 1.17 

2 New York 1.22 

3 Philadelphia 1.17 

4 Altanta ,. 1.02 

5 Chicago 1.17 

.6 Dallas 1. OS 

7 Kansas City 1.13 

8 Denver 1.08 

9 San Francisco l.27 

10 Seattle 1.21 

aRatio of capital investment cost in subject region 
to base cost in reference city(New Orleans). 
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Appendix C METHODOLOGY FOR PROJECTING THE MARKET 

Our methodology for estimating the market potential for 

so 2 emission control technologies involved four steps: 

1) Identifying market segments by categoriz­

ing the market for steam demand in terms 

of factors that influence steam supply and 

demand 

2) Determining the relative economic attrac­

tiveness of each technology in each market 

segment 

3) Calculating the expected market share for 

· each technology in each market segment 

4) Translating market shares into projected 

steam demand for each market segment. 

In this appendix, we explain the purpose and methodology 

of each step and state our underlying assumptions. 

STEP ONE: 

IDENTIFYING MARKET SEGMENTS 

The purpose of this step was to divide the steam market 

into specific segments so that we could simulate the invest­

ment needed for S02 ECTs. With this segmentation of the 

market, it was possible to determine the market potential 
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METHODOLOGY FOR PROJECTING THE MARKET C.2 

for each ECT, given the technical and financial per­

formances in each segment. 

We identified 360 market segments in each of 10 time per­

iods by segmenting the market by: 

• DOE reg icM .. 

• Type of investment (new, r~placement, or retrofit) 

• Boiler size 

• Electric t.o thermal load ratio for industrial 

applications 

• Current fuel used (for retrofit markets} 

• Time period (1982-2001) in two-year intervals. 

DOE Region 

Bv dividing the steam market into DOE regions (see Exhibit 

C.l), we could incorporate three important variables into 

our model: regional fuel prices, regional ~team demand 

and growth, and fuel availability. Exhibit C.2 summarizs 

our assumpi: ions about~ regional fuel price~, which were 

based on dat(1 provided by EIA' s Mid-Term Energy Forecasting 

System usin~ the medium world oil price scenario. E~h~bit 
~ I 

C. 3 pt:ojee;~ts MFBI bo'iler consumption •to 2000. The EIA 

data also projected the types of coal that would be avaii-

. _able for new coal-fired installations in each region: pri­

marily medium- to high-sulfur coals in the New England, 

New York/New Jersey, Mid-Atlantic, South Atlanti'c, Mid­

west1 Central, and No~thwest regions; ~nd primarily low­

sulfur coals in the Southwest, West, and North Central 

regions. 

100 
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Exhibit C:l 

DOE Regions 

U~S~1 DEPARTMENT OF ENERGY 

IICNint DUOf A 

HIUAIU 

IAIIUI 

Puerto Rico 
VIrgin Islands 
Canal Zone 
American Samoa 

Region 

II 
II 
IV 
IX 

Guam IX 
Trusl Ten. Paclllc Is. IX 

KEY 

e Regional Olllce 

e Operations Olllce 

---

Ito ,Energy Technology 
Center 

Power Administration 
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Exhibit C.2 

Region: I (New England) 
(1979 $/mmBtu) 

Coal 
..... _ ... .. 

Distillate. oil 
Residual nil 
Natural gas 
Electricity 
Ret.ail 
Buyback 
Buyback/retail 

1979 

"1. 79 
4.87 
3.45 
2.95 

1l.J1 
13.57 

' l. ~Q 

Region: II (New York/New Jersey) 
(1979 $/nunBtu) 

1179 

Coal 1.47 
Distillate oil 4.71 
Residual oil 3.28 
uaeuro:al gas 2.69 
Electricity 
Retail . 1015 
Buyback 10.15 
Buyback/retail 1.00 

1985 

2.69 
7.42 
6.56 
6.11 

1!:>. n 
23.66 
1.20 

1985 

2.25 
7.49 
6.72 
6.27 

16.49 
16.49 

1.00 

102 

1990 1995 2020 

2;96 3.07 .. "•\ 3.65 
8.27 9.83 15.34 
7.32 8.65 13.50 
6.82 8.17 . \. 12.75 

18.10 14.73 • c .,7. qa 
22.08 16.20 ( 12.59 
1.22 1.10 0.70 

"t1'" •• 

. '· 

1990 2020 

2.51 2.59 3.08 
8.33 9.89 15.44 

.7.48 8.8i 13. J!j· 
6.98 8.33 13. 00· 

1.5.04 14.66 17.89 
13.39 13.05 12 .• 52 

0.89 0.89 o. 70 



Exhibit C.2 (continued) 

Region: II.I (Mid-Atlantic) 
(1979 $/mmBtu) 

cOcll. 
Distillate oil 
Residuai oil 
Ra~ural gas 
Electricity 
Retail 
Buyback· 
Buyback/retail 

1979 

1.26 
4.67 
3.25 
2.24 

8.95 
'11. 72 

1.31 

Region: IV (South Atlanti9) 
(1979 $/mrnBtu) 

1979 

Coal 1.40 
Distillate oil 4.59 
Residual oil 2.91 
Natural gas 1.93 
Electricity 
Retail . 7 0 90 
Buyback .9 0 01 
Buyback/retail 1.14 

1985 

1.91 
7.66 
6.86 
6.40 

12.23 
16.02 
1.31 

1985 

2.74 
7.66 
6.49 
6.04 

10.81. 
12.32 
1.14 

103 

1990 1995 2020 

2.17 2.22 2.64 
8.51 10.08 15.73 
7.62 8.95 13.97 
7 .ll 8.46 13.20 

13.15 13.69 16.71 
14.60 13.14 11.70 
1.11 0.96 0.70 

1990 1995 2020 

3.19 3.31 3.94 
8.51 10.13 15.81 
7.26 8.59 13.41 

.. 6.76 8.11 12.66 

11.71 12.34 15.06 
Ho75 15.42 10.54 
1.26 1.25 0.70 



Exhibit c.2 (continued) 

Region: V (Midwest) 
(1979 $/mmBtu) 

Coal 
Distillate oil 
Residual oil 
Natural gas 
Ble-ctr ici ty 
Retail 
Buyback 
Buyback/retail 

Region: VI (Southwest) 
(1979 $/rnmBtu) 

Coal 
Distillate oil 
Residual oil 
Natural gas 
Electricity 
Retail 

. Buyback 
Buyback/retail 

1979 1985 

1.36 1.99 
4.69 7.27 
2.93 6.52 
2.11 6.07 

8.40 11.70 
7.81 10.88 
0.93 0.93 

1979 1985 

1.43 2.66 
4.76 7. 41 

. 2.87 6.54 
1.21 4.62 
1.21 4.62 
7.29 16.69 
8.02 18.36 
1.10 1.10 

104 

1990 1995 2020 

2.21 2.26 2.69 
8.12 9.75 15.21 
7.29 8.55 13.35 
15.79 8.07 l2.59 

12.53 ll.88 . 14·.99 
13.78 14.26 10.49 
1.10 1.20 0.70 

1990 1995 2020 

2.95 3.2P 3.81 
8.26 9.89 15.44 
7.32 8.69 13.56 
5.39 5.55 8.66 
5.39 5.55 8.66 

14.89 15.38 18.76 
19.36 13.69 13.13 
1.30 0.89 0.70 



Exhibit c.2 (continued) 

Region: VII (Central 
(1979 $/mmBtu) 

Coal 
Distillate oil 
Residual oil 
Natural gas 
Electricity 
Retail 
Buyback 
Buyback/retail 

1979 

1.31 
4.73 
2.89 
1.69 

8.28 
3.97 
0.48 

Region: VIII (North Central) 
(1979 $/nunBtu) 

1979 

~1 ~ .. 
' 

Coal ". 1.04 
~ 

Distillat:e.oil 4.~0 

Residual oil 2.82 
Natural gas 1.49 
Electricity 
Retail ' 5.48 
Buyback 1.37 
Buyback/retail 0.25 

1985 1990 1995 2020 

1.69 1.87 1.94 2.31 
7.21 8.06 9.69 15~13 
6.56 7.33 8.59 13.41 
6.10 6.83 8.09 12.63 

13.59 12.36 12.81 15.63 
6.50 12.11 14.86 10.94 
0.48 0.98 l.l6 0.70 

1985 1990 1995 2020 

1.33 1.35 1. 44_ 1. 71 
< 

7.26 8.12 9 •. 74 15.20 
6.32 7.07 8.45 13.19 
4.35 5.26 5.41 8 .• 44 

11.46 8.20 7.64 '"9.32 
2.87 5.00 8.55 6.52 
0.25 0.61 1.12 0,70 
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Exhibit c.2 (continued) 

Rec]ion: IX. (West) 
( 19 7 9 $/mmBtu) 

Coa1 
Disti11ate oi1 
Residua1 oi1 
lfatu&.al. gas 
Electricity 
Retail 
Buyback 
Buyback/retail 

Region: X (Northwest) 
(l979 $/mmBtu) 

Coal. 
Distillate oi1 
~A.idua.l oi1 
Natura1 gas 
B1ectricity 
Retail 
Buyback 
Buyback/retail 

1979 

1.29 
4.54 
2.96 
2.:36 

9.74 
11.20 
l.l5 

1979 

l.36 
4.33 
2.92 
2.01 

2.24 
3.43 
1.53 

1985 

2.85 
7.01 
6.22 
5·.77 

16.22 
18.65 
l.l5 

1985 

1.89 
7.01 
6,i7 
6.32 

3.51 
5.37 
1.53 
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1990 1995 2020 
) 

3.09 3.26 . 3 .8~~ 
7.85 9.41 14.69 
6.97 8.29 12.~4 
G.46 7.01 12.1!) 

15.33 15.02 18.""32 
20.24 14.42 l2.82 
1:32 0.96 o. 70 

1990 1995 2020 

2.19 2.50 2.98 
7.85 9.41 14.69 
6.~~ 8.2~ 12.87 
6.70 7.74 12.08 

4.94 4.49 . s. 48 
5.09 8.35 3.84 
1.03 1.86 0.70 



Exhibit C.3 

REGIONAL MFBI FUEL CONSUMP~ION 
(1012 Btu/yr) 

Region 1980 

New England . 73.7 

New York/ 
New .:rersey 122.5 

Mid-Atlantic 243.5 

Soutl'i· Atlantic 500.5 

Midwest 687.2 

Southwest 987.9 

Central 133.0 

North Central 74.2 

West 144.8 

Northwest 122.2 

Total 3,089.5 

1985 

80.3 

133.9 

282.3 

594.3 

796.7 

J.,!-15.5 

154.2 

'-86. 0 

175.5 

14i. 7 

3,.';90.4 

. . 107 

1990 1995 2000 

83.9 84.0 84.1 

140.1 145.6 150.2 

217.4 219.1 220.8 

645.4 722.2 786.1 

724.7 742.8 757.9 

1,487.6 1,746.4 1,961.6 

152.9 170.~ 185.7 

96.6 100.5 103.7 

192.2 202.5 210.6 

161.3 181.2 197.7 

3,902.1 4, 3"15. 0 4,658.4 



METHODOLOGY FOR PROJECTING THE MARKET c.lo 

Tvpe of Investment 

We considered three types of investment in the steam market: 
new, retrofit, and replacement. 

New demand represents the increase in steam demand each 

year. On the assumption that all new steam demand must 
be met, and must be met using coal, we treat advanced ECT 

systems for the new market as nondiscretionary investments. 

Replacement investment is made when a steam generator's 

useful economic life has ended. We calculated replacement 

investments by multiplying the base year (1980) steam de­

mand by the phase-out ratio. We calculated the phase-out 

ratio using the average vintage of the MFBI steam generator 
population. (We explain this process in more detail in 

our explanation of Step 4.) Replacement investments are 
treated as nondiscretionary because we assume that steam 

~~n~r~tors have reached the end of their economic life and 
must be replaced. 

Retrofit investments involve the retirement and replace­

ment of steam generators betore the end of their useful 

economic lives. The existing gas- or oil-fired boiler is 
either scrapped, with a scrap value equal to the disassembly 

costs, or put on standby. Then a new coal-fired system 
is installed, capital costs for which must be justified 

by the incremental fuel savings. Because retrofit invest­

ments are not necessary, they are treated as discretionary 

investments. 

Hagler, Bailly &. Company 
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METHODOLOGY FOR PROJECTING THE ~T C.ll 

Boiier Size 

We segmented the boiler market by size ·to examine the 

probable effect on market shares of technologies that offer 

significantly different costs and performance for units 

in different size ranges. To codify the distribution of 

unit size, we relied on EPA data on the population c~ in­

dustrial boilers.* We divided our industrial boilers into 

th~ee size ranges, based on net steam to process: 100-

250' mmBtu/hr, 250-500 mmBtu/hr, and greater than 500 

mmBtu/hr. These represent 45, 24, and 31 percent of the 

MFBI market, respectively. 

Electric to Thermal (E/T) Load Ratio 

Our purpose in segmenting the steam market by E/T ratio 

(see Exhibi~ C.S) was to take into account the diversity 

of demand among manufacturing processes and to ch~racterize 

differences in economic performance among cogeneration 

systems at different E/T ratios. We divided the market 

into three sectors: 0-0.1, 0.1-0.2, and greater than 0.2. 

These represent 27, 50, and 23 percent of the market, 

respectively. 

Current Fuel Use 

We further divided the retrofit market according to current 

fuel use. We assumed that those parts of the retrofit 

market that now use critical fuels (natural gas, or distil­

late or residual oil) are candidates for retrofit 

* EPA, The Population and Characteristics of Industri­
al/Commercial Boilers. 
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Exhibit C.4 

summary of 1980 MFBI Fuel Use 
(fraction of total· regionai ·demand) 

. Natural Gas .and Distillate 
Region Residual Oil Oil 

New England 0.874 O.l16 

New Yc;>t"k/ 0.684 0.018 
New Jersey 

Mid-Atlantic 0.621 0.055 

South Atl ant i.e 0.798 0.0~~ 

Midwest 0.688 0.032 

Southwest 0.933 0.051 

Central 0.637 0.048 

North Central 0.894 0.028 

West 0.923 0.055 

Northwest 0.890 0.004 

SOURCE: EPA 1 S The Population and Characteristics of 
IndustriaL Boilers: State Energy Data Report: 
OOE/EPA-0214 (78), April 1980~. . 
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Coal 

0.010 

0.298 

0.324 

0.150 

0.280 

0.016 

0.315 

0.078 

0.0?.2 

0.106 



Exhibit C.5 

·Distribution of E/T Demand Ratios 

·PERCENT OF 
TOTAL STEAM 

MARKET 

21i -

10 

Ia -

- --~--,--.--,,---.,---.----.---.--.---.--.---.---=---.----.--~.,. ,r-Q. 
.Oii .10 .11i ·.20 .21i .lO .lli .40 .45 .liO .Iii .60 .lili .10 .80 .90 2.00 

.. 

E/T RATIO 

SOURCE: Harket·oevelopment for Advanced Coal-Based Cogeneration 
. Systems, U.S. Department of Energy, October 1980. 



METHODOLOGY FOR PROJECTING THE MARKET c 14 

investment (see Exhibit C.4). We did not characterize new 

and replacement investments in terms of current fuel use 

because they will be subject to FUA and must use coal. 

Time Periods 

Several time-dependent variables affect the market for S02 

emission control systems. These include demand growth 

over time: market penetration over time: changes in fuel 

prices over time: and the date new technologies are intro­

duced commercially. To account for these changes, we ana­

lyzed the market in two-year intervals from 1982 until 2001. 

STEP TWO: 

DETERMINING RELATIVE ECONOMIC ATTRACTIVENESS 

To compare the relative economic performance o~ technology 

options available to each market segment, we used proce­

dures that duplicate industrial decision-making as closely 

as possible. For each of three boiler sizes (with steam 

production of 80 mrnB tu/hr, 140 rnrnB tu/hr, and 200 mrnB tu/hr) , 

we calculated capital costs and O&M costs (see Exhibits 

C .6 and C. 7) • The capital costs for each reg ion were 

multiplied by the regional multiplier in Appendix B. Using 

the thermal efficiencies and E/T ratios for each tech­

nology, we then calculated their fuel requirements and 

electricity production (if any). The annual after-tax 

cash flows for each technology option in each market segment 

(e.g., boiler size, E/T ratio, region, investment) were 

then determined for the estimated plant life (20 years) • 

These cash flows included the annual O&M costs, purchased 

fuel costs, depreciation ·allowances (using sum-of-the-

Hagler, Bailly & Company 112 



Exhibit c. 6 

Costs and 'Thermal Efficiencies of Technologies 
Using High-Sulfur Bituminous Coal, Oil, and·Gas 

Size as 
output Capital cost* O&M Cost* Thermal 

Technology (million Btu/hr) (thousands) (thousands) . Efficiency 

100 17,072 1,126 0.754 
Coal Boiler, 
No FGD 250 30,041 1,755 0.765 

500 46,.917 2,527 0.765 

Sodium FGD 100 23,857 2,173 0. 727 

250 40,931 3,468 0.736 

500 64 120 5 473 0.736 

Dual-Alkali 100 20,151 1,963 0 0 727 

FGD 250 35,066 3,089 0.736 

500 54,853 4,760 0.736 

Lime/limestone. 100 19,702 2,022 o. 727 

FGD 250 34,356 3,155 0.736 

500 53,731 4 836 0.736 

Lime spray 100 19,222 1,790 0.754 

Dryer FGD 250 34,701 2,828 0.765 

500 54 200 4 302 0.765 

AFB 100 21,754 1,728 0.736 

250 31,943 2,499 0.736 

500 47 048 3 799 0.736 

Gasifier with 100 46,434 4,523 0.524 

Gas Boiler 250 76,367 6,531 0.524 

500 126,263 9,882 0.524 

Oil-fired 100 8,508 783 0.768 

Boiler 250 13,108 1,045 0.768 

500 20,196 i,434 0.768 
d~80 dollats. 
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Exhibit C.6 (continued) 

Costs and Thermal Efficiency of technologies 
Using High-Sulfur Bituminous Coal, Oil, and Gas 

Technology 

Gas-Fired 

Boiler 

Size as 
output 
(million Btu/hr) 

100 

250 

500 

Coal Boiler with 100 

s·team Tnr.hi. nP., 250 

No FGD 500 

Sodium FGD with 100 

Steam Turbine 250 

500 

Dual-alkali 100 

FGD with Steam 250 

Turbine 500 

Lime/1imest:.ort~ 100 

FGD with Steam 250 

.Turbine· 500 

Lime Spray 100 

Dryer FGD with 250 

Steam Turbine 500 

:AFB with 100 

Steam Turbine 250 

500 

Gasifier/Boiler 100 

with Steam Turbine 250 

500 

•1980 dollars. 

Capital cost* 
(thousands)" 

6,672 

10,318 

15 957 

21,253 

37,360 

58,718 

28,920 

49,669 

78 163 

24, 7l-l 

43,039 

67,688 

24.224 

42,224 

66,420 

23,684 

42,615 

66,930 

26,:.:!89 

39,035 

58,167 

57,168 

94,172 

155,876 

114 

O&M Cost* 
(thousands) 

700 

916 

1,227 

1,308 

3,049 

2,576 

4,177 

6 690 

2,338 

3,742 

5,865 

2,398 

2,398 

5,945 

2,143 

3,446 

5,343 

1,976 

2,910 

4,494 

5,105 

7,492 

11·498 

Thermal 
Efficiency 

0.706 

0.706 

0.706 

0. 71G 

0~717 

o. 727 

o. 716 

0.727 

o. 727 

0.691 

0.699 

0.699 

0.691 

0.699 

0.699 

0.691 

0.1599 

0.699 

0. 716 

o. 727 

0. 727 

0.497 

0.497 

0.497 



Exhibit C.6 (continued)· 

Cost~ and Theim~l Efficiency of Technologies 
Using Htgh-Sulfur. Bituminous Coal, Oil, and Gas 

Technology 

Size as 
output 
(million Btu/hr) 

Oil-fired•Boiler 1.00 

with 250 

Steam Turbine 500 

Gas-fired Boiler 100 .. 

with 250 

Steam Turbine 500 

*1980 dollars. 

Capital cost* 
(thousands) 

11,679 

18,236 

28,498 

9,622 

15 '110 

23,747 

115 

O&M Cost* Thermal 
(thousands) Efficiency 

940 0.730 

1,296 0. 730. 

1,837 ·0.730 

848 0.67.1 

1,152. 0.671 

1,607 0.671 



Exhibit C.7 

Costs and Thermal Efficiency of Technologies 
Using Low-Sulfur, Subbituminous Coal 

' . 

Size as 
output Capital cost* O&M Cost*. Thermal 

Technology (million Btu/hr) (thousands) (thousands) Efficiency 

100 20,293 . 1,172 0. 712 

Coal Boiler, 250 37,089 1,885 0. 721 

no FGD 500 59,052 2,739 . 0. 721 

Sodium 100 22,409 1,797 o·.6a3 

FGD 250 '40, 737 2,759 o:6a9 

500 63 813 4 014 0.689 

Lime/limestone 100 22,706 1,824 0.683 

FGD 250 41, 2()9 2,808 0.689 

500 64 558 4 102 0.689 

Lim~ :!!pray ioo 22,018 1, 710 U.712 

Dryer FGD 250 39,815 2,696 o. 721 

500 62,359 . 3,97!t __ 0. 721 

AFB 100 21,409 1,349 0.707 

250 31,530 1,786 0.707 

500 46,561 2,439 ., 0.707 

Gasifier with 100 43,388 4,746 0.540 

Gas Boiler 250 69,764 6,936 0.540 

500 112 552 10 643 0.540 

*1980 dollars. 
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Exhibit C.7 (continued) 

Costs and Thermal Efficiency of Technologies 
Usin_g Low-Sulfur, Subbi tuminous Coal 

Technology 

·Size as 
output 
(million Btu/hr) 

Coal Boiler with 100 

Steam Turbine, 250 

No FGD 500 

Sodium 100 

FGD with Steam ·2so 

Turbine 500 

Lime· spray 100 

Dryer FGD with 250 

Steam Turbine 500 

AFB with Steam 100 

Turbine 250 

500 

Gasifier/Boiler 100 

with Steam 250 

Turbine 500 

*1980 dollars. 

Capit~l cost* 
(thousands) 

24,876 

451326 

77,818 

27,264 

49,449 

78;661 

26,826 

48,407 

76,175 

25,~31 

38,597 

. 57 654 

53,454 

86,211 

139,471 

117 

O&M Cost* 
(thousands) 

1,359 

2,220 

4,977 

2,134 

3,343 

5,077 

2,045 

3,284 

4,952 

1,540 

2,086 

2,921 

5,360 

7,957 

12,378 

Thermal 
Efficiency 

0.676 

0.685 

0.685 

0.676 

0.685 

0.685 

0.649 

0.654 

0.654 

0.676 

0.685 

0.685 

0.513 

0.513 

0.513 



METHODOLOGY FOR PROJECTING THE MA~T 

years-digits depreciation), tax rate (50 percent), invest­

ment tax credits (20 percent for coal-fired systems), and 

utility standby charges (if applicable). For cog~nera~ 

tion systems, the electric energy produced was treated as 

a credit to the annual pre-tax cash flow. If exces~power 

was produced (i.e., if the E/T ratio of the technology was 

greater than .the plant's demand ratio), it was treated as 

being sold back to the utility at the buyback rate. 

We then diocounted the after-tax oash flows for each 

technology at a nominal indust~ial sector discount ~ate 

of·20 percent to yield the 1ifecyc1e cost of each technol­

ogy in a particular market segment. This 20-percent dis­

count rate, developed from previous interviews with indus­

trial decision-makers, represents the ROI expected from 

an industrial energy conservation investment to allow it 

to capture halt ot the total market. Retotit investments 

were discounted at a 25-percent rate, to simulate the 

slightly higher disco.unt rates used for these discretionary 

investmento. 

STEP THREE: 

CALCULATING MARKET SHARES 

In this step, we evaluated the probable market response 

to the selected technologies and projected the rates of 

market penetration. Recognizing that site~specific fac­

tors vary greatly and can significantly affect the rela­

tive economic attractiveness of a technology, we did not 

assume that the technology with the lowest lifecycle cost 

will capture ~he entire ma~ket segment. 

To allocate the probable market for each teGhnology on th~ 

basis of its lifecycle cost, we used a market share 
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METHODOLOGY FOR PROJECTING THE MARKET C.21 

elasticity. model.* Incorporating.other factors into our 

computer model (e.g., market lag ·resulting from risk 

aversion on the part of the customers, which·delays the 

development of manufactur~ng capacity and distribution 

networks1~ we used the computer to estimate each 

technology's market share as a function of its relative 

economic performance and the number of years it has been 

available on a commercial basis (not counting the 

availability of demonstration or prototype models). 

The probable market share of each technology on the basis 

of it~ lifecycle cost can be estimated using the equation: 

MSi = LCCj-GAMMA 
N z LCf . -GAMMA 
. 1 J J= 

Where: MSi = market share of technology i 

LCCi = lifecycle cost of technology i 

GAMMA = parameter dependent on spec'ific market 

characteristics 

N = number of technologies competing in the market. 

The value of GAMMA is dependent on the behavior character­

istics of the specific market sector being examined. 

Exhibit c.a shows the effect of differing values of GAMMA 

in· a. two-technology market. · The larger the GAMMA value, 

the more· competitive the market will be and the larger 

share the more cost-effective technology will captu~e . 

. •' 

* This model is discussed more fully in The DFI Energy­
Economy· Mooeling System, Department of Energy, Contract 
WO-CR-03-70313, 1978. 
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Exhibie c.a 
Effect of Gamma ·in a Two Technology Market 

M:u·kd Share 
of Ted111ology 2 
(MS2) 

(~) 

IOU 

80 

60 

40 

10 

--------·----·---

.8 1.0 1.1 



METHODOLOGY FOR PROJECTING THE MARKET 

The value of GAMMA can be estimated from: 

GAMMA = N 

N-1 
EPSILON 

C.23 

Where: N = number of technologies compet_ing ir:tc'the market 

EPSILON = market share elasticity. 

Market share elasticity is defined as the percentage in­

crease (decrease} in market share resulting from a one­

percent decrease (increase} in the LCC. This value can 

be estimated from a market response curve and from the 
cost characteristics of the technologies. 

The formula for calculating elasticity can be rewritten as: 

= ~ MS/MS = A MS/MS * AROI/ROI 
EPSILON .6 LCC/LCC ARO~)ROI ALCC/LCC 

Where: ROI·= return on investment. 

The market share as a function of ROI ( AMS/MS) was 
( AROI/ROI} 

developed in a previous study* of industrial cogeneration 
systems, and through extensive industry interviews. By 

using the results of that study, we developed a composite 

curve that represents all. industry (see Exhibit C. 9l • This 

curve can be approximated by the equation: 
ex 

MS = -
l-ex 

Where: x = 3. 76 + 11.17 * ROI + 29.5_2 * ROI2. 

By differentiating MS with respect to ROI, and calculating 

the value of the differential at MS = o.c;,·Roi = .21, we 

The Potential for Cogenerat-ion Develooment in Six Ma­
jor Enerqy Consuming Industries, Department of Energy, 
1977. 
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Exhibit C.9 

Estimated Market Share as a Function of Return-on-Investment 
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METHODOLOGY FOR PROJECTING THE MARKET C.25 

find the value for the· first term in the equation for 

EPSILON as A MS/MSjROI/ROI = 2 .. ;;~;. 

We can find the appro~imate value of the second term, 

AROI/ROI. 
ALCC/LCC, 

by conside~ing at the cash flow of two systems, such as a 
conventional sodium· FGD and a· cogeneration sodium FGD. 

First, we must s~~ar~t~ th~ 1i~ecycle ~~st into capital 

costs (which are not dependent on the discount rate) and 
. . 

yearly costs (where net present value is dependerit on the 
. ·.·. 

discount rate). By assuming values for the change in capi-
tal cost (e.g., 10 to 40 percent of the initial capital 

cost), and by assuming different RO:i:s ·for these additional 

costs (e.g., 19, 20, 

LCCs and determine 

and 21 percent) , we can calculate the 

AROI7ROI numerically. 
ALCC LCC . 

For the system above, AROI[ROI 
ALCC/LCC 

was approximately 3.7. This gives EPS~LON a value of 9.4,. 

and GAMMA a value of 10.0. 

A value of 10.0 for GAMMA 'indicates a relatively competitive 

market.. 

This procedure considered only relative economic 

performance, disregarding .site-~pecifib and attitudinal 
factors, which in many instances will actually determine 

a purchase decision. ·- . . . 
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METHODOLOGY FOR PROJECTING THE MARKET C.26 

The impacts of attitudinal factors on market penetration 

can be simulated by using weighting factors in the market 
share equation: 

MSi = (W; ) (LCC; ) -GAMM..~ 
N 

(W ·) (LCC ·)-GAMMA 
j=l· 1 J 

where MSi = market share of technology i 
LCC1 = lifecycle cost of technology i 
GAMMA = m.arket elaseiciey parameeer 
W· l = market share weighting factor 

LCCi = life cycle cost of technology i. 

Wi is a weighting parameter,which can be developed in a 
number. of ways. The simplest is to use it to develop the 

"equal price" market shares. That is, if two technologies 

have exactly the same lifecycle cost, they will split the 
market according to the relative values of their respective 
weighting factors. Exhibit C.lO shows the effect of this 

weighting factor in a two-technology market segmnt. 

We used the Bass diffusion model* to simulate market devel­
opment for newly introduced technologies. This model 

assumes that, on the whole, the probability that a buyer 

will invest in a new technology increases as the number 
of persons already using that technology increases. Bass 

assumed that only a small number of buyers, the innovators, 

are not influenced by others in their initial purchase. 

Most buyers are imitators~ the probability of their pur-

* Frank M. Bass, "New Product Growth Model for Consumer 
Durables," Mavagement Science, January 15, 196q. 
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Exhibit C.lO 

Effect of Judgmental Weighting Factors on Market Shares 

Weighting (Tl :T2) = 1:1 
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METHODOLOGY FOR PROJECTING THE MARKET c. 28 

chasing a new technology depends on the number of buyers 
who have already purchased it. The diffusion model reqi.Ii res 

acoefficient 6~ innovation. (P) and a coefficient of imita­
tion. (Q). ·These values are used in an exponentia~ function 

to calc~late the cum~lati~e percentage of the m~iket that 

has been penetrated by any given time. Bass assumed that 

the coefficients of innovation (P) and imitation (Q). are 

constant over time. The higher P is, the more importance 

innovators assume. We estimated these coefficients using 
a muLtiple r~gression tec~nique, based on data ~bout in­
vestment in coal-fired steam generators and cog~neration 
systems. Exhibit C.ll shows the diffusion. effects of dif­

f~~ent P and Q coefficients over time. ~n this study, a 

value of P of 0.015 was used: of Q, 0.6. This results in 
. I 

a diffusion of 90 percent in about 10 years. 

The e~uation relating the fraction of the market captured 

by·a ·new technology to its economic market share is: 

MS = 1-EXP(-(P + Q)T) 

1 + (0/P) (EXP(-(P + Q)T) 

where: 

MS = fraction of economic market share captured 

P = innovator coefticient 
.. 

0 = imitator coeffi~ient 
T =time since introduction of new technology (years) •. 

The e-ffect of diffusion on market response is then calcu­

lated by multiplying the market response by the diffusion 

percentage. 
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Exhibit C.11 

The Effects·on Market Diffusion of-Different 
Coefficients for inno~ation (P) and Imitation (Q) ·. 
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METHODOLOGY FOR PROJECTING THE MARKET C.30 

STEP FOUR: 

'TRANSLATING MARKET SHARES INTO STEAM DEMAND 

In this step, we translated the market share computed for 

each technology (in Step 3) into projected steam demand 

for each market segment. To allocate steam demand among 
• 

the technologies, we had to project total MFBI steam con~ 

sumption for the 19a2-2000 period within each region. We 
derived these data from EIA's Mid-Term Energy Forecasting 

Model. 

We allocated all growth in steam demand to the new market, 

because FUA requires use of coal in all new installations. 

We allocated changes affecting existing capital stock of 

steam boilers either to the retrofit or the replacement 

market. Exhibit C.l2 shows'typical allocation of steam 

demand in a region where steam demand grows. If steam 

demand is projected to decline, the amount of that decline 

is subtracted from that segment's retrofit market. 

Allocating the R@plac~mertt Mark~t 

We calculated the replacement market by identifying 1980 

steam demand in each market segment and multiplying it by 

the "phase-out ratio." The phase-out ratio reflects the 

percentage of steam generators that will be· required in a 

part'icular year. Typically, we predict replacement of 

steam generators as proportional to the current inventory, 

the assumption bein9 that a constant percentage or steam 
' " . 

generators is retired every year. Thus, projected replace-. 

ment.depends upon the phase-out ratio chosen and the growth 

rate of steam consumption. 
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Exhibit C. 12 

Typical Allocation of Steam Demand in a Region Where Steam Demand Increases 

Totai 
System 
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METHODOLOGY FOR PROJECTING THE MARKET C.32 

Using this approach, we would tend to overestimate the 

replacement market in market segments with high growth in 

steam demand and underestimate it where steam demahd grows 

very little or declines. To adjust for this factor, we 

used a vintaging methodology* based several principles. 

First, the phase-out ratio is dependent on the sizes of 

existin':i industrial boilers (both packaged and field­

erected). Second, the replacement rate is dependent on 

the use to which the steam genPrators have b~en put. 

Equipment operated at a moderate, steady rate lasts longer 

than equipment operated at full throttle or in a highly 

cyclical mode. Finally, the replacement rate is ~ependent 

on the present age profile of existing industrial steam 

generators. The replacP.m~nt rate will be greater if in­

dustry's capital stock is 80 percent old and 20 percent 
' new rather than ?0 percent old and 80 percent new. 

Adjusting for these factors, we found that the phase-out 

ratio would escalate from 2.2 pPrcent initi&lly to b.8 

percent in 2000. By multiplying the yearly phase-out per­

centage by projectPti 1980 ateam d~mand, we calculuted tbe 

replacement market by 1980 for each market segment. We 

then allocated this market among technologies according 

to their respective market shares. 

Allnrating the ReLLofit Market 

The retrofit m~rket exi~ts where steam generators arP re­

pluced before their economic life has ended because the 

availability of a new and superior technology, or a change 

* This methodology is described in Industrial Sector 
Technology Use Model (ISTUM), Department of Energy, 1979. 
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METHODOLOGY FOR PROJECTING THE MARKET c.33 

in energy prices, makes premature r~tirement of the old 

equipment economically attractive. Allocating demand in 

the retrofit market required five steps. First, because 

coal-fired steam generators were not considered viable 

candidates for retrofit, we removed coal-based steam 

consumption from the 1980 steam market. Second, as an 

a:ternative to retrofit ECT investments, we included a 

zero-capital-cost boiler, fired by the fuel currently being 

used for steam generation. Third, in regions where steam 

demand declined (because of conservation, for example, or 

plant closings), we subtracted that decline . from the 

retrofit market. Fourth, we subtracted from the retrofit 

market that portion of the steam market projected to have 

been replaced in the preceding 2-year period because 

equipment became obsolete (the replacement market). 

' Finally, that portion of the retrofit market projected to 

have been retrofitted to coal in a given 2-year period was 

subtracted from the potential retrofit market for the 

following 2-year period. We then allocated total steam 

demand for the retrofit market among the technologies 

according to their estimated market shares. 

'f 
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METHODOLOGY FOR DETERMINING 
Appendix D REGIONAL coAL PRICEs AND AVAILABILITY 

For each demand region in the United States, it was 

necessary to determine the lowest cost high-sulfur and 

low-sulfur (compliance) coals. 

Minemouth coal price fo~ecasts for each supply reqion (see 

Exhibit D.l) and each coal type were taken from the EIA 

data base reflectinq a medium oil price scenario through 

1995. These minemouth prices are shown in Exhibit D.2. 

Transportation costs were derived from the EIA data base 

TRCLLPRC, which estimates single-car freight costs per ton 

for transporting coal between coal supply regions and se­

lected U.S. cities. In cases where more than one city 

listed in the data base js located in a particular demand 

reg ion, average costs were derived using estimated consump­

tion rates for areas correspondinq to the particular cities 

(see Exhibit 0.3). These figures are depicted in Exhibit 

0.4 in 1975 dollars. 

Distribution charges were also figured into the coal price 

estimutes. These costs represent local retail markups 

from single-car loads to smaller quantity sales. Average 

distribution fee multipliers applied to minemouth prices 

were 1.12 for deep-minded coal, and 1.17 for surface-mined 

coal. For stoker and AFB systems, an additional S~/tnn 

was added for sizing, based on information supplied by ORNL. 
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Exhibit 0.1 

MEFS Coal Regions 

legend 

~ Bituminous. Coal 

fllJJ; Subbitumlnous Coal 

lVI Ugnlte 

• \ Anthracite Coal 

Regions 
1 Northern Appalachia 
2 Central Appalachia 
3 Southern Appalachia 
4 Midwest 
5 Central West 
6 Gulf 
7 Eastarn Northern 

Great Plains 
8 Western Northern 

Great Plains 
9 Rockies 

10 Southwest 
11 Northwest 
12 Alaska INot Shown) 
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Exhibit D.2 

1985 F.O.B. Mine Price Summary 
(1979 $/ton) 

Coal Types 

Pr-ii.DII (27 mmBtu/to'l) 

Bituainous (23 .80 111111Btu/teon) 
Low sulfur 
Medium sulfur 
High sulfur 

Cl C2 

55.21 49.70 

33.68 37.32 
48.38 42.67 
35.90 36.54 
29.64 33.70 

Mid-Bituainous (21.90 mmBtu/ton) 26.65 
'Low sulfur 
Medium sulfur 36.32 
High sulfur 26.58 

Subbituainous (18. 33 mmBt•.J/ton) 
Low sulfur 
Medium sulfur 

Lignite (13.00 mmBtu/tonl 
-Low nulfur 
Medium sulfur 

*Supply Regions: 

Cl Northern Appalachian C4 Midwest 
C2 Central Appalachian C5 Central "'est 
C3 Southern Appalachian C6 Gulf 

Sulfur Contents: 

Low = less than 0.67 lbs .• /mmBtu (premium is low sulfur). 

Supply Regions * 

C3 C4 cs C6 C7 

56.73 72.23 

41.71 31.92 32.41 
46.66 43.30 
40.75 39.78 37.89 

26.23 29.50 

23.44 26.85 
44.10 
35.74 
22.57 26.85 

6.34 6.29 
6.70 

6. 34 6.21 

C7 Northeast Great Plains CA Southwest 
ce Northwest Great Plains CB Nm:thwest 
C9 Rockies 

Medium = 0.67 to 1.68 lbs;/mmBtu. 

SOURCE: DOE, Energy Information Agency, Mid-term Energy Forecasting Systemr Medium world Oil Price Scenarior 

C8 C9 CA CB 

89.16 

25.43 21.1}1 
25.43 21.70 

21.48 

21.09 17.89 19.08 37.93 
21.26 l7 .89 19.59 37.93 
20.99 l7 .89 17.70 

8.95 25.49 
9.40 
8.05 25.49 

High more than 1.68 lbs./mmRtu. 

April 1981. 
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Exhibit. 0.2 

1990 F •. O· .. B. Mfne Pr.ice Summary· 
(1979 $/ton): 

Coal Types 

Pre.iua (27 mmBtu/ton) 

Bituainous (23.110 nunBtu/ton) 
Low sulfur 
Medium sulfur 
High sulfur 

Cl 

62.38 

38.70 
54.89 
41.21 
34.92 

Mi~Bi tmllinous 121.80 nunBtu/ton) 31.81. 
Low sulfur 
Medium sulfur 
High sulfur 

Subbituminous (1.11.33 mmBtu/tc·n) 
Low sulfur 
Medium sulfur 

Lignite· (13.00 mmBtu/ton) 
Low sulfur 
Medium sulfur 

"supply '·Regions: 

Cl Northern Appalachian 
C2 Central Appalachian 
CJ Southern Appalachian 

Sulfur· Contents: 

37.53 
31.77 

C4 Mi<fwest 
C5 Central West 
C6 Gulf 

C2 

56.76 

47.05 
48.87 
46.56 
44.47 

Low= less than 0.67 lbs./mmBtu (premium is low sulfur). 

c;. 

63. ~4 

52. "t7 
54.oi0 
51.'7 

C4 

34.64 

45.17 
31.03 

27.52 
44.53 
40.66 
26.79 

cs 

75.24 

36.83 
43.93 
42.42 
32.89 

29.04 

29.04 

C7 Northeast Great Plains 
C8 Northwest Great Plains 
C9 RocJies 

Supply Reglcns" 

C6 C7 

7.10 6.70 
6.70 

7.10 ,.70 

CA Southwest 
CB Northwest 

Medium 0.67 to 1.68 lbs./mmBtu. 

C8 

31.07 
31.07 

25.41 
26.37 
24.68 

8.85 
9.40 
8.05 

High 

SOURCE:. OOE·, En&qy Information Agency, Mid-term Energy Forecasting System, Medium World Oil Price Scemd·::ll April 1981. 

C9 

92.69 

26.39 
26.91 
25.45 

22.76 
22.76 
22.76 

15.74 

15.74 

CA 

26.41 
26.41 

21.30 
21.30 
21.30 

CR 

44.57 
44.57 

H.56 

29.56 

more than 1.68 lbs./mmBtu. 



·EXhibl t· D. 2 

1995 p·.o. B. Mine Price Summary 
(1979 $/ton) 

Coal Types 

Pr-hm (27 nunBtu/tonl 

Bltu.lnous (23.80 mmBtu/ton) 
Low sulfur 
.-.edium sulfur 
•IUqh sulfur 

Cl 

~·3.02 

ij). 05 
U.38 
.. 5.69 
38.« 

Mid-Bi'.tuainoys ( 21.80 nunBta/ton) 
Low. sulfur 

35.01 

l'ledium sulfur 
High sulfur 

Subhitualnous (18.33 mmBtu/ton) 
Low sulfur 
Medium sulfur 

Ll~lte (13.00 mmBtu/ton) 
!Low sulfur 
Medlum sulfur 

*supply Regions1 

Cl Northern Appalachian 
C2 Central Appalachian 
C3 Southern Appalachian 

Sulfur. Contenta1 

42.20 
35.01 

C4 Midwest 
C5 Central West 
C6 Gulf 

C2 

66.49 

55.39 
55.75 
55.05 
55.05 

L~ a less than 0~61 lbs./mmBtu (premium is low sulfur). 

C3 

74.35 

59.82 
68.10 
69.41.' 

C4 

36.64 

46.94 
33.94 

29.57 
50.82 
42.25 
28.92 

C5 

75.24 

41.23 
47.65 
44.21 
36.71 

31.15 

31.15 

C7 Northeast Great Plains 
C8 Northwest Great Plains 
C9 Rockies 

Supply Regions" 

C6 

23.36 

23.36 

CA Southwest 
CB Northwest 

Me~lum a 0.67 to 1.68 lbs./nunBtu. 

C7 

7.52 
8.11 
7.48 

C8 

33.04 
33.04 

26.75 
28.04 
25.22 

9.09 
9.40 
8.68 

C9 

94 .07· 

28.41 
29.40 

·25.915 

24.98 
25.15 
:!3.19 

15.74 

15.14 

CA 

31.72 
31.72 

24..55 
24.83 
23.80 

. CB 

54. 15 
54.15 

34.3fi 

34.36 

High = more than 1.68 lhs./mmBtu. 

SOURCE: DOE, Energy Information Agency, Mid-term Energy Forecasting Systemr Medium World Oil Price Scenarior April 1981 •. 



Exhibit D. 3 

Fraction of Regional Industrial Demand in Eacb Demand Center 

Coal Demand Center 

Coal Demand Region 1 2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 17 18 19 

New England 1.00 

New York/New Jersey 1.00 

Mid-Atlantic 0 .DO; 0.20 

South Atlantic 0.40 0.30 0.30 

...... Midwest 0.25 0.45 0.10 0.10 
w 
();) Southwest 0.35 0.45 0.20 

Central 0.65 (1.35 

North Central 1.00 

West 0.65 0.35 

Northwest 1.00 

Coal Demand Centers: 

1 Boston 5 Pittsburgh 10 St. Lc·uis 15 Denver 
2 New York 6 ~tlanta ll St. Paul 16 Los Angeles 
3 Baltimore/Washington/ 7 Gir.cinnati 12 Kansas City 17 San Francisco 

Philadelphia 8 Detroit ll Houston 18 Seattle 
4 Hi ami 9 Chicago L4 Dallas. 19 New Orleans 

Blank space signifies not applicable. 

SOURCE: OOE, Energy Information Agency, MB-te.Jirn Energy Forecastinc;:~ System; Medium Wodd Oil Price ScenadCD; .April' 1981. 



Exhibit D.4 

1985 Transportation Cost Estimates 
(1975 $/ton) 

Coal Demand Center 
Coal ··--Production Region 1 2 3 .. 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Northern Appalachian 22.82 14.15 9.03 48.31 2.05 27.98 11.41 12.06 17.88 22.84 31.27 44.65 

Central Appalachian 30.00 21.33 14.25 38.12 21.05 13.91 10.36 19.08 19.86 21.79 ·33.25 30.58 

Sout·aern Appalachian 45.17 36.50 30.211. 31.56 34.61 7.35 23.92 32.64 27.51 17.91 40.90 13.71 

Midwest 43.89 35.22 29.37 50.47 20.38 26.26 9.69 18.41 11.48 7.29 24.87 42.93 

Central West 53.89 45.22 40.79 54 .• 59 45.21 30.38 21.11 26 .• 22 19.28 9.68 15.55 1.60 ·24. 30 16.63 20.08 59.06 63.21 34.05 

Gulf 60.09 55. 2'9 49.34 39.56 32.94 35.98 41.09 34.15 24.55 32.87 18.92 5.72 3.89 28.16 46.32 59.98 16.27 

Northeast Great Plalns 63.11 54.44 50.65 51.64 48.55 33.23 32.93 23.73 33.33 10.34 26.57 49.27 41.60 19.73 62.20 55.62 29.46 59.82 

North'lest Great Plains 62.09 54.33 51.68 40.41 45.84 36.64 30.98 23.25 22.90 37.57 30.65 9.70 34.87 36.47 38.98 48.12 

Rockies 64.18 60.11 54.37 45.10 50.21 43.26 33.67 . 32.86 25.59 39.05 31.38 7.11 25.75 26.61 32.11 49.60 

Southwest 53.68 50.88 55.99 49.05 39.45 40.38 33.11 26.45 18.79 14.63 25.98 39.64 63.41 "37 .01 

Northwest 66-.34 52.95 48.47 43.99 29 .• 94 2. 28. 

1-' 
w 
\0 

Coal Demand Centers: 

1 Boston 5 Pittsburgh 10 St. Louis 15 Denver 
2 New York 6 Atlanta 11 St. Paul 16 Los Angeles 
3 B.31 timore/Washingt·:m/ 7 Cincinnati 12 Kansas City 17 San Francisco 

Phlladelph.ia 8 Detroit 13 Houston· 18 Seattle 
4 Miami 9 Chicago 14 Dallas 19 New Orleans 

Blank space signifies not applicable. 

SOURCE: DOE, Energy Information Agency, Mid-term Energy Forecasting System1 Medium World Oil Price Sce~ario1 April 1981. 



Exhibit D.4 

1990 Transportation Cost Estimates 
(1975 $/ton) 

Coal Demand Center 
Coal 

Production Region 1 2 l 4 5 6 7 8 9 10 lL 12 ll 14 15 16 17 18 19 

Northern Appalachian 25.74 15.87 10.10 5-4.74 2.09 31.·51 12.75 13.48 .20.10 25.76 35.34 50.58 

Central Appalachian 33.91 24.04 15.98 43.15 23.72 15.~0 11.56 21.49 22.37 24.57 37.61 34.57 

Southern Appalachian 51.17 41.30 34.14 35.68 39.15 8.l3 26.99 36.91 31.07 20.14 46.31 15.31 

M'idwest 49.11 39.84 3~.19 57.20 22.98 29.65 10.89 20.72 12.83 8.06 28.07 48.62 

Central West 61.21 51.35 46.31 62.01 34.42 34.46 23.92 29.73 21.84 10.91 17.65 1.63 27.69 18.88 27.85 67.60 39.80 

Gulf 68.46 62.95 56.17 51.53 37.51 41.03 46.84 38.95 28.02 37.57 21.55 6.43 4.30 32.16 53.02 68.70 18.54 

Northeast Great Plains El.99 57.68 45.06 55.29 37.86 37.52 27.05 37.98 11.81 30.28 56.34 47.53 22.73 71.49 64.09 34.06 68.45 

NOrthwest Great Plains 59.91 65.l6 52.71 52.37 41.90 41.60 26.66 32,3] t7. 78 38.97 11.11 59.87 60.63 H.72 59.89 

Rockies 62·.06 62.l0 51.56 57.37 49.48 38.55 37.61 29.2J 4.4. 72 35.91 8.05 29.73 30.72 37.13 52.83 

Southwest 68.87 61.53 58.37 64.18 56.29 45.36 46.35 38.01! 32.45 21.64 16.79 29.99 45.67 42.56 

Nor.thwest 60.61 54.23 48.09 32.41 :i. 38 

...... .,. Coal Demand Cente~s: 
0 

1 Boston ~ Pittsburgh 10 St. Louis 15 Denver 
2 New York E Atlanta 11 St. Paul 16 Los Angeles 
3 BaltfmorejWashington/ 1 Cincinnati 12 Kansas City 17 San Francisco 

Philadelphia 8 Detroit 13 H'ouston 18 Seattle 
4 Miam;i 5· Chicago 14 Dallas 19 New Orleans 

Blank space s_ignifies· not appli.cable. 

SOURCE:. DOE_,. Ene.::gy Information Agency, Mid-term Energy Forecasting S:.;stem., Medium World Oil Price Scenario, April 1981. 
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Exhib~t D.4 

1995 Transportation Cost Estima·tes 
(1975 $/ton) 

'· Coal Demand Center 
Coal 

Production Region 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 l7 18 19 

Northern Appalachian 27.78 17.07 10.81 59.24 2.12 34.15 13.69 14.48 21.66 27.80 38.19 54.73 

Central Appalachian 36.64 25.93 17.19 46.·67 25.58 16.78 12.39 23.16 24.12 26.50 40.65 37.36 

Southern Appalachian 55.38 44.67 36.90 38.57 42.33 8.68 29.14 39.91 33.56 21.70 50.09 16.53 

Midwest 53.79 43.08 35.86 61.91 24.75 32.02 11.56 22.33 13.77 8.60 30.30 52.60 

C-entral West 66.36 55.65 50.18 67.21 37.28 37.32 25.88 32.18 23.63 11.77 19.12 1.66 30.08 10.47 24.80 73.59 43.28 

Gulf 74.35 68.34 60.99 55.98 40.74 44.58 50.88 42.33 30.47 40.87 23.41 6.95 4.60 34.98 57.72 74.82 20.16 

Northeast Great Plains 78.04 67.33 62.65 48.96 60.06 41.15 40.77 29.42 41.28 12.89 32.93 61.34 51.74 24.94 70.19 37.45 74.55 

Northwest Great Plains 65.12 70.90 57.31 56.93 45.58 45.35 29.05 35.24 52.08 42.48 12.10 65.26 66.09 48.74 65.29 

Rockies 67.50 67.54 56.10 62.40 53.85 41.99 40.97 31.88 48.72 19.12 8.74 32.65 33.75 40.82 61.93 

Southwest 75.12 67.13 63.72 70.02 61.47 49.61 50.62 41.53 33.34 23.74 18.39 32.94 50.04 46.55 

Northwest 65.98 59.03 52.33 35.23 2.49 

i---' 

+=> ...... 
Coal Demand Centers: 

1 Boston 5 Pittsburgh 10 St. Louis 15 Denver 
2 New York 6 Atlanta 11 St. Paul 16 Los Angeles 
3 Baltimore/Washington/ 7 Cincinnati 12 Kansas City 17 San Francisco 

Phlladelphia 8 Detroit 13 Houston 18 Seattle 
4 Miami 9 Chicago 14 Dallas 19 New Orleans 

Blank space signifies not applicable. 

SOURCE: DOE, Energy Information Agency, Mid-term Energy Forecasting System; Medium World Oil Price Scenario1 April 1981. 



DETERMINING REGIONAL COAL PRICES 0.10 

Total regional costs were then determined for each. type 

in each demand region by adding· minemouth prices: ~rans-. 
portation costs, and distribution charges. In cases where 
more than one possible source for high- or low-sulfur coal 
was available in a particular demand region, the lowest 

cost alter~ative was chosen. Estimated coal prodGction 
figures for each supply region were studie.d to ensure that 
aupplv was adequate to meet antici pateoii iiP.mand in each 

demand region. If a lowest cost coal alternative already 

chosen could not supply coal in adequate quantites; the 

next lowest cost alternative was chosen. 

In certain regions, no compliance coal use is feasible 

• because states have strict sox regulations, or low-sulfur 

coal was determined to be overly expensive. (This was 
assumed to be so if the cost of the low-sulfur coal was 

$2/mmBtu greater than high-sulfur coal.) 

In these regions, only high-sulfur coals were included in 

the analysis. In certain other regions, only one type of 
coal is economically and technically viable because of the 

types of coals mined locally and/or excessive transporta­
tion link costs. 

Six demand regions were determined to have only one coal 

type available. Total regional prices (per million Btu) 

for these areas were taken from EIA average price pro­

jections. In the other four re~ions, both high- {or medium) 

and low-sulfur coals were considered practical. These 

prices were calculated using our per-ton total costs di­

vided by the estimated Btu content for the particular coal 
types studied to yield prices per million Btu. 
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DETERMINING REGIONAL COAL PRICES D.ll 

Estimates of 1979 prices for each of those regions having 

bo£h hi9h- and low-sulfur coal types ~ere devloped from 

the E~!\. .estimates by assuming that the d i fferen ti al between 
. . ~ "... . 

high- and low-sulfur prices projected for 1985 was the 

same as in 1979. Projections of 2020 coal prices were 

made by assuming that the 1995 prices escalated in real 

te~ms by 0.7 percent per year. 

E;.stiinated r.egional coal prices for 1979, 1985, 1990, 1995, 

and 2002 in each of the 10 demand regions are shown in 

Exhibit 0.5. 
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Exhibit 0.5 

Regional Coal Prices 
( 1979$/mmBtu) 

Demand Supply Coal 
Region Region ~ 1979 1985 1990 1995 2020 

1 New North high sulfur 
England Appalachian bituminous 1. 79 2.69 2.96 3.07 3.65 

2 New York/ North high sulfur 
New Jersey Appalachian bituminous 1.27 2.8 2.50 2.73 3.25 

Central low sulfur 
Appalachian bituminous 2.49 3.17 3.61 4.03 4.80 

3 Mid- North high sulfur 
Atlantic Appalachian bituminous 1.26 1.91 2.17 2.22 2.64 

4 South Oout.h madium s~lfur 
Atlantic Appalachian bituminous 1.26 2.29 2.84 3.23 3.85 

south low sulfur 
Appalachian bituminous 1.73 2.74 3.19 3.31 3.94 

5 Midwest Midwest high sulfut 
Appalachian bituminous 1.36 1.~9 2.21 2.26 2.69 

6 southwest Southwest medium sulfur 
subbituminous 1.43 2.66 2.95 3.20 3.81 

NW Great low sulfur 
Plains subbituminous 2.22 3.33 4.08 4.40 5.24 

7 Central Central west high sulfur 
midbitwninouB 1.23 1.45 1.56 1.67 1.99 

NW Great low sulfur 
Plains subbituminous 1.92 2.26 2,95 3.16 3.76 

8 'North NW Great low sulfur 
Central Plains subbituminoua 1.04 1.33 1.35 1.44 1.71 

9 West NW Great low sulfur 
Plains subbituminous 1.29 2.85 3.09 3.26 3.88 

10 Northwest Northwest medium 1JUlfur 
subbituminous 1.36 J-.89 2.19 2.50 2.98 
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