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ABSTRACT

S0lid waste has become a subject of increasing concern to energy
industries for several reasons. Increasingly stringent air and water
pollution regulations result in a larger fraction of residuals in the form of
solid wastes. Control technologies, particularly flue gas desulfurization,
can multiply the amount of waste. With the renewed emphasis on coal
utilization and the likelihood of oil shale development, increased amounts of
solid waste will be produced.

In the past, solid waste residuals used for environmental assessment have
tended only to include total quantities generated. To look at environmental
impacts, however, data on the composition of the solid wastes are required.

Computer modules for calcﬁlating the quantities and composition of solid
waste from major fossil fuel technologies were therefore developed and are
described in this report. Six modules have been produced covering physical
coal cleaning, conventional coal combustion with flue gas desulfurization,
atmospheric fluidized-bed combustion, coal gasification using the Lurgi
process, coal liquefaction using the SRC-II process, and oil shale retorting.

Total quantities of each solid waste stream are computed together with

the major components and a number of trace elements and radioruclides.
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INTRODUCTION

The Environmental Impacts Division, Office of Environmental Assessments,
U.S. Department of Energy, has glven Brookhaven National Laboratory the
overall responsibility for developing a capability for assessing energy
production solid waste problems and impacts. As part of this effort, the

Biomedical and Environmental Assessment Division has developed six computer

modules, in the form of FORTRAN subroutines, which can be used to estimate

total solid waste and the composition of that waste for six fossil fuel
technologies (coal combustion in a comventional boiler, coal beneficiation,
coal gasification, SRC-II process coal liquefaction, oil shale recovery, and
atmospheric fluidized-bed combustion). These modules were written so that
they could be used as individual programs for estimating solid waste in a
single situation, or, could be included in a larger overall system of
environmental assessment. In this report, each module 1is described and
documented in detail. Computer codes and technical explanations of the
calculations are appended to each sectionm.

At present, in the Strategic Environmental Assessment System (SEAS), only
the quantities of solid waste are calculated; no 2ssessment is made of the
composition of the waste either in terms of its major constituents or its
trace element content. The composition of the waste 1s needed in order to
determine disposal methods and potential environmental impacts. No estimation
of the environmental impact of solid waste disposal 1s at present given in
SEAS.

The Regional Studies Group at BNL 1is preparing an overall model to

evaluate the impact of solid waste disposal from energy production. AN



important part of the model is the computation of the quantity and composition
of the solid waste produced from different energy production processes. This
will be achieved by a series of modules, each representing a specific
technological process and producing information about the waste (amount and
chemical composition) as a function of fuel input and, as uneeded, other
information supplied exogenously to satisfy the requirements of the individual
modules.

In an overall model framework such as these, the modules can be linked in
series (e.g., coal beneficiation, coal combustion). Regulatory considerations
are included in the main program; modules contain variables to simulate the
technological response to changes in regulation. In an overall evaluatiom
framework, regulatory and locatiinmal coasiderations can be used in conjunction
v ..h the coal input characteristics to specify emissions limits options in the
technology modules. These considerations will also dictate the sequence of
decisions which determines the nanagement of the solid wastes {e.g., the
regionally available method, need for full containment, etc.).

Since the modules will be used primarily in larger environmeatal
assessment models such as those mentioned above, the individual modules used
to compute the solid waste produced need to be mathematically simple so they
may be called many times during a run of the overall program. Also, since at
present the modules are data limited, they were written in such a way as to
allow easy updating of coefficients when new data become available.

The modules are generally based on a mass balance approach and consist of
one or more matrices of coefficients which, when multiplied by a vector of
input fuel characteristics, results in a matrix describing the characteristics

of one or wmore products and waste streams. The modules, however, remain a



flexible means of coping with changes in air pollution control requirements,
and in cases where there are various possible technologies (e.g., £flue gas
desulfurization (FGD) systems in conventional boiler coal combustion), they
allow for a number of possible choices.

In many cases there 1s a linear relationship between the fuel
characteristics and the residual characteristics for a specific technology-.
In those cases where this may not be the case, nonlinear functions are

incorporated into the module.

Composition of the Solid Waste

The modules take run-of-mine (ROM) fossil fuel characteristics and
compute their fate during a combustion or conversion process. A choice had to
be made as to which constituents should be considered.

For the major components, mass balances are calculated for sulfur, ash,
and carbon. For the trace constituents, the trace elements listed by the EPA
as toxic under the Clean Water Act were used (Federal Register, Vol. 44, No.
191, Monday, October 1, 1979). In addition, iron, wagnesium, and manganese
were added.

The full list of trace elements considered is given below:

Antimony Magnesium
Arsenic Manganese
Beryllium Mercury
Cadmium Nickel
Chromium Selenium
Copper Silver



Iron Thallium
Lead Zinc
Radionuclides are also important in describing solid waste, and the
following were included in the modules:
Uranium Thorium
Radium Lead-210
The reasons for inclusiom or exclusion of certain radionuclides are given
in Section 7.
While the main purposé of the modules 18 to describe solid waste
characteristics, the composition of product streams and air residuals 1s also

included in some of the modules.

Note: The results obtained by using the described computer modules

should be considered only as good as the data used in determining the

coefficients. As will be seen, data are often scarce and sometimes
nonexistent. Some of the data used are suspect. Therefore, results should be
regarded as only a general guideline to the actual composition of the solid
waste from the fossil fuel technonlogies considered. 1In the future, it is
hoped that more and better data will be collected sco that the present

coefficients can be updated to improve the accuracy of estimationm.

1 SOLID WASTE MODULE FOR PHYSICAL COAL CLEANING

1.1 1Introduction

Physical coal preparation consists of the mechanical cleaning and sorting

of particles of coal and its impurities.
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1.1.1 Why Steam Coals Are Beneficiated

Historically, only coals intended for metallurgical purposes were
beneficiated to reduce their ash content. Steam coals were washed only when
the raw coal, ROM, contained unacceptably high proportions of ash-forming
minerals. Whereas power plants can often cope with ash contents of 20 percent
or higher, some ROM coals contain up to 40 percent ash, and occasionally even
more. When lower sulfur oxide emissions were mandated by the 1970 Clean Air
Act, coal beneficiation to reduce sulfur content gathered momentum. In light
of the latest environmental developments, it is reasonable to expect that
steam coal beneficiation will become increasingly important ai‘a ma jor BaCT
(Best Available Control Technology) and will be used with flu; gas cleanup
systems to meet increasingly strict sulfur controls. In other cases, coal
beneficiation willpay for itself because the enrichment of the shipped product

reduces freight costs.

1.1.2 Coal Beneficiation Principles

With few exceptions, all washed coals are processed in water or
water-based media, using gravity methods which rely on the differences in
specific gravity between the c¢oal and minerals mixed therewith. Only
extraneous impurities are separable from the coal proper, although the
efficlency of such separation varies with the céal's characteristics.

A jig, the most popular coal-washing device, uses differential settling
or induced stratification to separate the lighter coal from the heavier
ash-forming minerals. Next in popularity i1s the heavy-nedia process. With
this method, the coal is floated in a water-based medium of controlled

specific gravity and the heavier minerais are permitted to sink and be removed



as rejects. The concentrating table separates coal from rejects by
stratification induced by vibration. Cyclones, either water-only or
heavy-media types, supplement gravity by centrifugal force to make sharper
separations thamn static vessels. Froth flotation, which is used with coal
particles smaller than 28 mesh (1/2 millimeter), uses chemical reagents to
form air bubbles which selectively attach themselves to the coal while
permitting the ash to settle to the bottom.

Because any coal particle contains both coal and ash, its specific
gravity will depend on the relative percentages of each. Pure coal has a
specific gravity slightly less than 1.3, whereas a dirty coal containing
approximately 60 % ash has a specific gravity of about 1.8. Most clean coals
are produced with specific gravities between 1.4 and 1.6 and contain upward of
5 % ash. The smaller the particle's size, the better the chance of separating
the coal from its ash but also the higher the prodessing costs. As pyritic
sulfur is associated with ash and has an even greater specific gravity, sulfur
reduction methods are essentially the same as those used for ash reduction and

are subject to the same limitationms.

1.1.3 Levels of Coal Preparation

The extent of the work done on raw coal 1is determined by marketing
considerations and by the results of float—-sink tests called coal washability
analyses. There are substantial differences in the degree to which any coal
can be iméroved by beneficiation. In the past it was primarily the ash
content of a coal which had to be 1limited, and the smallest amount of
preparation to meet that criterion was used. Since the advent of the Clean

Air Act, more steam coal specifications call for quality products achievable



only through beneficiation. Costs associated with coal beneficiation reflect
the level of preparation practiced. Obviously, crushing only to control top
size 1s far less costly than beneficlation to reduce ash and sulfur content.
Coal preparation can be classified according to the sizes of coal particles
processed. The smaller the particles, the more rigorous the 1level of
beneficiation, the more complex and costly the process, and the better the
product.

Coal preparation processes are usually designed and operated for site
specific applications. Plants can be loosely grouped as jig plants, table
plants, and heavy media plants. As plants frequently use at least two, if not
all three, of these methods simultaneously and at times flotation, this
classification has limited usefulness. Professor H. Lovelll of Pennsylvania
State University defines four levels of preparation. At one end, level 1
employs no preparation at all, while at the other end, level 4 calls for
multistage beneficiation. Gibbs and Hill Inc. In a report prepared for EPRIZ
proposes that at least six levels are required to represent the most basic
differences:

Level 0: Absence of preparation indicates that the coal

is shipped as mined.

Level 1: Breaking for top size control only, with
limited, if any, removal of coarse refuse and
trash.

Level 2: Coarse beneficiation through washing of >3/8~-in.
material only: 3/8-in. x O fraction remains dry
and 1s recombined with the clean coal ﬁrior to

shipment.



Level 3: Deliberate beneficiation through washing of all
>28 mesh material; 28-mesh x 0 material,
depending on its quality, is either dewatered
and shipped with clean coal or discarded with
the refuse.
Level 4: Elaborate beneficiation through washing of all
size fractions, including 28 mesh x 0. Thermal
drying of 1l/4-in. x 0 sizes 1is generally
required to limit moisture content.
Level 5: Full beneficiation implies the most rigorous
coal beneficiation.
At present, levels 1 and 2 are used to clean steam coal and levels 4 and
5 are used for metallurgical coal.
Level 3 improves the quality of the coal over that of level 2 by cleaning
the 1/4-in. x 28-mesh size which normally contains large amounts of sulfur.
The present module will allow the calculation of solid waste for coal
cleaned at levels 1 to 3. If in the future it is fedt the utilities may use
coal theat has baen beneficiated to metallurgical standards, levels 4 and 5
could be added. However, the module will become more complicated and du:z:=
restrictive as the level of cleaning increases, particularly since levels 4
and 5 would require thermal drying of the coals.
Each of the three levels to be employed in the module 1is discussed in

greater detail below.



Preparation Level 1 - Breaking Only

Block Diagram: Figure 1l.1.

Scope: Top size control through crushing only prior to storage and/or
shipment. In this context, level 1 preparation does not include physical
coal preparation processes such' as crushing, grinding, classifying,

slurrying and dewatering, compacting, and pelletizing.

Purpose and Benefits: Except for the relatively few mines able to ship

ROM coal directly to the user, most mines must control the top size of
the raw coal to facilitate handling and to suit customer requirements.
Normally there is little improvement in coal quality as a result of
crushing the coal prior to shipment, except possibly in northern West
Virginia, and in parts of Ohio, Pennsylvania, and Illinois, where 1large
formations of pyritic sulfur are sometimes encountered. Unless removed
by -a rotary breaker, these very hard lumps can damage crushers. Wood and

timber can also ba removed from the ROM feed by a rotary breaker.
Ash Reductiocn: Negligible.

Sulfur Reduction: Negliglblie.

Yield - Weight Basis: 98 to 100%.

Recovery - Btu Basis: 99 to 100%.

Major Circuits and Equipment Used: Size reduction is accomplished by

means of crushers and/or rotary breakers. Scalping screens (coarse
screens) are frequently used ahead of crushers and breakers either to
remove large wood and timbers likely to plug the crushers or to bypass

the crushers with coal particles already small enough. Breakers work
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when the coal 1s soft and the rock is hard because they size and recover

all coal and reject large rock, wood, timber, and trash.

When the coal is hard or tough, single or double roll crushers are used,
preceded by scalping screesns. Where ROM coal 1is relatively clean and
where wood and timbers are no problem, rotary breakers are sometimes
sealed, preventing discharge of rejects. In this way they act like

single roll crushers but their maintenance costs are lower.

Strip-mined subbituminous coals and lignites are reduced in size by means
of roll crushers when trash is not a problem. Breakers are used when

seams are contaminated with rocks or petrified wood.

Rejects Processing and Disposal: Disposal is usually by truck to the

mine refuse area where it is layered and compacted by a bulldozer at the
head of the valley. This material is wusually dry and coarse. Thus,

drainage and seepage are not-a problem nor is spontaneous combustion.

Preparation Level 2 - Coarse Benmeficiation

Block Diagram: Figure 1.2,

Scope: After level 1 preparation, remove the 3/8-in. x 0 particles by
~ dry screening. Wet beneficiate only the >3/8-in. coal, then dewater by
mechanical means and ship after recombining with the unprocessed 3/8-in.
x 0 raw coal fines. Where raw coals do not contain excess surface
moisture (because of dust control sprays at mine face) likely to plug the

screen openings, dry screening at 1/4 in. is preferred.

Purpose and Benefitg: Coarse beneficiat?on removes the coarse impurities

(above 3/8 in.) often found within coal seams, such as partings and the

- 11 -
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extraneous material (roof and bottom) extracted with the coal as a result
of big production mining procedures. The 3/8-in. x 0 raw coal split
remains as mined and rejoins the clean coal stream prior to shipment.
Although coarse beneficiation can remove substantial quantities of
extraneous matter which would otherwise show up in ash analysis of the
coals, substantial sulfur reduction should not be expected as sulfur
particles are generally not assoclated with the coarse rejects. Coarse
beneficiation of steam coals 1s practiced on coals from Appalachia and
Alabama which have excellent washability characteristics and where the
ash content of the coal fines 13 not excessive. 28-mesh x 0 coal from an
Appalachian seam, for example, contains less than 22%ash, whereas the

same split from an Illinois seam might run up to 40Zash.

Ash Reduction: Fair to good; can compensate for poor quality control at

the mine face.

Sulfur Reduction: Minor as the coarse rejects rarely contain much

sulfur.

Yield - Weight Basis: 75 to 85%.

Recovery — Btu Basis: 90 to 95%; Btu recovery 1s good bacause few of the

coarse rejects, except bone coal, contain many Btu.

Mz jor Circults and Equipment Used: ROM coal is first reduced in a level

1 circuit to <3 in. (3 in. is used as an example). Further reductions
to 3/4 in. or lesg may be more desirable, but each coal must be evaluated

individually. Crushed coal is then dry screened at 3/8 in. to remove the

-13 -
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fines which bypass the beneficiation circuits and eventually rejoin the

washed coal.

The >3/8 in. fraction is beneficilated in jigs or heavy media vessels at a
relatively high specific gravity (1.50 to 1.55) to reduce the amount of
coal included with the rejects (refuse). The clean coal fraction is then
passed over dewatering and sizing screens. The coarsest fraction (>3/4
in.) contains relatively 1little surface molsture and can be shipped
without further treatment. The 3/4-in. x 3/8-in. split must be dewatered
in mechanical dryers, while the limited amount of 28-mesh x 0 washed from
the clean coal discharges either to a thickener and filters or to a
settling pond. The clean coal, combining the 3/8-in. x O dry screened
fraction, the >3/8-in. washed fraction, and the 28-mesh x 0 filter
product may contain slightly more surface moistura than the ROM cocal, but

not enough to cause transportation or utilization problems.

Rejects Processing and Disposal: The dry refuse from level 2 can be

discarded as discussed earlier. The rejects from jigs or heavy-media
vessels consist of wet, >3/8-in. refuse and a <28-mesh selurr7y. The
slurry is either discharged to a settling pond or reports to a thickener
for water clarification and recovery. If a thickener is used, the
under flow (water and suspended solids) might have to be ponded. Because
of regulatory restrictions on the use of ponds and impoundments, their
use is decreasing in favor of centrifuging and filtering. The >3/8 in.
rejects may contain from 6 to 127 surface moisture, depending on top
size. This refuse, which can represent 15 to 40% of the raw coal, must

be transported tc, and confined within, a suitable disposal area
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constructed, operated, and maintained 1in accordance with applicable

regulations.

Preparation Level 3 - Deliberate Beneficiation

Block Diagram: Figure 1.3.

Scope: After level 1 preparation, the 3/8-in. x 0 particles from the 3-
in., x 0 feed are separated by wet screening, followed by a second
separation at 28 mesh. The »3/8 in. coal is washed as in level 2. The
3/8~-in. x 28-mesh is beneficlated on concentrating tables or in heavy-
media cyclones, followed by dewatering screens and centrifugal driers.
The 28-mesh x 0 split 1s combined with the same size product from other
circuits and, although not beneficiated, 1s thickened and filtered prior

to rejoining the clean coal stream for shipment.

Purpose and Benefits: Level 3 coal preparation further improves quality

by beneficiating the 3/8-in. x 28-mesh size which normally contains large
amounts of ash and sulfur. As this fraction may roughly constitute one
third of the plant feed, the quality of the clean coal will favorably

reflect the work done on the 3/8-in. x 28-mesh split.
Ash Reduction: Good to excellent.

Sulfur Reduction: Falr to good.

Yield - Weight Basis: 60 to 807%.

Recovery - Btu Basis: 80 to 90%Z; as the finer coal sizes are mnore

difficult to beneficlate, the percentage recovery decreases in comparison

with level 2.
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Major Circuits and Equipment Used: The circults are those required for a

level 2 plant, plus those for beneficiating the 3/8-in. x 28-mesh coal.
Concentrating tables or heavy-media cyclones are suitable, followed by
mechanical dewatering. Thickeners and filters, preceded by classifying
cyclones, are used when the <28-mesh percentage is high and are used both

for the clean coal and the rejects when ponding is unavailable.

Rejects Processing and Disposal: Problems encountered with rejects from

level 2 plants are accentuated in level 3 plants which nust dispose of
even greater amounts of wetted fines, particularly the 28-mesh x O
fraction. When the <28 mesh slurry contains clay (southern Iilinois
strip mines, for example), it must be pumped to impoundment areas, as
filters cannot efficiently handle clays. Legal restrictions on such
impoundments someitimes effectively prohibit their use or at least
increase their constructijon costs. Dams costing several million dollars
are not unheard of. In flat tc;.rrain, the problem may be practically
insurmountable because of the large quantities involved. The 3/8-in. x
28-mesh refuse contains 17 to 227 moisture, depending on dewatering
methods employed and the 28-mesh x 0 fraction, after filtering, will
contain 15 to 257 moisture. The 3/8-in. x 0 rejects pose handling
problems, not only during freezing temperatures but also at other times
because such refuse 1is difficult to convey or truck without spills or
leaks. Disposal 1is complicated by detailed regulations including

prohibition on effluent.
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l.1.4 Modeling Problems

Coal preparation is very site specific; every plant is built differently
because of the large variation in the washability of different coals. This
causes a number of problems when trying to build a model which will have to
deal with cleaning in a general manner.

A brief description of the major problems encountered and the methods

used to overcome them is given below.

Pyritic Sulfur and Ash Removal. Given a specified level of cleaning, the

amount of pyritic sulfur removed will vary with each coal sample (variations
may be found even within the same coal bed). To a lesser degree,this is also

true of ash removal.

The U.S. Bureau of Mines3 has performed washability studies on 455
samples of coal. These results were used to determine if it was possible to
correlate pyritic sulfur with ash removal, Btu loss, and overall material

loss. Details are given in Appendix 1A.

Trace Metal Removal. As with pyritic sulfur, the removal of trace metals

will also vary, depending on the coal type used.
Data from a number of float sink tests which looked at the fate of trace
metals were used to determine if a function could be found which related trace

metal removal with pyritic sulfur or ash removal. Details are given in

Appendix 1B.

Size Distribution of the Coal. As can be seen from the block diagrams,

the amount of coal clcaned at each level and hence the amount of solid waste

will depend on the size distribution of the coal after crushing.
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Although the size distributiomn 1s not a haphazard event, the equations
used to calculate the distribution require constants which vary for each coal
type and depend on such properties as the friability of the coal. Distribu-
tions cannot be calculated in the module and therefore a number of typical

size distributions were examined and the average taken (Table 1.1).

Table 1.1
Typical Size Distribution of Coals
>3/8 in. 3/8 in.-28 mesh <28 mesh

Reference 4 '
Nat. ave. steam cleaning 72.0 28.0
Nat. ave. metallurgical cleaning 53.2 40.0 6.8
Central region ave. 56.0 44,0
Northern Appalacian region 72.0 28.0
Reference 5
Freeport, Pennsylvania 77.0 19.0 4.0
Crushed Freeport, Pennsylvania 60.0 34.0 6.0
Roslyn bed, Washington 70.0
Alabama 60.0 34.0 6.0
Reference 2
Alabama 70.0 23.0 . 7.0
Average 65.6 27.8 6.0

The module assumes the following split:
>3/8 in. 66%
3/8 in - 28 mesh 28%

<28 mesh 6%
1.2 Coal Cleaning Module Description

1.2.1 General Description
The module computes the solid waste residuals and the clean coal

characteristics which result from physical coal cleaning at three levels of

intensity.
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The input to the module 1s the quantity of coal and its composition in
terms of sulfur (pyritic and organic), ash, trace elements, and Btu content.
The module employs a mass balance approach to compute the distribution of the
sulfur, ash, and traée elements between the clean coal and the solid waste
refuse. Figure 1.4 gives an overall view of the module.

For levels 2 and 3, the equations used to compute the solid waste
produced are valid only when the input.ash content of the coal exceeds 6.25%.
This is thought to be reasonable since it 1s umnlikely that 1t would be
economical to try to clean a coal with a lower ash content. Low ash coals
normally have low sulfur contents.

Since thermal drying is not being considered, the only air emissions
are fugitive dusts, which are difficult to quantify. No air emission
estimates are therefore included.

The module is called as a subroutine with the following arguments:

Input vector of coal characteristics.

Output vector of clean coal composition.

Output vector of solid waste composition.

Input quantity of coal/output quantity of coal.

Level of coal preparation. Input integer number from 1 to 3.

To facilitate computation, the first three arguments are vectors which
‘ontain the same number of elements. The elements are shown in Table 1.2.
Since these vectors are constructed to Ue conformable to any of the solid
waste modules which have been produced, there are presently some empty
elements (48 to 50, not shown in Table 1.2) and some elements which are not
applicable to this module and are disregarded (set to 0) in the output vectors

and omitted in the output printout.
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Table 1.2

Elements
Number Type Number Type
1 Ash 24 Hydrocarbons
2 Sulfur (S) 25 Total solid waste
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calciun sulfite
5 Beryllium (Be) 28 Calcium sulfate
6 Cadmiun (Cd) 29 Soda ash
7 Chromium (Cr) 30 Magnesium sulfite
8 Copper (Cu) 3 Magnesium oxide
9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodiun sulfite
11 Magnesium (Mg) 34 Water
12 Manganese (Mn) 35 Sulfur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 37 Carbon monoxide
15 Selenium (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thallfum (T1) 40 Carbon
13 Zinc (2n) 41 Btu
19 Uraniuwm-238 (U) 42 Carbon dioxide
20 Thoriwm-232 (Th) 43 Sodiuwm bicarbonate
21 Radimm-226 (Ra) 44 Sodium carbonate
22 Radium-228 (Ra) 45 Sodium sulfate
23 Lead-210 (Pb) 46 Calcium carbonate
47 Calcium oxide
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Data are, at present, only generally available for the input quantities
of uranium and thorium. However, the masses of radium~226 and lead-210 can be
calculated from the mass of uranium-238 and the mass of radium-228 from
thorium-232. The equations and assumptions used in the calculation are given
in Sectiom 7.

It is assumed for each level of cleaning that the percentage carbon
reduction is equivalent to the percentage Btu loss.

For each level of cleaning, there will be an output vector of clean coal
characteristics and of solid waste quantity and composition. Also given is
the output quantity of clean coal. The total Btu's in the clean coal are

given 1in the output clean coal vector and therefore the new Btu/lb can be

calculated, if required, for further analysis.

1.2.2 Level 1 Cleaning

The module assumes a 99.5% Btu recovery and a 987 material recovery.
These are average figures from References 2, 4, and 6.

The solid waste will therefore contain 0.5% of the input carbon. The
fraction of the ash removed can then be calculated using the following

equation:

ASHREM = (0.02 x COAL) - (0.005 x CARBON)/(COAL-CARBON),

where
ASHREM 1s the fraction of incoming ash removed,
COAL is the total quantity of input coal,
CARBON 1s the input quantity of carbon.

With the exception of sulfur, the same removal fraction as ash is used

for the other trace elements.
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The pyritic sulfur is assumed to be reduced by the same amount as the
ash, but the organic sulfur 1s removed at the same rate as the carbon.
Organic sulfur is not inen as a separate input element but 1s calculated as
the difference between the total and pyritic sulfur.

There are two output vectors to describe the clean coal and solid waste
composition. The total solid waste (element 25) 1s assumed to be a dry

welght.

1.2.3 Level 2 Cleaning

The module assumes an overall Btu recovery of 937 (average value from
references 2, 4, and 6). However, only the >3/8-in.fraction of the coal is
being cleaned. This constitutes 66% of the input coal (see Section 1l.4.4) and

therefore the Btu recovery for the coal subject to cleaning is 89.4%.

Major Components. The major components of the solid waste are carbon,

sulfur, and ash.

Physical cleaning removes only pyritic sulfur. However, since there is
some carbon removal it is assumed that there will also be a small reduction in
organic sulfur.

The major components of the waste are calculated using the following
equations. Those for total waste and pyritic sulfur were derived from the
results of the washability studies performed by the Bureau of Mines.3
Details on how the equations were derived are given in Appendix 1A. These

equations are applied to only 662 of the incoming coal.

Total Solid Waste (Dry Weight)

COALR = 0.719 x A + 0.890 x BTUR - 3.698

TSW = QCOAL x (COALR/100),
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where

COAIR 1is the percentage material removal,
A igs the ash content of input coal (%),
BTUR is the percentage Btu removal,
TSW is the total quantity of solid waste,

QCOAL 1s the input coal quantity.

Carbon Content of Solid Waste

CSW = QC x (BTUR/100),
where
CSW is the quantity of carbon in the waste,

Qc is the input quantity of carbon.

Hydrogen, Oxygen and Nitrogen Content of the Solid Waste. Although

hydrogen, oxygen, and nitrogen are not considered as elements in the module,
their presence in the coal affects the amount of ash in the solid waste. They
"are assumed to be present in the solid waste in the same proportion as the
carbon removal.

OHNSW = (QCOAL - QC - QA - QS) x (BTUR/100),
where

OHNSW is the total quantity of hydrogen, nitrogen, and oxygen in

the solid waste,

QA 1is the input ash quantity,

QS 1is the input sulfur quantity.

Ash Content of Solid Waste

ASW = TSW - CSW - OHNSW,

where
ASW is the amount of ash in the solid waste.
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Sulfur Content of Solid Waste

Organic Sulfur

0SSW = QO0S x (BTUR/100),

where
0SSW 1s the quantity of organic sulfur in the solid waste,

Q0S is the quantity of organic sulfur in the input coal.

Pyritic Sulfur

PSR = 0.686AR + 3.578 La (PS) + 2.499 BTUR
+127.286 Ln(100 -~ COALR) ~ 584.565,
PSSW = QPS x (PSR/100),
where
PSR 1is the percentage removal of pyritic sulfur,
AR is the percentage removal of ash,
PS is the percentage of pyritic sulfur in the input coal,

PSSW 1s the quantity of pyritic sulfur in the solid waste,

QPS 1is the input quantity of pyritic sulfur.

Total Sulfur
SSW = OSSW + PSSW tonmns,

where
SSW is the total quantity of sulfur in the solid waste.

Trace Components. A number of workers have performed float-sink tests on

coal samples to determine the fate of trace elements during washing.

H.J. Gluskoter and his colleagues have investigated the trace element
content of coal for the Illinois State Geological Survey. In Reference 7,
nine coal samples were crushed to 3/8-in. top size and the 3/8-in. x 28-mesh
fraction was subjected to specific gravity separation. One set of samples had
very poor mass balances and contained some spurious results; the data for one

set were incomplete so the results from 7 samples were used in this analysis.
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C.T. Ford of the Bituminous Coal Research Institute has recently been
studying the effect of washing on the trace element content of coal.
Unfortunately, the only results now available are from a symposium held in
19778, but a report is being compiled which will give more recent results.
Reference 8 describes gpecific gravity separations performed on 8 samples
using the 3/8-in. x 0 size.

These two sets of experiments examined a large number of trace elements.
Two further reports were used but in these only a limited range of trace
elements were measured. J.A. Cavallaro and colleagues9 at the Bureau of Mines
reported on the results for specific gravity separation of l4-mesh top size
samples of 10 coals; in another report10 they look at 4 samples again crushed
to l4-mesh top size.

The results were used to calculate the fraction of each trace element
that remained with the clean coal. The fractions were normalized to assume a
100% coal recovery level. Details of how the fractionation factors were
calculated are given in Appendix 1B.

These figures were used to determine whether there was any correlatiom
between the recovery of a particular trace element and the recovery of pyritic
sulfur or ash. In maqy cases, equations could be found which gave the
recovery of a trace element as a function of the ash or pyritic sulfur
recovery. In some cases, no correlation was found and an average value is
used.

Table 1.3 gives the coefficients used to determine the recovery of trace
elements; details of how they were obtained are given in Appendix 1B. Again,

these coefficients are applied to 66% of the coal.
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Table 1.3
Coefficients Used To Determine Percentage Rzcovery of Trace Elements

Element Coefficient (% Recovery)
Antimony 85.0
Arsenic A
Beryllium 4.641 A + 49.713
Cadmiun In (Cd recovery) = 0.006S + 3.952
Chromium 10.370 \/A - 3.125
Copper 11.138 4fA - 10.918
Iron S |
Lead A
Magnesium 70.0
Manganese S
Mercury A
Nickel 41.362 In(A)- 89.574
Selenium 9.738/A
Silver 9.602 \S
Thallium —_—
Zinc S
Uranium-238 21.03 In (A + 1)
Thori um—-232 21.03 Ln (A + 1),
Radim-226 A
Radium-228 A
Lead-210 A

A = Percentage recovery of ash.
S = Percentage recovery of sulfur.
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Qutput Vector of Clean Coal Characteristics. The quantity of each

element appearing in the output clean coal vector is given by the following

equation:
Q0 = 0.66 QI - QSW + 0.34 QI tonms,
where
Qo is the quantity in clean coal,
QL is the quantity in the input coal,
QSW 1is the quantity in the solid waste.

The total quantity of clean coal, calculated as the input amount less the

dry total solid waste, is also given as a separate output.

Output Vector of Solid Waste

The solid waste consists of a wet >3/8~in. refuse and a <{28-mesh slurry.
The two waste streams may have different dispbsal requirements. The >3/8~in.
refuse contains 6 to 12% moisture and can be disposed of in a landfill,
whereas the <28 mesh slurry contains 15 to 25% moisture and may require
separate ponding.2

The solid waste is therefore split into two output streams; 2.5% of which
is assumed to be <28 mesh (from Reference Zj and contains 20% moisture, and
the remainder to have a moisture content of 9%. All the elements are evenly
divided between the two streams.

The total solid waste (element 25) is a wet weight and the total quantity

of water (element 34) 1s also given. The other elements which compose the

solid waste are given as dry quantities.

1.2.4 level 3 Cleaning

The module assumes an overall Btu recovery of 85% (from Reference 2). 1In

this case, all coal >28-mesh size is belng cleaned and this constitutes 94% of
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the input coal (see Section 1.1.4). The Btu recovery for the coal subject to
cleaning is 847.

The same equations are used as for Level 2 cleaning to determine the
amounts of the major and minor components of the solid waste. However,
theremoval rates will be greater because of the greater Btu removal. Also,
the equations are applied to 942 of the incoming coal.

Again, the solid waste is split into two streams to veflect the different
moisture content. In this case the >3/8-i}n. streams constitute 65Z of the
solid waste and have a moisture content of 97%; the remainder is assumed to

have a moisture content of 20%.

1.3 Computer Code
The computer code used is described in Appendix 1C. 1In Appendix 1D,

there is a copy of the code along with a sample input and output.
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APPENDIX 1A

EQUATIONS FOR REMOVAL RATES OF MAJOR COAL COMPONENTS (CARBON, ASH, SULFUR) IN

COAL CLEANING, LEVELS 2 AND 3

In determining equations for use in estimating the removal rates of

various components of coal, certain assumptions had to be made in regard to

which variables were directly related, and in what form. These assumptions

were restricted by limited available data and the desire to keep the model as

simple as possible. The following assumptions were made in constructing the

coal cleaning module:

1.

where

For each level (2 and 3) of coal cleaning, the Btu removal rate
(BTUREM) is fixed.

PCWASTE = f£(BTUREM, PCASH),

PCWASTE

% total coal removal,

PCASH = % ash content of the raw coal.

Z removal of carbon = BTUREM.

Other elements in the raw coal not accounted for (mainly oxygen and
nitrogen) = (total coal) ~ (carbon content) - (ash content) - (sulfur
content).

% removal rate of other elements = BTUREM.

Amount of ash removed = (total coal removed) - (carbon removed) -
(other removed).

% organic sulfur removal (ORGSREM) = BTUREM.

% pyritic sulfur removal (PCPSREM) = f(PCASHR, PCPYRS, PCWASTE,

BTUREM),
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where
PCPYRS = 7% pyritic sulfur content of the raw coal.

9. % removal of trace metals = f(PCASHR or PCPSREM) (see Appendix 1B).

After the above assumptions were made, data were obtained from Reference
3 for 455 coal samples which were subjected to float-sink washability
studies. The clean coal used was the Float-1.6 fraction. This is the
approximate specific gravity used in coal cleaning plants, as it gives the
best tradeoff between the amount of coal recovered and the sulfur and ash
removal.

The following variables were obtained or calculated from Reference 3:

1. 7% total coal removal (PCWASTE).

total Btu removal (BTUREM).

e

2.

3. total ash content (PCASH).

e

4. 7% total pyritic sulfur content (PCPYRS).

5. Z total ash removal (PCASHR).

N

6. total pyritic sulfur removal (PCPSREM).

Because of analytical error, typographical error, or a coal sample which
seemed extremely uncharacteristic in terms of one or more of its components,
certain of the coal samples were eliminated before deriving the removal rate
equations. After elimination, there were 441 coal samples available for use
in the estimation of the equations.

Using the spssll regression program and the above assumptions, the
following equations were obtained:

1. PCWASTE = .719 (PCASH) + .890 (BTUREM) - 3.698 (RZ2 = .92)

2. PCPSREM = .686 (PCASHR) + 2,499 (BTUREM) + 127,286 (Ln(100-PCWASTE))

+ 3,578 (Ln(PCPYRS)) - 584,565 (R2 = ,47)
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APPENDIX 1B

CALCULATION OF TRACE ELEMENT COEFFICIENTS

1B.1 Calculation of Fractionation Factors for Trace Elements
Using the results from the reports detalled in Section 1.2.3, the

fraction of each trace element which appeared in the clean coal was calculated

on a whole coal basis.

An example of how the data were converted to fractionation factors 1is

given in Table 1B.1l.

Table 1B.1
Example of Calculation of Fractionation Factor Using Results for Nickel
Weighted . Weighted
Concentration Weight Concen~- Concen~ x 1l.0
ppm Fraction tration tration 10.275
Float 1.29 8.0 0.343 2.744 2.938
Float 1.33 8.0 0.259 2.072 .2.218
Float 1.40 10.0" 0.186 1.860 1.991
Float 1.60 10.0 0.125 1.250 1.338
Sink 1.60 27.0 0.087 2.349 8. 485
Composite 1.00 10.275
Feed coal 11.9 11.00
' 100
Corrected concentration = 8.485 X —— = 9.29 ,
i 91.3
' 9.29
Fractionation factor to clean coal = _— "= = 0.8449 .

11.00

Rl
\

The determined concentrations were multiplied by the weight fraction of
the total coal found in each specific gravity zome to obtain the weighted
concentration values. These values were "normalized"” so that their summation
totals the determined concentration of the feed (11.0 ppm in the example

given). This was done by multiplying each of the weighted concentration
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values by the feed value (11.00), and dividing by 10.275, the summation of the
weighted concentration values. The summation of these then equalled the feed
value.

The total of these values for the "float" zones represents the weighted
total concentration values in the four zones which are to represent the final
cleaned coal. 1In this case these zones represented 91.3% of the total feed
coal. To obtain the final concentration value for the cleaned coal, the value
for 91.3% again had to be normalized to reflect 100%. This was done by
multiplying the 8.485 by 100 and dividing by 91.3 to obtain 9.29 as
concentration in the clean coal.

The fractionation factor 1is then determined by dividing 9.29 by the
original concentration in the coal (11.0) to give a factor of 0.8449, which
in this case represents the fraction of nickel remaining in the coal after
washing.

Table 1B.2 gives the results and Table 1B.3 gives the key to the figures

as to where the coal samples come from and which reference was used.

1B.2 Estimation of Trace Element Removal Rates

While it is acknowledged that removal of trace elements is not a simple
function and is subject to large variation, an effort was made to make the
estimation of removal rates as simple as possible. This was accomplished by
assuming that the removal rate of each trace element is a function of the
removal rate of either ash or pyritic sulfur.

The data for trace elements as described above were plotted vs the ash
and pyritic sulfur data. (Note: the data above are expressed in terms of

fraction recovery rate, i.e., the proportion of the component which ends up in
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Table 1B.2
Trace Metal Coal Cleaning Data
Fraction to Clean Coal

sl S2 s3 S4 S5 56 s7 S8 s9 S10 s11 5§12 S13 Sl4 515
Element 3/8"x28a 3/8"x28m 3/8"x28a 3/8"x28m 3/8"x28m 3/8"x26m 3/8"x28m 3/8"x0 3/8"x0 3/8"x0 3/8"x0 3/8"x0 3/8"x0 3/8"x0 3/8"x0
Ash 0.6815 0.7052 0.5023 0.7176 0.75  0.65 0.37 0.60 0.67 0.93 0.92 0.47
Btu 1.0630 1,038 1.0760 1.0367 1.02 1.12 1.31 1.14 1.07 1.02 1.02 1.19
Sulfur pyritic 0.4088 0.7547 0.3878 0.8757 0.2376 0.5101 , 0.3759 0.71 0.33 0. 44 0.63  0.85 0.79 0.90 0.83
Sulfur total 0.7002 0.9850 0.8566 0.9673 0.4568 0.6352 ~ 0.6522 0.76 0. 44 0.55 0.74 0.91 0.62 0.93 0.89
Antimony 0.8155 0.8425 0.8573 0.8187 0.8905 0.9441 0.7361
Arsenic 0.3391 0.5302 0.2888 0.8188 0.3051 0.5069 0.1880 0.79 0.33 0.33 o4 Q.85 0.6} 0.89 0.55
Beryllium 0.7184 0.4996 0.869% 0.9565 1.0320 0.9185 0.9739 1.03 0.9 0.83 0.92 1.04 1.01 1.02 0.72
Cadwium 0.5195 0.7435 0.8182 0.8861 0.1048 0.0298 0.6383 0.79
Chromium 0.8344 0.8385 0.6944 0.6874 0.9221 0.3837 0.6l144 0.9 0.78 0.60  0.74 0.85 0.9 0.98 0.74
Copper 0.8684 0.9266 0.8314 0.7276 0.8987 0.7202 0.5116 0.97 0.5 0.44 0.75 0.88 0.92 0.92 0.70
Iron 0.4997 0.7464 0.8207 0.8408 0.3840 0.5971 0.3857 0.64 0.35 0.42 0.60 0.76 0.78  0.87 0.74
Lead 0.6921 0,9048 0.7250 0.9428 0.2507 0.8104 0.2187 0.72 0.47 0.37 0.63 0.92 0.81 0.84 0.66
Magnesium 0.7711 0.5308 0.6685 0.7259 0.7242 0.3090
Manganese 0.5011  0.4762 0.7289 0.7633 0.6701 0.3554 0.1661 Q.84 0.47 0.2  0.42 0.61 0.91 0.76 0.82
Mercury 0.8614 0.9858 0.5447 0.9267 0.3585 0.7077 0.4820 0.77 0.36 0.32 0.56 0.97 0.85 0.9 0.80
Nickel 0.8449 0,9914 0,9586 0.9404 0.8457 0.7947 0.5629 0.92  0.64 0.45 0, 80 0.79 0.92 0.97 0.77
Selenium 0.7683 0.9038 0.7481 0.8396 0.8267 0.8808 0.5934 0.9} 0.39 0.45 0.61 0.61 0.90 0.98 0.71
Silyer 0.7135 0.8686 0.4824 0.8758
Thallivm
Zinc 0.3137 0.7399 0.8626 0.8125 0.1829 0.0258 . 0.0242 0.57 0.59 0.61 0.66 0.87 0.72 0.83 0.54
Uranium 0.9213 0.9074 0.7684 0.9107

Thorium 0.8587 0.7482 0.699%  0.6561

—
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Table 1B.2 (cont.)

Fraction to Clean Coal

S16

S17

S18

s19

520

s21

, 522 s23 524 525 $26 527 s28 S29
Element 14 mesh 14 wesh 14 mesh 14 mesh 14 mesh 14 mesh 14 mesh 3/8"x0 3/8"x0 14 mesh 14 mesh 14 mesh 14 mesh 14 mesh
x0 x0 x0 x0 x0 x0 x0 x0 x0 x0 x0 x0
Ash
Btu
Sulfur pyritic
Sulfur total
Antimony
Arsenic
Beryllium
Cadmium 0.7980 0.7264 0.7585 0.9805 0.0276 0.1521 0.6118 0.9203 0.5219 0.8338 1.0490
Chromium 0.8806 0.9146 0,7087 0.4182 0.8788 1.0317 0.9163 0.9271 1.0670 0.8712 0.4184 0.4184
Copper 0.7555 0.5661 0.5705 0.6687 0.6564 0.8866 0.8661 0.9101 0.8344 0.9578 0.6689 0.6689
Tron
Lead 0.7138 0.4690 0.3361 0.4988 0.5872 0.9304 0.7225 0.8523 0.6873 0.8986 0. 5151
Magnesium
Manganese 0.3782 0.5259 0.4968 0.223% 0.3140 0.1709 0.8204 0.9652 0.2781 0.3286 0.2484 0,2484
Mercury 0.545¢  0.5796 0.5402 0.5993 0.8922 0.9497 0.7625 0.93% 0.6025 0,9299 0,5402 0.5402 0.7216
Nickel 0.8829 0.6715 0,7194 0.7003 0.9057 1.0617 0.9872 1.0080 0.6049 0.6564 0.7006 0.7006
Seleniun
Silver
Thalliva
Zinc
Uranium

Thorium




Table 1E-3

Key to Trace Metal Factors

No. Reference Coal Sample
S1 7 Illinois Herrin No. 6
S2 7 Alabama Blue Creek
S3 7 W. Virginia Pocahontas No. 4
S4 7 W. Virginia Pittsburgh No. 8
S5 7 Illinois Davis
S6 7 Illinois Colchester No. 2
s7 7 I1linois Herrin No. 6 .
S8 8 W. Kentucky No. 6 Seam, Butler
Co., KY
S9 8 Bakerstown Seam, Grant Co., WV
S10 8 Lower Kittanning Seam,
Westmoreland Co., PA
S11 8 Lower Freeport Seam,
Indiana Co., PA
S12 8 Ft. Scott Seam,
Rogers Co., OK
S13 8 Lower Freeport Seam,
Butler Co., PA
Sl4 8 Baxter Seam, Crawford Co., KS
S15 8 Clements Seam, Walker Co., AL
S16 9 Pittsburgh coalbed, PA
s17 9 Waynesburg coalbed, OH
S18 9 Upper Freeport coalbed, MD
S19 9 Hazard No. 4 coalbed,
KY (East)
S20 9 No. 6 coalbed, IL
S21 9 No. 5 coalbed, IL
S22 9 No. 7 coalbed, KY (West)
S23 9 Red coalbed, AZ
S24 9 No. 8 coalbed, NM
525 9 Rock Springs No. 3 coalbed, WY
$26 10 Upper Freeport coalbed
Garett Co., MD
s27 10 Hazard No. &4
Bell Co., KY
528 10 Indiana V coalbed,
Pike Co., IN
S29 10 Lower Kittanning coalbed,

Centre Co., MD
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the clean coal. The functions derived below are given in terms of percentage
recovery rate, 100 x (proportion recovered). The fraction removal rate as
calculated in the computer module is determined by

F(E) = (100 - R(E))/100,
where

F(E) = fraction removal of trace elecment E,

R(E) = percent recovery rate of trace element E,
and R(E) for all trace elements are described below. The data supplied
between four and twelve points per graph.

The graphs were then compared to sample graphs which showed the form for
the linear, log, and square root functions. The best form for each element
was chosen, and a line was fitted for each element according to Table 1.B4,
using least squares regression. In some cases, data points which seemed to be
outliers were eliminated before fitting a line (See comments, Table 1B.4).
Some of the trace elements showed no pattern, but were grouped around a

certain recovery rate, and were therefore assigned a constant (average)

recovery rate.
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Table 1B.4

Trace Element Recovery as a Function of Ash or Pyritic Sulfur Recovery

Trace Functional
Element Form#* Equation#** Comments
Antimony Average R = 85.0 Deleted S¢,S7 (max and
min values)
Arsenic Linear (A) R=A -
Beryllium Sq. root (A) R = 4.6414/A+49.713
Cadmium Exponential(S) Ln(R) = .0065+3.952 Deleted 85,86
Chromium Sq. root (A) R = 10.3704/A-3.125 -
Copper " " " R=11.138 \A-10.918 -
Iron Linear (S) R=3S§ -
Lead Linear (A) R=A Assumed Pb2l0 rate is
same as lead
Magnesium Average R = 70.0 Used approximate mode
Manganese Linear (S) R=3S§ -
Mercury Linear (A) R=A Regression line, when
forced through origin,
is R = 1.106 A
Nickel Log (A) R = 41,362 Ln(A)
-89.674 -
Selenium Sq. root (A) R = 9.738 'Vz Deleted Sg, forced line
through origin
Silver Sq. root (S) R = 9.602 \Jg Forced line through origin
Thallium - - No data available, set=0
Zinc Linear (S) R=S§ -
Uranium and
Thorium Log (A) R = 21.03 Ln(A+l) Line estimated using
uranium data and forced
through origin
Radium=-226 and
Radium=-228 Linear (A) R=A -
Lead-210 Linear (A) R=A Assumed same rates as lead

* Functional form given as F(X;
X = A (ash recovery rate

S (pyritic sulfur recovery rate).

A = ash recovery rate,

where F is the function and

or,

. %% R = trace element recovery rate,

S = pyritic sulfur recovery rate.
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APPENDIX IC

DESCRIPTION OF COMPUTER MODULE

The computer module for the coal cleaning process consists of four
subroutines (CLEAN, TRACE, STRSPL, CPRINT). The module is operated by making
a call to CLEAN,

Call CLEAN (Q, LEVEL, COAL),
where

Q = total amount of coal.

LEVEL = integer value, indicates the level of coal cleaning desired.
Acceptable wvalues of LEVEL are 1, 2, or 3. Any other value
will immediately return control to the calling program.

COAL = input vector of coal characteristics, dimension 50. On output
it will contain the characteristics of the cleaned coal.

For LEVEL 1 cleaning (sizing), CLEAN will calculate all output
characteristics directly. For other levels, it will set the Btu removal rate,
the coal split for the cleaned and passed-through coal, and the split for the
two solid waste output streams and calculate the percentage of ash and pyritic
sulfur in the coal. It will then call subroutines TRACE and STRSPL to
calculate the major component and trace metal removal rates and the solid
waste split, respectively.

Af{ter the characteristics of the solid waste are determined, subroutine

CPRINT is called to print out all inpu: and output vectors.

Subroutine TRACE
Using the Btu removal rate and the ash and pyritic sulfur content from

subroutine CLEAN, the solid waste characteristics are calculated in TRACE as
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shown in Appendix 1A (ash, carbon, sulfur) and Appendix 1B (trace metals).
The solid waste characteristics are placed in vector STREAMI.
The removal rates of all components, which were in percentages, are

converted to proportions. Control is returned to subroutine CLEAN.

Subroutine STRSPL

After cleaning at level 2 or 3, the solid waste is split into two streams
for different levels of disposal. STRSPL converts the output solid waste

calculated in TRACE to two output waste streams (which will contain water}.

Subroutine CPRINT
Subroutine CPRINT prints out the input and output vectors used in the
module. For each element, output consists of:
l. Praction removed - this fraction is the fraction removed of only the
coal which 1is cleaned (all for Level 1, appropriate amounts for 2
and 3).
2. TInput coal components.

3. Clean coal components.
4, STREAM] and STREAM2 -~ solid waste streams as determined for levels

2 and 3. For Level 1, STREAMI will contain all of the solid waste,

STREAM2 will be a zero vector.

Special notes:
1. 1f the Ra226, Ra228 and Pb2l0 elements of the input coal are zero,

they will be calculated from uranium and thorium (see Section 7) -upon calling

CLEAN even if LEVEL is a value other than 1, 2, or 3.

2. The input coal vector is saved in vector OCOAL within the subroutine

CPRINT.
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3.

4-

5.

6‘

7.

8‘

For Levels 2 and 3, a certain proportion of the coal is cleaned and
a certaln proportion 1is passed through to the output coal. After
part 1s cleaned (by calls to subroutines TRACE and STRSPL), the
cleaned and passed-through coal vectors are added together to give
the characteristics of the total cleaned coal.
Common block REM (dimension 24) is used 1in storing removal rates
which are printed in CPRINT.
Fraction of total sulfur removed on output is the fraction of organic
sulfur removed, while all other values of total sulfur are of total
sulfur (organic and pyritic). Total sulfur removed is calculated by
Organic sulfur content = Total sulfur content - pyritic sulfur

content.
Total sulfur removed = (fraction organic'sulfur removed)

x (organic sulfur content)

+ (fraction pyritic sulfur removed)

x (pyritic sulfur content)
Empty vector elements which are not used or are not applicable to the
coal cleaning process are set to zero but are not printed.
No data were available for calculating fraction removed of thallium
in Levels 2 and 3, and are set at zero.
Fraction removed of total solid waste is the fractibn of the total

coal removed by weight.
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APPENDIX 1D

COMPUTER CODE AND SAMPLE OUTPUT

This appendix sets out the computer code used for the coal-cleaning
module with a sample input and thne resulting output. Table 1D.1 gives the
coal characteristics used as input. The other input variables used were as
follows:

Quantity of coal (Q) = 100,000.0 tons,

Level of cleaning (LEVEL) = 2.

For total sulfur (element 2) the fraction removed in fact applies to
organic sulfur only, although tﬁe rest of the vectors give the data for total

sulfur (pyritic and organic).

Table 1D.1
Input Characteristics of Coal
Elenent Input Quantity (tons)
Ash 18700.00
Sulfur 3000. 00
Antimony 0.07
Arsenic 2.70
Beryllium 0.50
Cadmium 0.125
Chromium 3.00
Copper 1.18
Iron 2700.00
Lead 1.14
Magnesium 118.00
Manganese 7.40
Mercury 0.017
Nickel 2.00
Selenium ) 0,02
Silver 0.01
Zinc 1.69
Uranium 0.07
Thorium 0.66
Pyritic sulfur 1870.00
Carbon 64100.00
Btu 2.3E12
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20

PROGRAM CLL (QUTPUT, TAPE2=0UTPUT]

DI{MENSIGN COAL (503
Q=(000040
COAL(13=18700.
COAL (2)=3000.
COAL (3)=.07
COAL (4)=2.7
COAL(5)=.5
COAL (B)=.125
COAL (71=3,
COAL(8)=1.18
COAL (9)=2700
COAL(10)=1.1%
COAL(11)=118.
COAL(12)=7.4%
COAL(13)=.017
COAL (14)=2.
CDAL(15)=.02
COAL(1B)=.01
COAL(171=0.
COAL(181=1.69
COAL(19)=.07
COAL (20)=.6B6
DO 10 I=21,38
COAL(1)=0.
CONT INUE

COAL (38)=1870.
COAL (40)=64100
CoAL (41)=2.3E12
DO 20 1=42,50
COAL(I)=0.
CONT INUE
COAL(17)=1.
LEVEL=2

CALL CLEAN(Q,LEVEL,COAL)
STOP

END
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SUBROUTINE CLEAN(Q,LEVEL,CCAL)

OIMENSION COAL (50) ,SCOAL (50) ,STREAMI (501 ,STREAM2(S0) ,0COAL (50)
COMMON/REM/REMOV (24 )

CALCULATICN OF INPUT RA-226,RA-228 & PB-210 [F NOT GIVEN
IF(COAL(21) .EQ. 0.)COAL(21}=3.38E-7*COAL(1])

[F(COAL (22) .EQ. 0.)COAL(22)=4.01E~10=COAL(20)
IF(COAL(EgI .EQ. 0.)COAL(23)=4, 37E-9*COAL(ID)

DO 1 I=1,90

OCOAL USED TO STORE JNPUT CHARACTERISTICS FOR PRINT OUT
CCOAL (1) =COAL (1)

CONTINUE

IF(LEVEL .EQ. 3)GQ TO 100

IF(LEVEL .EQ. 2)GO TO 100

LEVEL MUST BE AN INTEGER BETWEEN [ AND 3

IF(LEVEL .NE. 1)GOQ TC 5000

* CALCULATION OF WASTE FROM LEVEL 1 CLEANING

.

-

*

*

*

*

CALCULATION OF FRACTION OF INCOMING ASH REMQVED
POTHER=(.02+Q-.005°COAL (401 )/ (Q-CDAL (4+0))
CALCULATION OF INPUT AMOUNT OF ORGANIC SULFUR
ORGS=COAL {2)-COAL (29)

CALCULATION OF AMOUNT OF ORGANIC SULFUR REMOVED
ORGSREM=, 005 *ORGS

CALCULATION OF ASH IN WASTE AND CLEAN COAL
STREAM] (1) =POTHER*COAL (1)

COAL (1)=COAL (1)-STREAM! (1)

CALCULATION OF TRACE ELEMENT SPLIT BETWEEN WASTE AND CLEAN COAL
00 10 [=3,24

STREAML (1) =PQTHER*COAL (1)
COAL (1 )=COAL ([ )-STREAMI (1)
CONT INUE

CALCULATION OF WATER CONTENT OF SOLID WASTE
STREAM] (25)=.02*Q
NON-APPL ICABLE ELEMENTS SET TO ZERO

DO 20 1=26,38
STREAM1(1)=0.
CONT INUE

CALCULATION OF PYRITIC SULFUR SPLIT BETWEEN WASTE AND CLEAN COAL
STREAM] (39)=PQTHER*COAL (39)

COAL (39)=COAL [39) -STREAM] (39)

CALCULATION OF TOTAL SULFUR SPLIT BETWEEN WASTE AND CLEAN COAL
STREAM] (2) =STREAMI (39) +ORGSREM

COAL (2)=COAL (2)-STREAM] (2)

SPLIT OF CARBON AND BTUS BETWEEN WASTE AND CLEAN COAL
STREAM] (40)=,005*COAL (40)

STREAM1 (41)=.005*COAL (41)

COAL (40)=COAL (40) ~STREAM] (40)

COAL (41)=COAL {41)-STREAM] (41)

DO 20 1=42,50

NON-APPLICABLE ELEMENTS SET TO ZEROC

STREAM1(1)=0.

CONT INUE

LEVEL | CLEANING HAS ONLY ONE OUTPUT WAS.E STREAM

DO 40 I={,50

STREAM2(11=0.

CONT INUE

QUANTITY OF CLEAN COAL CALCULATED

QCLEAN=Q~STREAMI (25)

FRACTION OF EACH ELEMENT REMOVED CALCULATED FOR PRINTOUT
REMOV(1)=.02

REMOV (2)=POTHER

REMOV(3)=.005

DO S0 I=4,24

REMOV (1)=POTHER

- 46 -



S0

*

aoo

100

oo
-

(g} oo
. »

o0
.

110

120
*

oo
-

130
140

500
5000

CONT INUE

BTUREM=.00S

GO TO 500

CALCULATION OF WASTE FROM LEVEL 2 AND 3 CLEANING

BTU REMOVAL PERCENTAGE SET FOR LEVELS 2 AND 3

[F(LEVEL .EQ. 2)BTUREM=10.B5

IF(LEVEL .EQ. 3)BTUREM=16.0

LEVEL 2 CLEANING 34X OF INPUT COAL NOT CLEANED

LEVEL 3 CLEANING 6X OF INPUT COAL NOT CLEANED

IF(LEVEL .EQ. 2)SPLIT=.34

IF(LEVEL .EQ. 3ISPLIT=,086

LEVEL 2 WASTE STREAMS SPLIT 97.5X AND 2.5%

LEVEL 3 WASTE STREAMS SPLIT B5X AND 35X

IF(LEVEL .EQ. 2)S2SPLI[T=.025%

IF(LEVEL .EQ. 3)S2SPLI[T=.350

CALCULATION OF PERCENTAGE OF ASH AND PYRITIC SULFUR IN INPUT COAL
PCASH=100.*COAL{1)/Q

PCPYRS=100.*COAL (39)/Q

INPUT ELEMENTS SPLIT BETWEEN COAL NOT SUBJECT TO CLEAMING AND
COAL SUBJECT TO CLEANING

DO 110 I=1,84

SCOAL (})=SPLIT*COAL(])

COAL (1)=COAL(1)~SCOAL(I)

CONT [NUE

DO 20 [=39,41

SCOAL (1)=SPLIT*COAL(1)

COAL (1y=COAL (1)~SCOAL (1)

CONT INUE

CALCULATION OF QUANTITY OF COAL SUBJECT TO CLEANING
QSPLIT=Q-SPLIT*Q

CALL TRACE(QSPLIT,BTUREM,PCASH,PCPYRS,COAL ,STREAM! }

CALL STRSPL (S2SPLIT,STREAMI,STREAM2)

CALCULATION OF TOTAL QUANTITY OF EACH ELEMENT IN QUTPUT COAL
- ELEMENT IN CLEAN COAL + ELEMENT IN COAL NOT SUBJECT TO CLEANING

DO 130 [=1,e4
COAL {1)=COAL ([)+SCOAL(])
CONT INUE

DO 140 [=39,4!

COAL ( 1)=COAL (])+SCOAL (1)

CONT INUE

CALCULATION OF TOTAL OUTPUT QUANTITY OF COAL
QCLEAN=QSPLIT+SPLIT*Q

CALL CPRINT(Q,QCLEAN,BTUREM,COAL ,STREAM] ,STREAM2,QC0AL)
RETURN

END
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[eXeKg] 000 [sXsXgl 000000

[sXeXg]

SUBROUTINE TRACE(Q,BTUREM,PCASH,PCPYRS,COAL ,STREAMI)

* USED TO CALCULATE THE SPLIT BETWEEN WASTE AND CLEAN COAL
* FOR EACH ELEMENT

DIMENSION COAL (50),STREAMI (50)

REAL SBREC,SBREM, ASREC,ASREM,BEREC ,BEREM,CDREC,CDREM,
-CRREC,CRREM,CUREC ,CUREM, FEREM, PBREM, MGREC ,MGREM , MNREM,
-NIREC,NIREM,HGREM, SEREC , SEREM, AGREC , AGREM, ZNREM, UREC , UREM,
-THREM,PB210R

COMMON/REM/PCWASTE ,PCASHR , PCOSREM, SBREM, ASREM,BEREM, COREM, CRREM,
-CUREM,FEREM, PBREM,MGREM , MNREM , HGREM ,NIREM , SEREM, AGREM,
-ZNREM, UREM, THREM, RAREM, PB21 OR,PCPSREM, TLREM

* CALCULATION OF PERCENTAGE OF INPUT COAL REMOVED AS WASTE

PCWASTE=.719*PCASH+.890*8TUREM-3.698

* CALCULATION OF TOTAL DRY WASTE
WASTE=PCWASTE*Q/100.
* CALCULATION OF AMOUNT OF CARBON REMOVED

CREM=BTUREM*COAL (40)/100.

* CALCULATION OF O,N AND H iN COAL

OXN{T=Q-COAL (1) -COAL (2)-COAL (40)

* CALCULATION OF ASH CONTENT OF WASTE

ASHREM=WASTE-CREM-8STUREM*OXNIT/ 100.

* CALCULATION OF INPUT ORGANIC SULFUR

ORGS=COAL (2)-COAL {39)

* CALCULATION OF PERCENTAGE OF ASH REMOVED

PCASHR=100, *ASHREM/COAL (1)

* CALCULATION OF PERCENTAGE OF PYRITIC SULFUR REMOVED

PCPSREM=.686*PCASHR+2.499*BTUREM+ 127 .286+*AL0G( 100 . ~-PCWASTE)
- +3.578*AL0G(PCPYRS)-584.565
* CALCULATION OF QUANTITY OF EACH ELEMENT IN WASTE AND CLEAN COAL
*+ VARIABLE NAMES ENDING IN 'RC' REFER TO X RECOVERED IN CLEAN

* COAL AND 'REM' REFERS TO X REMOVED

ASH
PCASHRC=100.~PCASHR
STREAMI (1 )=PCASHR*COAL (1)/100.

COAL {1)=COAL(1)-STREAM1 (1)
INORGANIC (PYRITIC) SULFUR

PCPSRC=100.-PCPSREM
STREAMI (39) =PCPSREM*COAL (39)/100.
COAL (39) =COAL (33) -STREAMI (33)

TOTAL SULFUR

ORGSREM=BTUREM*ORGS/ 1 00.
PCOSREM=0RGSREM/ ORGS

STREAM! (2)=STREAM! (39) +ORGSREM
COAL (2)=COAL (2)-STREAM1(2)

CARBON AND BTU

STREAM] (40) =BTUREM*COAL (40)/100.

COAL (40)=COAL (40) ~STREAMI (4C)

COAL (41)=COAL (41)~BTUREM*COAL (41)/100.
STREAMI (41) =0,

ANT [MONY

SBREC=85.0

SBREM=(100.-SBREC)/100.
STREAMI (3)=S8REM*COAL(3)
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COAL (3)=COAL (3) -STREAMI (3}
ARSENIC

ASREC=PCASHRC
ASREM=(100.-ASREC)/100.
STREAM1 (4) =ASREM*COAL (4)
COAL (4)=COAL {4) -STREAM! (4)

BERYLLIUM

BEREC=49.713+4.B41*SART(PCASHRC)
BEREM=(100.-8BEREC)/100.

STREAMI (5)=BEREM*COAL (5}

COAL (5)=COAL (5) -STREAM! (5)

CADMIUM

CDREC=,006*PCPSRC+3.,952
CDREC=EXP (CDREC)
CDREM=(100.-CDREC)/100.
STREAM1 (6)=COREM*COAL (6]
COAL ¢6)=COAL (6)-STREAM! (B)

CHROMIUM

CRREC=10,370*SQRT(PCASHRC)-3. 125
CRREM=(100.-CRREC)/100.

STREAMI (7)=CRREM*COAL (7)

COAL (7)=COAL (7)-STREAM1 (T7)

COPPER

CUREC=11.138*SQRT (PCASHRC)-10.918
CUREM=(100.-CUREC)/100.

STREAM] (B)=CUREM*COAL (8}

COAL (8) =COAL {8) ~STREAMI (8]

[RON

FEREM=PCPSREM/100.
STREAMI (9} =FEREM*COAL (9)
COAL t8)=COAL (91 ~STREAM1(8)
LEAD

PBREM=PCASHR/ 100,

STREAM1 {10} =PBREM*COAL (10}
COAL (10)=COAL (10)-STREAM1(10)

MAGNES TUM

MGREC=70.0

MGREM=( 100.-MGREC)/100.
STREAM1 (11)=MGREM*COAL (111
COAL(11)=COAL(11)-STREAML(11])
MANGANESE

MNREM=PCPSREM/100.
STREAM] (12) =MNREM*COAL (12)
COAL (12)=COAL (12)-STREAMI (12)
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MERCURY

HGREM=PCASHR/ 100.
STREAM] (13) sHGREM*COAL (13)
COAL (13)=COAL (13)-STREAML (13)

NICKEL

NIREC=u41.362*AL0OG (PCASHRC)~89.674
NIREM=(100.-NIREC)/100.

STREAM] (14)=NIREM®*COAL (14)

COAL (14)=COAL (14)-STREAMI (14)

SELENIUM

SEREC=9.738+*SQRT (PCASHRC)
SEREM=(100.-SEREC)/100.
STREAM] (15) =SEREM*COAL (15)
COAL (15)=COAL (15)-STREAM! (15)

SILVER

AGREC=3.602*SQRT (PCPSRC)
AGREM=(100.-AGREC)/100.
STREAM] (16) =AGREM*COAL ( 16)
COAL (16)=COAL (16)-STREAMI (16)
ZINC

ZNREM=PCPSREM/ 100 .
STREAMI (18) =ZNREM*COAL (18)
COAL {18)=COAL (1B8)~-STREAM] (18)
URANTUM
UREC=21.02*ALOG(PCASHRC+1)
UREM=(100.-UREC)/100.

STREAM) (19)=UREM*COAL (19)
COAL {19)=COAL ( 19)-STREAM1 (19)
THORIUM

THREM=UREM
STREAM] (20) =THREM*COAL (20)
COAL (201 =COAL (20) -STREAM1 {20}
RADIUM-226 AND RAOIUM-228

RAREM=PCASHR/100.

'STREAMI (21 ) =RAREM*COAL (21 }

STREAM] (22) =RAREM*COAL (22)
COAL (21)=COAL (21)~-STREAM1 (21)
COAL (22)=COAL {22) -STREAM1 (22)
LEAD-210

PB210R=PBREM

STREAMI (23)=PB210R*COAL (23)
COAL (231 =COAL (23) -STREAM] (23)
TOTAL WASTE

STREAM] (25) =STREAMI (1) +STREAMI (40)
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OTHERS (UNKNOWN AND NOT APPLICABLE)

o0

TLREM=0.
STREAM] {17)=0.
STREAM] (24)=Q.
DO 10 [=26,38
STREAMI (1)=0.
10 CONTINUE
D0 20 i=42,50
‘ STREAMI (1120
! 20 CONTINUE
; C + PERCENTAGE REMOVALS CONVERTED TO FRACTIONS FOR PRINT OUT
~ PCASHR=PCASHR/ 100 .
BTUREM=BTUREM/ 100 .
PCPSREM=PCPSREM/ 1G0.
PCHASTE=PCWASTE/ 160.
C * CALCULATION OF QUANTITY OF CLEAN COAL
Q=Q-PCWASTE*Q
RETURNSEND

SUBROUT INE STRSPL (S2SPLIT,STREAM] ,STREAM2)
C + SPLITS WASTE INTQ TWO STREAMS TO REFLECT OIFFERENT DISPOSAL PRACTISES
DIMENSION STREAM! (50) ,STREAM2(S0)
Do 10 I=1,50
ALL ELEMENTS SPLIT INTO @2 WASTE STREAMS, FRACTIONAL SPLIT
C + (S2SPLIT) DEFINED IN SUBRQUTINE CLEAN
STREAM2(1)=S2SPLIT*STREAMI ()
STREAML { 1)=STREAMI] ([)-STREAM2( )
10 CONTINUE

()
-

C » CALCULATION OF WATER CONTENT OF THE 2 WASTE STREAMS
STREAM1 (34) =, 09*STREAMI (25)
STREAMZ (34)=.20*STREAM2(25)

C * CALCULATION OF THE TOTAL WET WEIGHT OF THE 2 WASTE STREAMS

STREAM] (25) =STREAM] (25) +STREAM) (34)
STREAM2 (25) =STREAM2 (25) +STREAM2( 34 )
RETURNSEND

SUBROUTINE CPRINT (Q,QCLEAN,BTUREM,COAL ,STREAM! ,STREAM2,0COAL )

DIMENSION COAL (S0) ,STREAMI1 (50} ,STREAM2(S0) ,0COAL (501

COMMON/REM/PCWASTE , PCASHR , ORGSREM, SBREM, ASREM, BEREM, COREM, CRREM,
~-CUREM,FEREM, PBREM, MGREM, MNREM, HGREM ,NIREM, SEREM, AGREM,
~ZNREM, UREM, THREM,RAREM ,PB210R ,PCPSREM, TLREM

REAL SBREM,ASREM,BEREM,CDREM,CRREM,CUREM,FEREM, PBREM,MGREM,MNREM,
-HGREM,NIREM, SEREM, AGREM, ZNREM,UREM, THREM, PB210R

WRITE(2,2001)Q,PCWASTE ,QCLEAN

2001 FORMAT(1X,*TOTAL INPUT COAL:*,!X,E12.5/ .
~10X,*FRACTION COAL REMOVAL:*,1X,FB6.4,10X,*TOTAL CLEAN CQAL*
-.1X,E12.9)

WRITE(2,2002)

2002 FORMAT(1X,*CONSTITUENT*,T20,*FRACTION REMOVED*,T40,*INPUT COAL*,
-T60, *CLEAN COAL*, T80, *STREAMI*,T100, *STREAM2+/
-1X,11(*=#),T80,16(*~*) T40,10(*~-¢) ,T60,10(*-+},TBO,
=7(*~+},T100,7(%=%)/)

WRITE(2,2004)PCASHR,0COAL (1) ,COAL(1),STREAM] (1) ,STREAMR(1),
-ORGSREM,OCOAL (2) ,COAL (2) ,STREAMI (2) ,STREAM2(2) ,
-SBREM,O0COAL (3) ,COAL (3) ,STREAM] (3) ,STREAM2(3),
-ASREM,OCOAL (4) ,COAL (4) ,STREAMI (4) ,STREAM2 (4)
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2004 FORMAT(1X,*ASH+,T20,E12.5,T40,E12.5,T60,E12.5,T80,E12.5,
-T100,E12.5/1X,*TOTAL SULFUR®,T20,E12.5,T40,E12.5,T60,E12.5,
-180,E12.5,T100,E£12.5/1X, *ANTIMONY*,T20,E12.5,
-T4+0,E12.5,760,E12.5,T80,E12.5,T100,E12.5/
-1X,*ARSENIC*,T20,EJ2.5,T40,E12.5,T60,E12.5,T80,E12.5,T100,E12.5
=)

WRITE (2,200518EREM,O0COAL (S) ,COAL (5) ,STREAM1 (5) ,STREAM2(5) ,
-CDREM, OCOAL (6) ,COAL (6) ,STREAMI (6) ,STREAM2(6) ,

-CRREM,OCOAL (7} ,COAL (7) ,STREAML (7) ,STREAM2(7),
-CUREM, OCOAL (81 ,COAL (8) ,STREAMI (8) ,STREAMZ (8]

2005 FORMAT(1X, *BERYLLIUM*,T20,E12.5,4(8X,E12.5}/

-1X,*CAOMIUM® ,T20.E12.5,4(8X,El2.5)/ .

-1X, *CHROMIUM*,T20,E12.5,4(8X,El12.5)/
-iX,*COPPER*,T20,E12.5,4(8X,E12.5))

WRITE (2,2006)FEREM,0COAL (9) ,COAL {S) ,STREAM1 (9) ,STREAM2(9) ,
-PBREM,0COAL (101 ,COAL (10) ,STREAM1 (10) ,STREAM2( 10),

-MGREM,0COAL (11} ,COAL(11),STREAME(11),STREAM2(111},

-MNREM,OCOAL (12) ,COAL (12) ,STREAMI (12),STREAM2(i2)

2006 FORMAT(1X,*IRON*,T20,E12.5,4(8X,Et2.5)/
-1X,*LEAD*,T20,E12.5,4(8X,El12.5)/
~1X,*MAGNESIUM*,T20,E12.5,4(8X,E12.5)/

-1X, *MANGANESE*,T20,E12.5,4¢(8X,E12.5))

WRITE (2,2007)HGREM,0COAL (13),COAL(13) ,STREAM! (13) ,STREAM2(13),
-NIREM,0COAL {14) ,COAL (14) ,STREAMI(14) ,STREAM2( 1Y),

-SEREM, OCOAL (15) ,COAL(15) ,STREAM] (15) ,STREAM2(15),
~AGREM,0COAL (16) ,COAL(16) ,STREAM] (16) ,STREAM2(16)

2007 FORMAT(1X,*MERCURY*,T20,E12.5,4(8X,E12.5)/
-1X,*NICKEL*,T20,E12.5,4(8X,E12.5)/
-1X,*SELENIUM®*,T20,E12.5,4(BX,El2.5}/ ¢
-1X,*SILVER*,T20,El12.5,4(8X,E12.5))

WRITE(2,2018) TLREM,0COAL (17),COAL(17) ,STREAM1 (17) ,STREAMR(17),
-ZNREM,QCOAL (18),COAL (18) ,STREAM! (18) ,STREAM2(18) ,

-UREM,QCOAL (19) ,COAL (19) ,STREAMI (19) ,STREAM2(19),
-THREM, OCOAL (201 ,COAL (20) ,STREAM1 (20) ,STREAM2(20)

2018 FORMAT(1X, *THALLIUM* ,T20,E12.5,4(BX,E12.5)/
-1X,*ZINC*,T20,E12.5,4(BX,E12.5)/

-1X, *URANIUM*,T20,E12.5,4(8X,E12.5)/
-1X,*THORIUM*,T20,E12.5,4(BX,E12.5))

WRITE (2,2008)RAREM,QCOAL (21} ,CQAL (21),STREAMIL (21} ,STREAM2(E!1 ),
-RAREM,QCOAL (22) ,COAL (22) ,STREAM! (22) ,STREAM2(22} ,
-PB210R,0COAL (23) ,COAL (23) ,STREAM! (23) ,STREAM2(23),

-0COAL (24) ,COAL (24) , STREAM! (24) , STREAM2 (24)

2008 FORMAT(1X,*RAD[UM-226*,T20,E12.5,4(BX,El12.5)/
-1X,*RADIUM-228*,T20,E12.5,4(BX,El12.5)/

-1X, *LEAD~210+,T20,E!12.5,4(8BX,El2.5)/
-1X, *HYDROCARBONS*,T40,E12.5,3(8X,E12.5))

WRITE (2,2009)PCWASTE ,OCOAL (25) ,COAL (25) ,STREAMI (25) , STREAM2 (25}

2009 FORMAT(1X,*TOTAL SOLID WASTE*,T20,E12.5,4(8X,E12.5))

J=0

c WRITE(2,2010) (J,0COAL (I} ,COAL(I),STREAMI (1) ,STREAM2(]),1=26,33)

2010 FORMAT(11,*NOT APPLICABLE*.T20,E12.5,4(8X,E12.5))

~ WRITE(2,2011)0C0OAL(34),COAL (34) ,STREAMI (34) ,STREAM2(34)

2011 FORMAT(1X,*WATER*,T40,E12.5,3(8X,E12.5))

c WRITE(2,2010) (J,0COAL (1} ,COAL(1),STREAMI(]),STREAM2(]),1=35,38)
WRITE(2,2012)PCPSREM,OCOAL (331 ,COAL (39) ,STREAMI (39) ,STREAM2(39),
-8TUREM, OCOAL (40) ,COAL (40) ,STREAMI (401 ,STREAM2 (40) ,
-8TUREM,0COAL (41) ,COAL (41) ,STREAM] (41) ,STREAM2(41}

2012 FORMAT(1X,*PYRITIC SULFUR+*,T20,E12.5,4(BX,E12.5)/
-1X,*CARBON*,T20,E12.5,4(BX,E12.5)/
-1X,*8TU*,T20,E12.5,4(BX,E12.5))

c WRITE(2,2010} (J,0COAL (1) ,COAL (1) ,STREAMI (1) ,STREAM2( 1), [=42,50)
RETURN
END
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TOTAL INPUT COAL: . 10000E+06

FRACTION COAL REMOVAL: .1918 TOTAL CLEAN COAL .87340E+05
CONSTITUENT FRACT[ON REMOVED INPUT COAL CLEAN COAL STREAMI STREAM2
£

ASH .58180E+00 . 18700E+05 .11518E+05S .70022E+Q4 . ,17954E+03
TOTAL SULFUR . 10600E+00 . 30000E+04 .238B4E+04 .59631E+03 . 15230E+02
ANT IMONY . 15000E+00 .70000E-0! .63070E-&+ .67567E-02 .17325E-03
ARSENIC .58190E+00 .27000E+01 . 16631E+01 -10110E+01 .25924E-01
BERYLLIUM .20278E+00 .S0000E+00 .43308E+00 .65a44E-01 . 16729E-02
CADMIUM . .26806E+00 .12500E+00 .10288E+00 .21562E-01 .55288E-03
CHROMIUM .36072E+00 .30000E+01 .2e858E+01 .69637E+00 .17856E-01
COPPER .38898E+00 .1 1800E+01 .87706E+00 .29537E+00 .75736E-02
[RON 43149E+00 .27000E+04 L1931 1E+04 .T4969E+03 . 19223E+02
LEAD .58190E+00 .11400E+01 .70218E+00 .42687E+00 .10946E-01
MAGNES [UM .30000E+00 .11800E+03 .94636E+02 .22780E+02 .58410E+00
MANGANESE 43149E+00 .T4000E+01 .52926E+01 .20547E+01 .52685E~01
MERCURY .58190E+00 . 17000E-01 L10471E-01 .63657E-02 .16322E-03
NICKEL .35264€E+00 .20000E+01 . 15348E+01 .45385€E+00 .11637E-01
SELENIUM .37033E+00 .20000E-01 .15112E-01 .47662E-02 .12221E-03
SILVER .27601E+Q0 .10000E-01 .81783E-02 .17761E-02 .4S5542E-04
THALL TUM 0. .10000E+01 .10000E+01 0. 0.

ZINC .43149E+00 . 16900E+0! . 12087E+01 . 46925E+00 . 12032E-01
URANIUM .20995€E+00 .70000E-01 .60300E-01 .94572E-02 .24249E-03
THORIUM .20995E+00 .66000E+00 .568E5E+00 .89168E-01 .22864E-02
RADIUM-226 .581890€E+00 .23660E-07 . 1457358-07 .88595E-08 .22717E~-09
RAD!UM-228 .58190€E+00 .26466E-09 . 16302€-09 .99102€E-10 .e5411E-11
LEAD-210 .S8190E+00 .30590€-09 . 18842E-03 . 1 t454E-09 .29370E-11
HYDROCARBONS 0. Q. 0. 0.

TOTAL SOLID WASTE .18181E+00 0. 0 . 12398E+0S .34999E+03
WATER 0. 0. < 10237E+04 .58331E+02
PYRITIC SULFUR .43149E+00 . 18700E+04 . 13375E+04 .51923E+03 .13314E+02
CARBON . 10600€E+00 .64100E+05 .59616E+05 43723E+04 .1121;:E+03
BTU . 10600€+00 .23000E+13 .21391E+13 0. 0.
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2 SOLID WASTE MODULE FOR COAL COMBUSTION IN A CONVENTIONAL BOILER

2.1 Introduction

The largest volume of solid waste from energy industries currently and
expected in the near future comes from conventional coal combustion.
Increasingly stringent air regulations will require all new coal-fired power
plants to employ flue gas desulfurization (FGD) processes to remove 802,'and

this will greatly increase the quantities of waste produced.

2.2 General Description of Solid Waste from Coal Combustion

Two types of ash are produced during combustion, fly ash consisting of
the fine particles that are entrained in the flue gas stream, and bottom ash
which 1s the coarser, heavier residue accumulated at the furnace bottom. The
distribution of ash between bottom ash and fly ash fraction is a function of
boiler type (firing method). Stoker fuel units emit the smallest proportion
of fly ash, ~10%. In cyclone units, ~60% appears as fly ash; for other
pulverized boilers (most commonly used by utilities) the split is 807 fly ash
and 20% bottom ash.

In all cases wutility and industrial bollers employ some form of
precipitator to collect a proportion of the fly ash. The efficiency of the
collection device and hence the amownt of fly ash solid waste 1is highly
variable. Depending on air regulations governing a particular facility, an
FGD system may be needed.

The removal of S0g by means of scrubbers is accomplished by two general
procesges — throwaway and regenerable. The first type refers to those flue

gas desulfurization scrubbers that produce a solid waste stream not presently
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marketable and requiring disposal. The most common example is a
lime/limestone scrubber which uses calcium salts to absorb S0 in solution.

Regenerable scrubber systems are those which, because of their specific
chemical reactions, produce a marketable product of sulfur and regenerate the
sorbent which can be reused. Some common examples of regenerable processes
are the Wellman-lord sulfite and the magnesium oxide processes, both of which
produce a usable sulfur product, such as solid elemental sulfur, 1liquid
sulfuric acid, or highly concentrated 509 gas.

The throwaway systems may be eilither wet or dry. The wet scrubbing
systems employ a slurry of either lime or’ limestone to remove the S0 and
produce a waste consisting of calcium sulfate, calcium sulfite, and unreacted
limestone. The major dry systems are a spray drier or dry injection. In the
spray drier, the flue gas is contacted with a calcium—based slurry or sodium
solution such that the gas 1s evaporated to apparent dryness. The dry
injection system 1involves the introduction of a dry sorbent, the most
promising being nahcolite (sodium bicarbonate), into the flue gas. The
resulting waste, consisting of a dry mixture of sodium or calcium sulfite and
sulfate, 1s collected by a baghouse precipitator. A major difference between
the dry and wet systems is that in the majority of wet systems, the ash is
collected by a precipitator prior to the scrubber, whereas in the dry systems
the ash and scrubbing waste are collected together.

The wet throwaway processes are at present preferred by the utilities for
several reasons including lower capital costs, availability and ease of use of
gsorbent and relative simplicity. But they have the major disadvantage of

producing 1large amounts of waste. No dry systems are operating now

- 55 -



commercially. The dry systems do not at present achieve as high a degree of

S02 removal as do the wet systems.

2.3 Overall Module Description

The module computes the air and solid waste residuals which result from
the combustion of coal in a conventional utility or industrial boiler. The
input to the module is the quantity of coal and its composition in terms of
sulfur, ash, and trace element content. The module employs a mass balance
approach to compute the distribution of the sulfur, ash, and trace elements in
the coal between the air and solid waste residuals. Figure 2.1 gives an
overall view of the module.

The module calculates the air and solid waste residuals for four types of
boiler:

General pulverized utility and large industrial boiler (>100m Btu/hr)

Cyclone utility and large industrial boiler (>100m Btu/hr)

large industrial pulverized boiler (10 to 100m Btu/hr)

Small industrial stoker boiler (<10m Btu/hr)

An input variable determines which boiler is to be used.

A choice is then made as to the control mechanisms to be employed. A
switch is set to determine whether the plant uses a precipitator te collect
particulates either alonme or followed by a FGD system to remove SOy, or the
plant employs only a FGD system to remove both S09 and particulates. At
present the module considers only one generic type of precipitator, as there
are not enough data available to assess what effect different systems
(e.g., electrostatic precipitator or baghouse) have on trace element removal.

The module could easily be expanded to include different devices. Both
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Overall conventional combustion module design.
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Notation for Figure 2.1

Inputs
Coal characteristics
Boiler type
Removal equlpment used
a. Precipitator followed by an FGD system
b. FGD system only
Percentage removal of TSP
Percentage removal of 503 -’
Type of FGD system

Trace metal content of the scrubbing media

Qutputs
Amount and composition of bottom ash
Amount and composition of fly ash
Amount and composition of FGD sludge

Composition of stack gases
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particulate and trace metal removals are given as a function of the efficiency
of the precipitator. Any reasonable precipitator efficiency can be used; this
1s specified as an input variable.

The module uses 3 wet and 1 dry nonregenerable systems and 2 regenerable

processes. The dry system used 1s injection of nahcolite into the flue gas

followed by baghouse collection. The particulates are also removed in the . . ... .. _.
baghouse.

Nonregenerable Systems: Regenerzble Systems:

Lime wet scrubbing. Wellman-Lord sulfite scrubbing.

Limestone wet scrubbing. Magnesia slurry absorption.

Double alkali wet scrubbing.
Dry sorbent injection.

If, however, a wet FGD system is to be used to remove both 509 and
particulates, only a wet lime or limestone scrubber is considered. The dry
FGD system also removes S0 and particulates. A switch is also set to
determine the type of FGD system to be employed:

1. Precipitator followed by lime scrubber.

2. Precipitator followed by limestone scrubber.
3. Precipitator followed by double-alkali.

4. Precipitator followed by magnesium—-oxide.

5. Precipitator followed by Wellman-lord.

6. Lime scrubber oniy.

7. 1limestone scrubber only.

8. Dry sorbent injection.

9. Precipitator only. No FGD system.
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The module is called as a subroutine with the following arguments:

Input vector of coal characteristics.
Output vector of bottom ash composition.
Output vector of fly ash composition.
Output vector of FGD sludge composition.
Output vector of stack gas composition.
Type of boiler. Input integer number from

1 to 4 corresponding to the type of boilers

given on page 57.
Is a precipitator used or not? Input integer

number, 1 or O respectively.
Type of FGD system. Input integer number from

1 to 9 corresponding to the types shown on page 60.

Input real number giving percentage removal of S03.

Input real number giving percentage removal of

particulates.

Input quantity of coal.
To facilitate computation, the first 5 arguments are vectors which contain the
sam; number of elements. These elements are given in Table 2.1. In all cases
the elements are given as quantitites. Depending on which vector 1is belng
considered, a number of the elements will have zero values.

For radionuclides, data are, at present, only generally available for the
input quantities of uranium and thorium. However, the masses of radium-226
and lead-210 can be calculated from the mass of uranium-238 and the mass of
radium~228 from thorium-232. The equations and assumptions used in the

calculation are given in Section 7.
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Table 2.1

Elements
Numberx Type Numberx Type

1 Ash 24 Hydrocarbons

2 Sulfur (S) 25 Total solid waste
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calcium sulfite

5 Beryllium (Be) 28 Calcium sulfate

6 Cadmium (Cd) 29 Soda-ash

7 Chromiwm (Cr) 30 Magnesium sulfite
8 Copper (Cu) 31 Magnesium oxide

9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodium sulfite

11 Magnesium (Mg) 34 Water
12 Manganess (Mn) 35 Sulfur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 37 Carbon monoxide
15 Selenium (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thallium (T1) 40 Carbon
18 Zinc (2Zn) 41 Btu

19 Uranium-238 (U) 42 Carbon dioxide
20 Thorium—-232 (Th) 43 Sodium bicarbonate
21 Radium-226 (Ra) 44 Sodium carbonate
22 Radium-228 (Ra) 45 Sodium sulfate

23 Lead-210 (Pb) 46 Calcium carbonate

47 Calcium oxide
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2.4 Description of Boller Residuals

Depending on the type of boller used, the elements of the input coal
characteristics vector are multiplied by different sets of coefficilents to
give the quantity of each element which goes up the stack in the flue gas or
fly ash. Table 2.2 gives the coefficients used. The coefficlents are
contalned in external data files, and the values can therefore be easily
changed as better data become avallable.

The figures for ash and sulfur are taken from Reference 1, with the
exception of the coefficient for ash for cyclone utility boilers, which comes
from References 2 to 5. The figure for carbon is taken from Reference 14.
A number of veports were studied to obtain coefficients for the trace
elements.2~/ Reference 2 gives the results of trace metal distribution for
two pulverized and one cyclone utility boilers. References 3 to 5 are all
part of the same project undertaken by Oak Ridge National Laboratory to study
the fate of trace elements at the Allen Plant which has a cyclone boiler.
Figures from Reference 5 were used as this gives two sets of results for runs
undertaken in 1972 and 1973. Reference 6 looked at trace element distribution
at the Widows Creek Plant which has a pulverized boiler. Unfortumately, the
report contains some rather séurious results for the split between bottom and
fly ash, probably because there 1s a superheater, after the main boiler and
before the precipitator, from which ash 1is collected. It was therefore
decided not to include the results in the calculation of the coefficients.
Reference 7 was a study of the Valmont Power Plant which uses a pulverized
boiler. Again, the results could not be used in the calculation of the
coefficients, because complete sets of results were avallable for only five of

the trace elements and, of these, two had very poor mass balances.
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Table 2.2
Boiler Coefficients for Fraction of the Incoming Element
which Goes Up the Stack

Boiler 1 Boiler 2 Boiler 3 Boiler 4

Pulverized Cyclone Pulverized Stoker

>100m >100m 10-100m <10m
Input Element Btu/hr Btu/hr Btu/hr Btu/hr
Ash 0.80 0.40 0.65 0.10
Sulfur 0.95 0.95 0.95 0.95
Antimony 0.9483 0.9166 0.9483 0.9166
Arsenic 0.98 0.8271 0.98 0.8271
Beryllium 0.8371 0.418 0.8371 0.418
Cadmium 0.8818 0.8144 0.8818 0.8144
Chromi um 0.878 0.5415 0.878 0.5415
Copper 0.8745 0.6892 0.8745 0.6892
Iron 0.7614 0.3946 0.7614 0.3946
Lead 0.9435 0.9256 0.9435 0.9256
Magnesium 0.8255 0.3786 0.8255 0.3786
Manganese 0.8466 0.3722 0.8466 0.3722
Mercury 0.9872 0.9877 0.9872 0.9877
Nickel 0.8422 0.7377 0.8422 0.7377
Selenium 0.9882 0.8066 0.9882 0.8066
Silver 0.9449 0.78 0.9449 0.078
Thallium 0.8807 0.9739 0.8807 0.9739
Zinc 0.8863 0.9288 0.8863 0.9288
Uranium-238 0.6997 0.5424 0.6997 0.5424
Thorium-232 0.8019 0.3874 0.8019 0.3874
Radium-226 0.80 0.40 0.65 0.10
Radium-228 0.80 0.40 0.65 0.10
Lead-210 0.9435 0.9256 0.9435 0.9256
Carbon 0.98 0.98 0.98 0.98
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The coefficients for pulverized boilers were calculated from two sets of
figures given 1in Reference 2. In all the studies, there was variability
between elements as to how good the total mass. balances were. 1In general,
considering the experimental difficulties that must have arisen, the results
are not too bad and in many cases the overall mass balances were reasonably
close to unity. In order to calculate coefficients, the percentage splits
between bottom and fly ash were normalized to give an overall mass balance of
100%. A geometric mean was then taken of the two sets of figures to give
overall coefficients to calculate the fraction of the incoming element which
goes up the stack in a pulverized boiler.

For the cyclone boiler, the two sets of results in Reference 5 and the
figures for the cyclone boiler in Reference 2 were used. Again, the figures
were normalized to give a mass balance of 1007 and geometric means were
taken.

Full details of the figures and calculations used are given in Appendix
2A. The figures clearly contained some analytical errors. Also, for some
elements there were large variations 1in the results obtained by different
teams and, in the case of the QOak Ridge Project, between different years. To
produce good coefficients, additional experimental work is needed and as data
beccme available the figures should be reviewed.

For Pb2l0 the same coefficients are used as for the nonradioactive
isotope. Reference 12 indicated that for radium there is no significant
enrichment or depletion in the bottom ash. It was therefore assumed that the
split is the same as for the overall ash.

In particular, there were no available data on the trace metal

distributions for medium and small industrial boilers. It was assumed that,
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based on the bottom to fly ash split, the medium~sized industrial boiler
behaved more like the large pulverized boiler and the small industrial boiler
like the cyclone boiler. The relevant sets of coefficients for trace elements
were therefore used.

This 1s clearly wmsatisfactory and the coefficients should be
recalculafed as soon as data become available.

The quantity of each element in the bottom ash is calculated by
subtracting the quantity going up the stack from the origimal input quantity.
This gives the output vector for bottom ash. The element named ash in this
case refers to the total quantity of dry bottom ash.

After the amounts of sulfur and carbon in the bottom ash have been
calculated, the remaining sulfur in the stack gas is converted to SO, by
multiplying by 2 and the carbon to COp by multiplying by 3.67. The output
quantities then appear under element 35, sulfur dioxide, and element 42,
carbon dioxide. Elements 35 to 37 are the gaseous pollutants, N0y, CO, and
CHg, which are formed in the combustion process and appear in the final stack
gas. They are calculated by multiplying the quantity of input coal by a set
of coefficients, which again depend on the bciler type. The coefficients come
from Reference 1 and are given in Table 2.3. This procedure does lead to a
double counting of the carbon, but the fraction appearing as CO and CH, is

very small compared to the COg.

2.5. Description of Precipitator Residuals

The composition of the stack gas from the boiler is used as am input to
the precipitator. The efficiency of the precipitator, as a percentage, 1is

given as an input variable.
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Table 2.3
Coefficients for Calculation of Alr Emissions

Emission Coefficients (tons/ton input coal)

Boiler 1 Boiler 2 Boiler 3 Boiler 4
Pulverized Cyclone Pulverized Stoker
Pollutant >100m Btu/hr >100m Btu/hr 10-100m Btu/hr <10m Btu/hr
NO 9.0 x 1073 2.75 x 1072 7.5 x 1073 3.0 x 1073
co 5.0 x 1074 5.0 x 1074 1.0 x 1073 5.0 x 1073
CHy 1.5 x 104 1.5 x 1074 5.0 x 1074 1.5 x 1073

In other studies, the emission coefficients for trace metals have been
calculated as being independent of the precipitator efficlency, which is
clearly incorrect. 1In this module, attempts have been made to determine the
quantity of each trace element passing through a precipitator as a function of
the precipitator efficiency.

The measurements given in Reference 5 and stations II and III from
Reference 2 were from bolilers fitted with precipitators of differing
efficiencies. For all results the percentage of the element passing through
the precipitator was calculated. These figures could then be compared with
the general pass—through of the fly ash. Table 2A.12, Appendix 2A, gives the
results. In some cases the pass-through varied in a linear fashion with the
increasing precipitator efficiency (e.g., iron and magnesium). 1In other cases
a nonlinear function was found to better fit the points (e.g., arsenic,
thorium). Table 2.4 gives the coefficients.

In some cases the coefficients are thought to be reasonably good (e.g.,
iron and manganese). However, for others the data were either not available
or appeared spurious which leads to a low degree of confidence in the

coefficient (e.g., lead, arsenic, and selenium). A full discussion of the
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Table 2.4

Coefficients to Calculate the Function of a Trace Element
Passing Through a Precipitator

Element Coefficient
Ash Prp
Antimony 25.84 Ia(Ppp + 1)
Arsenic 6.84 ILn(Ppp + 1)
Beryllium Prp
Cadmium 15.23 Ia(Ppp + 1)
Chromi um 2.05 Prp
Copper 1.25 Prp
Iron Prp
Lead 19.19 La(Ppp + 1)
Magnesium Prp
Manganese Prp
Mercury 0.975
Nickel 2.33 Ppp
Selenium 20.84 Ia(Pyp + 1)
Silver 0.58 Ppp
Thallium 2.69 Ppp
Zinc 1.73 Ppp
Uranium - 238 1.97 Pyp
Thorium - 232 0-86'\/_PTP
Radium - 226 1.5 Prp
Radium - 228 1.5 Ppp
Lead - 210 19.19 In (Prp + 1)

Prp = Precipitator pass through = 100 - precipitator efficiency.

calculations and assumptions behind the coefficients 1is given in Appendix 2A
together with a discussion of the degree of confidence in the accuracy of each
coefficient. Clearly more data are required to enable the calculation of more
reliable coefficients.

The quantity of each element in the fly ash is calculated by subtracting
the quantity going out the stack after the precipitator from the input
quantity into the precipitator. This gives the output vector for fly ash.
The element named ash in this case refers to the total quantity of dry fly

ash.
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2.6 Description of FGD Residuals When the FGD Follows a Precipitator

The composition of the stack gas from the precipitator is used as an
input to the FGD system. The switch determining which particular type of FGD
system and its efficlency in terms of S07 removal are givem as input

variables.

Ma jor Components. Although most of the particulates will have been

removed prior to the FGD system, a small percentage will go into and be
captured by the FGD unit. The total quantity of solid waste produced (element
25) is therefore the total quantity of FGD sludge plus the captured fly ash.
This is given as the wet quantity. The individual components which make up
total solid waste, element 1 (ash) and elements 26 to 33 (FGD sludge
compounds) are given as dry weights. Element 34 (water) is the total amount
of water (in tomns) that is included in the total et solid waste. The
quantities oé FGD scrubber sludge vary even within the same type of FGD
process because of differences in working conditions. The equations used
incilude variables which reflect these differences. At present, however, there
are not many data available and default values have been substituted which
reduces the equation to simple coefficients. The equations and assumptions
used are given in Appendix 2B, and Table 2.5 sets out the coefficients used in
the modula.

Not many data were available to determine how much of the fly ash would
be captured by the FGD system. From Reference 9 (pp. 4—45), figures were
obtained which gave the percentage pass-through of fly ash as a function of
input concentration. This showed that the pass-through varied from 457 at

very low input concentrations to 57 at very high input concentrations.
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Table 2.5
Coefficients to Calculate FGD Sludge and Its Major Components
for Wet Scrubbing Systems

Coefficient
FGD3 FGD4
FGD1 FGD2 Double-  Magnesium- FGD5
Component Lime Limestone Alkali Oxide Wellman-Lord
Total FGD sludge (wet) 4.728 S0p 4.697 SO  4.6518 S0 0.1539 SO 0.2158 SO
Unreacted limestone (dry) 0.174 S02 0.3525 502 0.0829 50, N/A N/A
Calcium sulfate (dry) 0.674 SO 0.631 S0  0.675 SO N/A N/A
Calcium sulfite (dry) 1.516 S0 1.365 SO  1.518 SOp N/A N/A
Magnesium oxide (dry) N/A N/A N/A 0.01875 S0 N/A
Magnesium sulfite (dry) N/A N/A N/A 0.08125 S0 N/A
Soda ash (dry) N/A N/A 0.05 S0y N/A N/A
Sodium bisulfite (dry) N/A N/A N/A N/A 0.08125 S0y
Sodium sulfite (dry) N/A N/A N/A N/A 0.059 S0

N/A Not applicable.
507 Quantity of captured SOj.

A plant having a precipitator followed by an FGD system will be of
recent construction and therefore will be subject to high particulate
controls. This will give a low concentration of fly ash into the FGD
system. It was therefore decided that until better data become available,
65% of the incoming fly ash would be captured by the FGD system.

Outlet fly ash (dry) = Inlet fly ash - 0.65.
This figure appears in the output vector as element 1 (ash). In the total
solid waste (element 25), the quantity of wet fly ash is used.

Fly Ash (wet) = Fly Ash (dry) x —220 |
100 - m

where

m = moisture content.
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The value of m will be the same as for the FGD sludge:
m = 502 for nonregenerable systems.
m = 35% for regenerable systems.

Total solid waste = FGD sludge + fly ash (wet).

Minor Components. Trace elements in the solid waste come from both the

incoming combustion flue gas and the scrubbing media.

Trace Elements from Scrubbing Media. Table 2.6 gives the average trace

metal content of lime and limestone (welght fraction). These figures are

geometric averages of values given in References 8 and 10.

Table 2.6
Fraction of Trace Elements in Lime and Limestone
Trace Element Lime Limestone
Antimony N/D - N/D
Arsenic 1.5 x 10™6 1.71 x 1076
Beryllium 1.8 x 109 1.87 x 107
Cadmium 3.372 x 10” 1.55 x 10~/
Chromi um 3.12 x 10~ 8.14 x 10~6
Copper 1.9 x 10-6 1.69 x 10-6
Iron 6.27 x 1078 6.27 x 10-8
Lead 2.07 x 10~7 1.29 x 10-6
Magnesium 7.68 x 10~3 7.68 x 1073
Manganese 1.55 x 10~% 1.55 x 10~%4
Mercury N/D N/D
Nickel N/D N/D
Seleniun 1.74 x 10™3 8.27 x 107
Silver N/D ‘N/D
Thalliwm N/D N/D
Zine 1.96 x 10~4 1.08 x 10™%
Ueanium N/D N/D
Thorium N/D N/D
Radium-226 N/D N/D
Radium-228 N/D N/D
Lead-210 N/D N/D

N/D No results available.
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No data were found for the trace metal content of the scrubbing media
used in the regenerable processes. Since very little of the media ends up as
solid waste, no account has been taken of its trace elements.

The total quantity of lime or limestone required depends on the amount of
S0p to be removed. The equations and default v#lues used to compute the
amount of scrubbing media are given in Appendix 2R. The resulting
coefficients are as follows:

Lime. Quantity of lime = 0.975 SOp tonms.

Limestone. Quantity of limestone = 1.7625 S03.

Double Alkali. Quantity of lime = 0.925 SO2.

In the above,

S09 = quantity of SO captured.

The quantity of scrubbing media is multiplied by the coefficients in Table 2.6

to give the trace metals in the FGD sludge.

Trace Elements from Combustion Flue Gas. No reports were available which

gave any data on the fate of trace elements in a plant where there is a high
efficiency precipitator followed by a FGD system. Until data become available
it is assumed that for all elements, except mercury, the pass-through is the
same as for fly ash (35%). 1In fact there will be very little of each element
entering the FGD system as most of it will have been removed in the fly ash.
For mercury, a figure of 87% pass-through is used. This is the figure given
in Reference 2 for a plant fitted with an FGD system to remove both
particulates and SO03. Since such a small fraction of the mercury is removed
by a precipitator, its presence before a FGD system will probably have very

little effect on the removal of mercury by the FGD system.

i
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For the regenerable systems, only a small fraction of the scrubbing media
appears as solid waste. The fate of the trace metals during the regenmeration
process is unknown at present. Most of the trace metals probably remain in the
regenerated scrubbing wmedia and a concentration will build up wuntil an
equilibrium is reached. However, there are no data available to say how much
concentration there is. At present the module simply assumes that 8% of the
scrubbing media appears as solid waste and therefore 8% of the incoming trace
metals also come out in the solid waste. The quantities are in any case very

small.

Total Trace Elements. The two sources of trace elements are added

together. The output vector for FGD waste gives the total amount of dry trace
elements.
2.7 Description of FGD Residuals for an FGD System Only

The composition of the stack gas from the boiler is used as an input to
the FGD system. The switch determining which particular type of FGD system
and its efficiency in terms of SOy removal are given as input variables. The
use of a lime or a limestone wet scrubber or a dry sorbent iInjection system

was assumed.

Major Components. In this case all the captured particulates appear with

the FGD waste. The quantity of fly ash will depend on the efficiency of the
system and is calculated as follows:

QFa = Qras- 0/100,
where

Qras = quantity of fly ash entering FGD system.

o = percentage removal of particulates (given as an input variable).
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This gives the dry quantity of ash which is shown in the output under
element 1 (ash). For wet FGD systems the total solid waste (element 25) is
given as a wet quantity and includes the wet ash. Again the moisture content
of the ash is assumed to be the same as for the overall FGD system. For dry
sorbent inj_ection, the total solid waste is a dry amount. There 1is no
separate output vector to describe the fly ash.

For wet systems, the other major components are identical to those where
the FGD system follows a precipitator.

Table 2.7 gives thé coefficients used for the dry sorbent system. The
equations and assumptions used are given in Appendix 2B. Since this system is
not commercially operational, there are very few data on the variables such as
the stoichiometric ratio of S09 to sorbent required to achieve a certain level
of S0y removal and the sorbent utilization. The coefficients should therefore

be treated as tentative and should be updated as more data become available.

Minor Components. For wet systems the calculation of the trace metals

from the scrubbing media is identical to that for a FGD system following a
precipitator. 1In the case of the trace metals from the flue gas, Reference 2
gives results for a plant where a FGD system is wused to remove particulates
and S09. The results are given in Appendix 2A, Table 2A.17. However, in th's
case the amount of trace elements passing through the FGD system will depend
on the removal rate for particulates. Unfortunately, as results are available
for only one plant, relationships between fly " ash removal and trace metal
removal cannot be established. Until more data become available it was

decided to use the same coefficlents as for the precipitator rather than to
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Table 2.7
Coefficients To Calculate FGD Waste and Its Ma jor Components
for a Dry Sorbent Injection System

Component Coefficient
Total FGD solid waste 3.075 809
Sodium bicarbonate 0.046 S09
Sodium carbonate 0.781 S09
Sodium sulfate 1.605 S09
Sodium sulfite 0.643 509

give only one removal rate regardless of fly ash capture, which would have
occurred had the results from Reference 2 been used.

The only exception to this is mercury. From Reference 2 it would appear
that a FGD system removes more mercury than a precipitator and both are
probably independent of the £fly ash removal raté. A figure of 877% pass-
through is therefore assumed.

For the dry sorbent injection system there are no trace element data
available. Again the same coefficients are used as for a precipitator, which
is a reasonable assumption since the ash 1s being collected in a baghouse
precipitator. The trace elements from the sorbent should be added to those in

the ash; however, at present there are no data for the trace element content

of nahcolite.

2.8. Description of Stack Gas Residuals

A final output vector gives the composition of the stack gas. For
elements 1 and 3 to 23 this is the remainder of the input which has not been
captured in the bottom ash, fly ash, or FGD sludge. Element 2 (sulfur) and
element 40 (carbon) will be zero and element 3¢ will give the quantity of 502

not captured by the FGD system and element 42 the quantity of CO2 formed.
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Elements 36 to 38, NO3, CO, and CH4 are calculated from the coal input as
boiler residuals and the amounts are passed through unaltered to appear in the

stack gas output.

2.9. Computer Code
A description of the computer code used is given in Appendix 2C. 1In

Appendix 2D there is a copy of the code along with a sample input and output.
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APPENDIX 2A

CALCULATION OF BOILER COEFFICIENTS

2A.1 Bottom Ash

Utility Pulverized Boiler. Coefficient. were calculated from Reference

2, which gives results for two stations with pulverized boilers (station I and
station II). In general, the mass balances obtained were fairly close to
unity, the major discrepancies being

Mercury Station II

Nickel Station II

Cadmlum Stations I and II

Lead Stations I and II

Thorium Station I and II

Thallium Station I and II

The results had already been normalized in the report to give mass

balances of 100%Z. Tables 2A.1, 2A.2, and 2A.3 give the results. An average
figure for the percentage of an incoming trace element which remains in the
bottom ash was calculated by taking the geometric mean of the figures for the
two stations. The results are given in Table 2A.4. In order to produce
coefficients for the module, a fraction rather than a percentage was used, and
since the coefficients are for the amount going into the stack gas, the

coefficients are 1 minus the amount in the boiler ash fractionmn.

Utility Cyclone Boiler. Coefficients were calculated from References 2

and 5. Reference 5 gave two sets of results for experiments conducted in 1972

and 1973.
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Table 2A.1
Fraction of Elements Entering with Coal Discharged in
Bottom Ash or Sluice Ash for Sampled Stations, Reference 2

Station I Station 1II Station III
Bottom Ash Sluice Ash Bottom Ash
Element (21.3%) (22.2%) (63.1%)
Antimony 9.9 2.7 15.9
Arsenic 5.0 0.8 16.9
Beryllium 15.7 16.9 58.2
Cadmium 8.9 <15.7 26.8
Chromium 10.7 13.9 44,2
Copper 12.4 12.7 34.1
Iron 20.4 27.9 61.8
Lead 3.1 10.3 {7.8
Magnesium 17.7 17.2 62.1
Manganese 13.5 17.3 62.5
Mercury 0.78 2.1 <0.8
Nickel 18.3 13.6 22.7
Selenium 0.0 l.4 2.3
Silver 9.5 3.2 22.0
Thallium 11.5 12,33 2.6
Thorium 14,3 - 27.5 72.2
Uranium 50.1 18.0 42.7
Zinc 4o b 29.4 13.3
Table 2A.2

Fraction of Elements Entering with Coal Discharged in Economizer
Ash Plus Scrubber Slurry or Cyclone Ash or Precipitator Ash
for Sampled Stations, Reference 2

Station I Station II Station III
Economizer Ash & Precipitator Economizer Ash
Scrubber Slurry Ash & Cyclone Ash
Element (78.5%) (77.1%) (24.0%)
Antimony 89.4 93.4 6.2
Arsenic 87.6 99,1 62.6
Beryllium 83.8 81.0 35.0
Cadmium 84,2 80.5 32.5
Chromium 79.4 73.7 15.4
Copper 87.0 86.5 37.2
Iron 80.0 71.3 20.7
Lead 94,9 82.2 27.7
Magnesium 8l.1 82.0 23.1
Marganese 85.9 81.5 25.2
Mercury 12.5 0.0 3.1
Nickel 77.6 68.2 14,3
Selenium 97.8 60.9 32.4
Silver 86.1 95.5 62.2
Thallium 65.4 82.2 5.9
Thorium 85.6 72.4 26.3
Uranium 47.8 80.5 17.8
Zinc 93.0 68.0 34.2
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Table 2A.3
Fraction of Elements Entering with Coal Discharged
in Flue Gas for Sampled Stations, Reference 2

Station 1 Station II Station III
Flue Gas Flue Gas Flue Gas
Element (0.3%) (0.7%) (12.9%)
Ant imony 0.61 3.9 77.9
Arsenic 7.5 0.05 20,5
Beryllium 0.65 <2.0 6.5
Cadmium 7.0 <3.8 41,1
Chromium 9.9 12.4 40,3
Copper 0.66 0.8 28.9
Iron 0.63 0.8 17.5
Lead 1.9 7.5 64.6
Magnesium 1.2 0.8 14.8
Manganese 0. 38 1.2 12,5
Mercury 86.8 97.9 96.1
Nickel 4.1 18.2 62.8
Selenium 2.2 27.7 65.4
Silver 4,7 1.3 <15.9
Thallium 23.0 5.5 91.5
Thorium 0.1 0.1 1.5
Uranium 2.0 1.5 29.5
Zinc 2,5 2.6 52,7
Table 2A.4

Calculation of Average Percentage of Trace Elements which Remain
in the Bottom Ash in a Pulverized Utility Boiler

Station I Station 11 Geometric Mean

Trace Element Bottom Ash (Z) Bottom Ash (%) Bottom Ash (%)
Antimony 9.9 2.7 5.17
Arsenic 5.0 0.8 2.0
Beryllium 15.7 16.9 16.29
Cadmium 8.9 <15.7 11.82
Chromium 10.7 13.9 12,20
Copper 12.4 12.7 12.55

Iron 20.4 27.9 23.86

Lead 3.1 1003 50 65
Magnesium 17.7 17.2 17,45
Manganese 13.5 17.3 15.34
Mercury 0.78 2,1 1.28
Nickel 18.3 13.6 15.78
Selenium 0.0 1.4 1.18
Silver 9.5 3.2 5.51
Thallium 11.5 12.3 11.9
Thorium 14.3 27.5 19.8
Uranium 50.1 18.0 30.0

Zinc 4,4 29.4 11.37
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Again, in most cases the mass balances were good, the exceptions being
Antimony
Arsenic
Chromium
Copper (1972)
Mercury
The figures were recalculated to give overall mass balances of 100%, assuming
that any imbalance was evenly distributed between the three fractions. Tables
2A.5 and 2A.6 give the normalized figures.

Reference 2 gave one set of results (station III). These results gave
very good mass balances, the only serious imbalance being for mercury and
thallium. The results had been normalized in the report and Tables 2A.1,
2A.2, and 2A.3 show the results obtained. An average figure for the
percentage of an incoming trace element which remains in the bottom ash was
calculated by taking the geometric mean of the 3 sets of results. Table 2A.7
gives the figures obtained. Again the coefficients were calculated as 1 minus

the boiler fraction.

2A.2 Fly Ash and Stack Gas.

The figures giving the split between bottom, fly, and stack ash were
recalculated for all 5 sets of results to reflect the average bottom ash
content. Using the average bottom ash content for the boilers the figures for
stack and fly ash were recalculated keeping their original ratios to again

glve a mass balance of 100%Z. Tables 2A.8 to 2A.12 give the results of these

calculations.
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Table 2A,5
Distribution of Trace Elements for a Cyclone Boiler Normalized
to Give a Mass Balance of 100%, Reference 5 (1972)

Bottom Ash Fly Ash Stack
Trace Element (¢9)] (%) ¢9)
Antimony N/D N/D N/D
Arsenic 20.00 72,01 7.99
Beryllium N/D N/D N/D
Cadmium N/D N/D N/D
Chromium 59.22 39.10 1.68
Copper 62.50 36.29 1,21
Iron 700 15 28' 91 o94
Lead 6.98 90,70 2.32
Magnesium 67.63 29.95 2.42
Manganese 74,87 24.06 1.07
Mercury N/D N/D N/D
Nickel N/D N/D N/D
Selenium 41.02 33.34 25.64
Silver N/D N/D N/D
Thallium N/D N/D N/D
Zinc 3,62 93,97 2.41
Uranium 63.90 35. 14 0.96
Thorium 68,38 30.61 0.51

N/D No data available.

Table 2A.6
Distribution of Trace Elements for a Cyclone Boiler Normalized
to Give a Mass Balance of 100%Z, Reference 5 (1973)

Bottom Ash Fly Ash Stack
Trace Element (%) ¢ (%)
Ant imony 4.38 78.08 17.54
Arsenic 15,30 82.66 2,04
Beryllium N/D N/D N/D
Cadmium 12.85 84.29 2.86
Chromium 36.83 <32 0.85
Copper 14.08 85.34 0.58
Iron 51.19 8. 0.32
Lead 7.57 . 3.03
Magnesium 57.14 . 0.00
Manganese 52,87 46.71 0.42
Mercury 1,89 3.77 94,34
Nickel 30.31 69.30 0.39
Selenium 76,68 22.36 0.96
Silver N/D N/D N/D
Thallium N/D N/D N/D
Zinc 7.50 90.83 1.67
Uranium 35.89 63.25 0.86
Thorium 46.26 53.58 0.36

N/D No data available.

- 82 -

I



Table 2A.7
Calculation of Average Percentage of Trace Elements which Remain
in the Bottom Ash in a Cyclone Utility Boiler

Reference 2 Reference 5 Reference 5 Geometric

- Station III 1972 1973 Mean
Trace Element Bottom Ash (%) Bottom Ash (%) Bottom Ash (%) Bottom Ash (%)
Antimony 15.9 N/D 4.38 8.345
Arsenic 16.9 20.00 15.30 17.29
Beryllium 58.2 N/D N/D 58.2
Cadmium 26.8 N/D 12.85 18.56
Chromium 44.2 59.22 36.83 45.85
Copper 34.1 62.50 14.08 31.08
Iron 6l.8 70.15 51.19 60.54
Lead <7.8 6.98 7.57 7.44
Magnesium 62.1 67.63 57.14 62.14
Manganese 62.5 74.87 52.87 62.78
Mercury <0.8 N/D 1.89 1.23
Nickel 22,7 N/D 30,31 26.23
Selenium 2.3 41,02 76.68 19.34
Silver 22.0 N/D N/D 22.0
Thallium 2.61 N/D N/D 2.61
Zinc 13.3 3.62 7.50 7.12
Uranium 42.69 63.90 35.14 45,76
Thorium 72.17 68.88 46,26 61.26

N/D No data available.

2A.2.1 Coefficients for a Boiler Fitted With a Precipitator. The data from

Reference 2, stations II and III, and Reference 5 are for boilers fitted with a
precipitator for f{ly ash collection. The amount of most trace elements trapped
in a precipitator will in some way depend on the precipitator efficiency. All
four results came from plants using precipitators of differing efficiencies.
The percentage of the total amount of each trace metal which passed through the
precipitator into the stack gas was calculated. These figures could then be
compared with the percentage pass—through of the fly ash, which are:
Reference 2 Station II 0.9%

Reference 2 Station III 35.0%
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Table 2A.8
Distribution of Trace Elements, Pulverized Boiler, Station I, Reference 2,
Using Average Boiler Fraction and Recalculating Fly Ash and Stack Gas

Bottom Ash Fly Ash Stack '

Trace Element (%) [¢9) (%)
Antimony S5.17 94,185 0.645
Arsenic 2.00 90.27 7.73
Beryllium 16.29 83.07 0.64
Cadmium 11.82 8l.41 6.77
Chromium 12,20 78.06 9.74
Copper 12.55 86.79 0.66
Iron 23.86 75.55 0.59
Lead 5.65 92.50 1.85
Magnesium 17.45 81.34 1.21
Manganese 15.34 84.29 0.37
Mercury 1.28 12.43 86.29
Nickel 15.78 79.99 4,23
Selenium 1.18 96.65 2.17
Silver 5.51 89.60 4,89
Thallium 11.93 65.13 22.92
Zinc 11.37 86.31 2.32
Uranium 30.03 67.16 2.83
Thorium 19.81 86.62 0.08

N/D No data available.

Table 2A.9
Distribution of Trace Elements, Pulverized Boiler, Station II, Reference 2,
Using Average Boiler Fraction and Recalculating Fly Ash and Stack Gas

Bottom Ash Fly Ash Stack
Trace Element ) $3) (%)
Antimony 5.17 91.03 3.80 -
Arsenic 2.00 97.95 0.05
Beryllium 16.29 81.69 2.02
Cadmium 11.82 84,20 3.98
Chromium 12.20 75.16 12.64
Copper 12.55 86.65 0.80
Iron 23.86 75.29 0.85
Lead 5.65 86.46 7.89
Magnesium 17.45 8l.74 0.81
Manganese 15.34 83.43 1.23
Mercury 1.28 0.00 98.72
Nickel 15.78 66.48 17.74
Selenium 1.18 67.93 30.89
Silver 5.51 93,22 1.27
Thallium 11.93 82.56 5.51
Zinc 11.37 85,37 3.26
Uranium 30.03 68.69 1.28
Thorium 19.81 86. 54 0.16

N/D No data available.
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Table 2A.10
Distribution of Trace Elements, Pulverized Boiler, Station III, Reference 2,
Using Average Boiler Fraction and Recalculating Fly Ash and Stack Gas

Bottom Ash Fly Ash Stack
Trace Element %) (%) (%)
Antimony 8. 345 6.755 84.90
Arsenic 17.29 62.31 20.40
Beryllium 58.20 35.0 .
Cadmium 18.56 35.96 45,48
Chromium 45,85 14,97 39.18
Copper 31.08 38.79 30.13
Iron 60. 54 21.38 18.08
Lead 7.44 27.78 64.78
Magnesium 62.14 23.08 14,78
Manganese 62.78 24.88 12.34
Mercury 1.23 3.09 95.68
Nickel 26423 13.68 60.09
Selenium 19.34 26.72 53.94
Silver 22.00 62.12 15.88
Thallium 2.61 5.94 91.46
Zine 7.12 36.56 56432
Uranium 45,76 16.81 37.43
Thorium 61.26 36.61 2.13

N/D No data available.
Table 2A.11
Distribution of Trace Elements, Reference 5 (1972), Using Average
Boiler Fraction and Recalculating Fly Ash and Stack Gas.

Bottom Ash Fly Ash Stack
Trace Element (%) ¢3) (%)
Antimony N/D N/D N/D
Arsenic 17.29 74,45 8.26
Beryllium N/D N/D N/D
Cadmium N/D N/D N/D
Chromium 45.85 51.93 2.22
Copper 31.08 66.69 2.23
Iron 60. 34 38.22 1.24
Lead 7.44 90,25 2.31
Magnesium 62.14 35,03 2.83
Manganese 62.78 35,63 1.59
Mercury N/D N/D N/D
Nickel N/D N/D N/D
Selenium 19.34 45,60 35.06
Silver N/D N/D N/D
Thallium N/D N/D N/D
Zine 7.12 90. 56 2.32
Uranium 45.76 52.80 1.44
Thorium 61.26 38.1 0. 64

N/D No data available.
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Table 2A.12
Distribution of Trace Elements, Reference 5 (1973), Usingz Average
Boiler Fraction and Recalculating Fly Ash and Stack Gas

Bottom Ash Fly Ash Stack
Trace Element (%) (%) (%)
Antimony 8.345 74.845 16.81
Arsenic 17.29 80.72 1.99
Beryllium N/D N/D N/D
Cadmium 18.56 78.77 2.67
Chromium 45,85 53.42 0.73
Copper 31.08 68.45 0.47
Iron 60. 54 39.20 0.26
Lead 7.44 89.52 3.04
Magnesium 62.14 37.86 0.00
Manganese 62.78 36.89 0.33
Mercury 1.23 3.79 94.98
Nickel 26,23 73.36 0.41
Selenium 19.34 77.3 3.29
Silver N/D N/D N/D
Thallium N/D N/D N/D
Zinc 7.12 91.20 1.68
Uranium 45,76 53.51 0.73
Thorium 61.26 38.48 0.26

N/D No data available.

Reference 5 1972 . 3.5%
Reference 5 1973 0.5%

The results, given in Table 2A.l13, were used in an attempt to derive a
function for the percent pass~through (Py) cf each trace element (x) based on
the percentage age pass—through (Ppp) of the fly ash, where

Prp = 100 - (efficiency of precipitator).

Other research was also used to assist in deriving these functions. Two
steps were used in arriving at these functions:

a) determination of functional relationship (i.e., linear, exponential,

etc.),

b) calculation of a coefficient for that relationship.
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Determination of Functional Relationships. Past studies?>? indicate

that scme trace metals are enriched after the flue gas passes through a
precipitator and some are not, i.e., those that are enriched are in a higher
proportion to the total mass output of the ash than they are to the total mass
input to the precipitator.

The elements that are not enriched were assumed to be a linear funqtion of
PTP_wiéh a coefficient of 1. Table 2A.14 shows the elements that are and are
not enriched.

Trace elements that are enriched may be a linear or nonlinear function of
Prp. For these elements, the percent pass—through at the four power plants
in Table 2A.13 were examined. For each element, the proportion

Px(p1)/Px(p3),
was calculated, where Py(pj) = percentage pass—through of trace element x for a
power plant with precipitator efficiency py, i = 1,2,3,4 and p; = .5, .9, 3.5,
35. These proportions for the enriched trace elements are shown in Table ]
2A.15.

These results were then compared to proportions which would exist if Py
were various functions of Pyp, under the assumption that if

Px(pi) = C -£(PTp(pi)),
where C is some coefficient, then

Prlpi) _ Cf(Ppp(pi)) _ £(Prp(py))
Px(pj) c-£(Prp(p3)) £(Prp(p4))

The preoportions for the various functions examined are in Table 2A.16.
When a trace element failed to resemble any theoretical functiom, possible
spurious values were eliminated from Table 2A.13 and another comparison was

made using only the remaining values.
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Table 2A.13
Percentage Pass=Through of Trace Elements

for Precipitators of Varying Efficiency

Reference 5

Reference 2

Reference 5

Reference 2

(1972) Station II (1973) Station III
Trace Element [0.5%]11 [0.92]1 [3.5%211 [35%]1
Antimony 18,34 4,01 N/D 92.63
Arsenic 2.41 C.05 9.99 24,66
Beryllium N/D 2.41 N/D 15.66
Cadmium 3.28 4.51 N/D 55.84
Chromium 1.35 14,40 4,1 72.35
Copper 0.68 0.92 3.24 43,72
Iron 0.66 1.12 3.14 45,82
Lead 3.28 8.36 2.50 70.00
Magnesium 0.00 0.98 7.47 39.04
Manganese 0.88 1.45 4,27 33.17
Mercury 96.16 100.00 N/D 96.87
Nickel 0.55 21.1 N/D 81.45
Selenium 4,08 31.26 43,5 66,87
Silver N/D 1.34 N/D 20. 36
Thallium N/D 6.25 N/D 93.9
Zinc 1.81 3.67 2.49 60. 65
Uranium 1.34 1.83 2.65 69.0
Thorium 0.67 0.18 1.65 5.5
Radium N/D N/D N/D N/D
N/D No data available.

1Percentage pass—through for fly ash.

Table 2A.14

Enrichment of Trace Elements upon Passing through Precipitator

Enriched

Not Enriched

Antimony
Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Silver
Thallium
Zinc

Berylliium
Iron

Magnesium
Manganese
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Table 2A.15
Ratios of Pass-Through of Trace Elements at Four Power Plants

Ratio Px(.5) Px(.5) Px(.5) Px(.9) Pe(.9) . Px(3.5)
Py(.9) P»(3.5) Px(35.) Px(3.5) Px(35.) Px(35).
Ratio ~ (1) (2) (3) (4) - (5 (6)
Antimony 4.57 N/D 0.198 N/D 0.043 N/D
Arsenic 48.2 0.241 0.098 0.005 0.002 0.405
Cadmium 0.727 N/D 0.059 N/D 0.081 N/D
Chromi um 0.094 0.329 0.019 3.512 0.199 0.057
Copper 0.745 0.211 0.016 0.284 0.021 0.074
Lead 0.392 1.132 0.047 3.344 0.119 0.036
Mercury 0.962 N/D 0.993 N/D 1.032 N/D
Nickel 0.026 N/D 0.007 N/D 0.259 N/D
Selenium 0.131 0.094 0.061 0.719 0.467 0.651
Silver N/D N/D N/D N/D 0.066 N/D
Thallium N/D N/D N/D N/D 0.067 N/D
Zinc 0.493 0.727 0.030 0.180 0.061 0.041
Uranium 0.732 0. 506 0.019 0.691 0.027 0.038
Thorium 3.72 0.406 0.122 0.109 0.033 0.300
Radium N/D N/D N/D N/D N/D N/D

N/D ~ No data available.

Table 2A.16
Theoretical Proportions of Trace Metal Pass-Through for Given Functions
of Fly Ash Pass-Through

£(.5)/ £(.5)/ £(.5)/ £(.9)/ £(.9)/ £(3.5)/

Function £(.9) £(3.5) £(35.) £(3.5) f£(35) £(35)

£(Prp) = 1 1.0 1.0 1.0 1.0 1.0 1.0
= Pyp 0.556  0.143 0.014  0.257  0.026 0.100
= Pppl 0.309 0.020 0.0002 0.066 0.001  0.010
= \/Prp 0.745  0.378  0.120 0.507 0.160 0.316
= Tog(Ppp + 1) 0.632  0.270  0.114 0.427  0.181  0.423
= ,gﬁ;;x$‘r' 0.889  0.577 0.207  0.650  0.233 0.359
= (Ppp + 1)2 0.623  0.111  0.002  0.178  0.003 0.016

If a trace element still failed to conform to a specific function, it was
compared to elements with "knowa" functional relationships for similar

characteristics (e.g., preferential adherence to various-sized partiéles in
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the flue gasll) and given the same function as those elements that were

similar.

The determined function for each of the enriched elements is as follows:

Arsenic: Assuming that Ppg(.9) = 0.5 is an analytic error, the
proportions for As are similar to those for f(Pyrp) = log (Pyrp + 1), i.e.,

started log of Ppp.

Antimony, Cadmium, Selenium. These elements failed to conform to any

function, but had similar particle-size adherence preferences to As (Reference

11). They were therefore assumed to be functions of the started log of Ppp.

Chromium, Nickel: These metals did not favorably compare to any one

function of Pgp. However, they seemed concentrated evenly over different
sized particles.ll They were therefore assumed to be related to Prp by a

linear function.

Copper: Except for the proportion Pgy(.5)/Pcy(-9), a linear trend is

indicated.

Lead: Assuming that the value of Ppy(3.5) 1s an error, Pb seems more
like a function of the started log of Ppp, although the proportions are

highly var.able.
Mercury: Proportions indicate almost 100% pass—through.

Silver: The proportion of Ag looks linear, and the actual values of the
two silver measurements resemble those for Mn and Be. Although there are not

many data, a linear relationship is assumed between PAg and Prp.

- 90 -




Zinc: The value of Pz,(3.5) appears to be too small. All proporticns

not involving Prp = 3.5 indicate a linear trend.

Thallium: There are only two data points for thallium. Their ratio
falls between the linear and square root ratio. Since the ratio in Table

2A.15 looks similar to sgilver and zinc (which are linear in Ppp) the linear

relation was chosen.

Radium: No data was available for radium. A linear relatiomship with

coefficient 1.5 was chosen based on information in Reference 12.

Thorium: Thorium has a very low value for Pypp = .9. All ratios not
involving this value indicate that thorium has a square root relation with
PTP.

Uranium: The uranium ratios are similar to either the linear or square

root ratios. However, since the data are very similar to that of zinc, the

linear relationship was chosen.

Calculation of Coefficients. After having decided upon the functional

relations to be used, a coefficient was then calculated by doing a least
squares regression on the values for each trace metal, using values which were
not considered spurious, and forcing the line to go through the origin.

Table 2A.17 gives the coefficient, functional relationship, and comments
for all trace elements which become enriched upon passing through the

precipitator.

2A.2.2 Coefficients for a Boiler Fitted with a FGD System. Reference

2, station I, gives results for a boiler followed by a scrubber for fly ash
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Relation of Particulate Pass~Through to Enriched Trace Element Pass-

Table 2A.17

Through for Enriched Trace Elements.

Trace Element Coefficient £(Pyp)

Comments

Antimony 25.84 started log used values at Pyp = .9,35

Arsenic 6.84 started log used values at Ppp = .5,3.5,35
Cadmium ' 15.23 started log used all available data points
Chromivm 2.05 linear used values at Ppp = .5,3.5,35
Copper 1.25 linear used all values

Lead 19.19 started log used values at Pyp = .5,.9,35
Mercury .975 constant assume constant pass—through 97.5%
Nickel 2.33 linear used values at Pyp = .5,35

Selenium 20.84 started log used all values

Silver .58 linear used all available data

Thallium 2.69 linear used all available data

Zinc 1.73 linear used values at Ppp = .5,.9,35
Uranium 1.97 linear used all values

Thorium 0.86 square root used values at Ppp 0.5,3.5,35
Radium~226 1.5 linear assumed from Reference 12

Radium-228 1.5 linear agssumed from Reference 12

Lead-210 19.19 started log assumed same as nonradioactive lead
collection. The figures taken from the results from plants fitted with

precipitators were reworked to give the percentage of the total trace metal

going into the FGD scrubber which passes through into the stack gas.

be compared to the overall pass—-through of the fly ash.

This can

Table 2A.18 gives the

results. Unfortunately, since this was the only set of results, coefficients

similar to those for passage through a precipitator could not be calculated.
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Table 2A.18

Percentage Pass-Through of Trace Elements as Compared to the Pass-Through
of Fly Ash for a Scrubber (Figures Taken from Reference 2, Station I

Reference 2, Station I

Trace Element (0.4%)1
Antimony 0.68
Arsenic 7.89
Beryllium 0.76
Cadmium 7.68
Chromium 11.10
Copper 0.75
Iron 0.77
Lead 1.96
Magnesium 1.46
Manganese 0.44
Mercury 87.4
Nickel 5.02
Selenium 2.20
Silver 5.17
Thallium 26.02
Zine 2.62
Thorium 4.04
Uranium 0.09

1Percent:age pass—through for fly ash.
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s APPENDIX 2B
» CALCULATION OF QUANTITY AND COMPOSITION OF FGD SLUDGE

2B.1 Equations Used To Calculate Quantity of FGD Sludge and Its Major
Components for Wet Scrubbing Systems.

The equations were developed using a mass balance approach and the
assumptions given in Reference 8. The default values are also taken from
Reference 8. The equations are giver below and the default values substituted
into the equations are given in Table 2B.l. Table 2B.2 gives the chemical

formulae and molecular weights used.

2B.1.1 Quantity of SOy Captured (tons)
S0, = S0oFG * §/100,
where
S05FG = quantity of SO; entering FGD system,

) = percentage of removal of SO3, given as an input variable.

2B.1.2 Lime Scrubber

Quantity of Lime Required (Qjime) (tons)

Quige = S0 (1 - U) +s0 . —M lime
MW SO

Qipe = 0.975 503.
where
SO7 = quantity of SO captured (tons),
U = absorbent utilization (fraction) molar basis,

MW = molecular weight
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Table 2B.l
Default Values for Calculation of FGD Solid Waste

Double- Magnesium Wellman-

Variable Lime Limestone Alkali Oxide Lord
Absorbent utilization 902%(36) 80%(36) 95%(36) N/A N/A

U 0.9 0.8 0.95 N/A N/A
Sulfite: sulfate ratio 3.1(26) 3.1(26) 3.1(26) N/A N/A

X 3 3 3 N/A N/A

Y 1 1 1 N/A N/A
Soda-ash makeup N/A N/A 3%(36) N/A N/A

SA N/A N/A 0.03 N/A N/A
Moisture content (M) 50 50 50 35 35
Absorbent makeup N/A N/A N/A 3%(36) 3%36)
AB N/A N/A N/A 0.03 0.03
Separation loss N/A N/A N/A 5%36) 5%(36)
SL N/A N/A N/A 0.05 0.05

N/A Not applicable.
Figures in parenthesis refer to the appropriate page number
in Reference 8.

Table 2B.2
Molecuar Weights of Compounds Used in FGD Systems
, Compound Chemical Formulae Molecular Weight
Sulfur dioxide S0y 64
Lime Ca0 56
Limestone CaCO3 100
Calcium sulfite Cas03°1/2H,0 129
Calcium sulfate (gypsum) Cas0,* 2H,0 172
Sodium carbonate (soda—ash) Na,C03 106
Magnesium oxide MgO 40
Magnesium sulfite MgS04 104
Sodium sulfite Na,SO03 126
Sodium bisulfite NaHSO3 104
Sodium bicarbonate NaCO3 84
Sodium carbonate Na,C03 106
Sodium sulfate Na,50, 142

Sludge Solid Waste. The sludge solids consist of: (1) unreacte

lime in the form of limestone, (2) calcium sulfite [x parts], and (3) calcium

sulfate [y parts].
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where

Unreacted Iimestone (Qu:1imegtone) (tons)

MW limestone
Qrlimestone ® Qime (1 = 1) . , .
MW lime

Qurlimestone = 0.174 S03.

Calcium Sulfite (Qcgjcium sulfite) (tons)

x—

MW calcium sulfite

Qealcium sulfite = QUime = (Qime - (1 ~ U).
(x+y)

Qealcium sulfite ™ 1.516 S02.

Calcium Sulfate (Qcgicjum sulfate) (tons)

b

MW lime

MW calcium sulfate

Qcalcium sulfate * Wime = (Qime - (1 ~ V).
(yix)

Qcalcium sulfate = 0.674 S03.

Total Sludge Solid Waste (Qpgy) (tons)

MW lime

Qrsw(dry) = Quriimestone + Qcalcium sulfite ¥ Qealcium sulfate

Qrsw(dry) = 2.364 SOy tons.

Qrsw(wet) = Qrgy(dry) . ﬁg-g—_—ﬁ ’

m = moisture content of FGD sludge,

Qrgw(wet) = 4,728 SO3.
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2B.1.3 Limestone Scrubber

| Quantity of Limestone Required (Qlimes:nne) (tons)

MW limestone

é Qimestone = 502 + (1 = U) +503 .
MW SO9

Qimestone = 17625 S03.

where
809 = quantity of SO7 captured,

U = absorbent utilization (fraction) molar basis.

Sludge Solid Waste. The sludge solids comsist of: (1) unreacted

limestone, (2) calcium sulfite [x parts], and (3) calcium sulfate [y parts].

Unreacted Limestone (Qur)imestons) (tons)

Qurlimestone = QUimestone * (1 = U),

Qurlimestone = 03525 SOj.

Calcium Sulfite (Qcajcium sulfite) (toms)

X MW calcium sulfite
(xty) MW limestomne

Qealcium sulfite = (QUimestone ~ Qqrlimestone) - s

{ Qcalcium sulfite = 1.365 S0

Calcium Sulfate (Qcajcium sulfate){tons)

y MW calcium sulfate
(x4y) MW limestone

Qecalcium sulfate ™ (Qimestone ~ Qurlimestone) -« ’

Qealcium sulfate = 0631 SO3.

NSRRI

-97 ~




Total Sludge Solid Waste (Qpgy)(tons)

Qrswidry) = Quriimestone * Qcaleium sulfite T Qealcium sulfates
Qrgw(dry) = 2.3485 s09,

Qrsw(vet) = Qrgyldry) » —= |
(100-m)
Qrgwwet) = 4.697 SO;.
where

m = moisture content of solid waste (%),

23.1.4_ Double Alkali Wet Serubbing. The equations are identical to the
lime scrubber, but there is an additional amount of solid waste due to soda-
ash makeup to the absorbent. - The absorbent utilization also differs and so
the »Hefficients are as follows:

Q ime = 0.925 503,

Qurlimestone = 0.0829 0y,

Qealcium sulfite = 1.518 502,

Qealcium sulfate = 0.675 s03.

Soda Ash Makeup (Qgoda ggp) (tons)

MW soda—ash

Qsoda~-ash = SC2 » 5A .
MW S0

where
SA = Soda—~ash makeup (fraction) molar basis,

Qgoda-ash = 0-05 SOy toms.
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Total Sludge * ".d Waste (Qrgy) (tons)

Qrsw(dry) = Quriimestone t Qalcium sulfite

+ Qcalcium sulfate + Qgoda-ash?

Qrswldry) = 2.3259 S0,,
100
Qrswiwet) = Qrgy(dry) . .
(100-m)
Qrgulwet) = 4.6518 S0;.
2B.1.5 Magnesium Oxids, Solid waste comes from absorbent makeup

(process solid waste) and from the loss in separation (regeneration solid
waste).

Process Solid Waste (Qmagngaj"m oxide) (tons)

MW magnesium oxide
MW S09

Qrpagnesium oxide ™ SO2 * AB ° tons,

Qnagnesium oxide = 0-01875 50;.
where
S0, = quantity ol S(-. aptured (tons),

AB = absorbent makeup (fraction) molar basis.

Regeneration Solid Waste (Quaonecium gulfite) (tons)

Quagnesium sulfite = 502 » SL . _Md magnesium sulfite,
MW S0

Qpagnesium sulfite = 0.08125 S03.
where

SL = geparation loss.

- 99 -



Total Sludge Solid Waste (Qrgy) (tons)

Qrgyldry) = Cnagnesium oxide * Quagnesium sulfites
QTsw(dry) = 0.01 S04,

Qrgw(wet) = Qpgylwet) . _ 100
(100~m)

Qpswwet) = 0.1539 S03.
where

m = moisture content of solid waste (%).

2B,1.6 Wellman-Lord. The equations are the same as for magnesium oxide
except that sodium sulfite (Na;S0O3) 1is used as the absorbent and sodium

bisulfite (NaHS03) is produced.

Process Solid Waste (Qagdinn g“]fjﬁg) (tons)

Qodium sulfite = S02 . AB . MW sodium sulfite,
MW SO

Qsodium sulfite = 0-059 S0;.

Regeneration Solid Waste (andinm hisn]fi:e) (tons)

Qsodium bisulfite =™ S02 o SL . MW sodium bisulfite,

MW SO9

= 0.08125 S0;.

Total Sludge Solid Waste (Qpgy) (toms)

Qrswldry) = Qgodium sulfite + Qsodium bisulfite®
Qpgy(dry) = 0.14025 SO5,
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Qrgy(wet) = Qpgy(dry) . 100
¥ S¥ U=

Qrgy(wet) = 0.2158505.

where

m = moisture content of solid waste (%),

2B.2 Equations Used To Calculate Quantity of FGD Sludge and Its Major
Components for Dry Sorbent Injection

All assumptions and equations are from Reference 13. Table 2B.2 sets out
the chemical formulae and molecular. weights used. The desulfurization occurs
via four reactioms. .

2 NaHCog + 802<_-:_—-__-> NapS0q + COp + Hp0 + 09

2 NaHCO3<———-> NapCO3 + Hp0 + CO3

NapCO3 + S02 > NapS03 + CO2

NapS03 + 1/203 ——> Na3S0y

2B.2.1 Quantity of Sodium Bicarbonate (Nahcolite) Required

From the equations, 2 moles of NaHCO3 are required to react with one mole

of S02
1  MWNaHCO
Qnahcolite = 502 « R « 2 —, Swhanhls
U MWS09

Qahcolite™ 375 S02.
where
S0p = quantity of SO, captured (tons) (see Section 2Bl.1),

R = stoichiometric ratio: moles SOp:moles nahcolite (assumed to

be 1:1),

U = absorbent utilization (fraction) molar basis (assumed to be

0:70).

- 101 -



2B.2.2 .Solid Waste Produced

The spent nahcolite in fact weighs less than the original sorbent because
of the evolution of COy and H90 during the reaction with 809« The reduction
is about 18%Z. The total solid waste (Qpgy) is, therefore,

Qrgw = 3.075 503.

The solid waste is made up of approximately 1.5% sodium bicarbonate,
25.4% sodium carbonate, 52.2% sodium sulfite, and 20.9% sodium sulfate.

The coefficient;s are therefore:

Sodium bicarbonate '0.046 SO
Sodium carbonate 0.781 S09
Sodium sulfite 1.605 S0,
Sodium sulfate 0.643 S0y

- 102 -



APPENDIX 2C
DESCRIPTION OF COMPUTER MODULE

The coal-fired power plant computer module consists of a series of five
subroutines:BURN, PRECIP, FGDS, OPRINT, and ERRCH. The first three of these
are subroutines for each of the three stages in a power plant system = the
burner (boiler), precipitator, and FGD systems. The last two are used for
output printing and error checks. The module is set to work by a call to
subroutine BURN,

CALL BURN (C, BOT, FA, SLUD, GAS, IBLR, IPREC, IFGD, PREFF, SO2EFF, Q),
where

C = vector of size 50 with input characteristics of the coal, used
for input only (not overwritten);

BOT, Fa,
SLUD, GAS = vectors of size 50 with the output characteristics

of the bottom ash, fly ash, FGD sludge, and stack gas,
respectively. These vectors are used for output only;

IBLR = boiler type;

IPREC = precipitator indicator. 1 means there is a precipitator before
the FGD system (if any), IPREC ; 0 means the FGD system is used
as a precipitator to collect fly ashj;

PREFF = the efficiency of the precipitator in removing fly ash, in
percent;

SO2EFF = the efficiency of the FGD system in removing SO2;

Q = quantity of coal.
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After calling BURN, the other subroutines will be called internally.

The module has one common block; CBURN, of size 255, which 1is in all of

the subroutines.

All of the systems' coefficients (except for lime and limestone in FGDS,
below) are in terms of amount of material passing through the respective
system, although in the module sometimes the amount of material captured is
calculated first. Almost all of the coefficients are read in from a data
file, except those that are dependent upon some input value. These will be

noted in the description of each subroutine, below.

Subroutine BURN

BURN first sends the calling parameters to ERRCH to check for input
errors. It then reads the input coal characteristics into the £first 350
elements of CBURN. The composition of the bottom ash and pass~through of all
relevant materials are then calculated using the coefficients for the
appropriate boiler from the data file. BURN then calls PRECIP, FGDS, and

OPRINT.

Special Notes:

1) All sulfur not in the bottom ash is assumed to change to SO om
output (array element 35 (AE35)).

Z) All carbon not in the bottom ash 1s assumed to change to COz on
output (AE42). ‘

3) AE36 to AE38 (NO»,C0,CH;) are calculated using the total input
quantity of coal. '

4) The array STACK contains the emissions from the boiler not including

the bottom ash. Hereafter, STACK will be the input to and output
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from the other system subroutines. Upor output from FGDS, whatever
is in STACK is what is considered to go up the power plant stack.

BASH contains the bottom ash output from the boiler.

Subroutine PRECIP

PRECIP has all of its pass—~through coefficients for ash and trace
elements calculated on the basis of precipitator efficiency input. AE36 to
AE38 and AE42 are assumed to pass through the precipitator untouched and have
a coefficient of 1. Sulfur and sludge components are disregarded at this time

and have coefficient values of 0.

Special Notes:
1) PRECIP is called even if IPREC = 0. If this is the case, the fly ash

components are brought into FGDS and used as the respective entries
in the sludge output vector.

2) FLY is the fly ash output vector from the precipitator.

Subroutine FGDS
FGDS calculates the amount of ash, trace elements, S02, and sludge

components output from the FGD system.

Special Notes:
1) 1f there is no precipitator before the FGD system, the values for ash

and the trace elements are taken to be the amount calculated in
PRECIP, Therefore, the elements in FGD (the sludge output vector)
are equated with the respective elements of FLY, and those elements

of FLY are set to 0.
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2) Sludge components (AE25 to AE33 and AE43 to AE45) are calculated
using the amount of SO2 captured in the system.

3) The captured S0 1is determined by SO2EFF, the input FGD system
efficiency.

4) No coefficients are available for the amounts of some of the trace
elements contained in the FGD system lime and limestone. These
elements are given a coefficient of 0 in LIME or LIMES, and are noted

in the output.

Subroutine OPRINT

OPRINT is used to print the output.

Subroutine ERRCH

ERRCH checks that all calling parameters for subroutine BURN are within
their correct range and that the sum of the input coal characteristics is not
greater than the total quantity of coal. If there are any errors, no
calculations are done and control is returned to the calling program.

After all calculations have been made, the output vectors BASH, FLY, FGD,
and STACK (which are all within common block CBURN) are equated with other
vectors not in the block (BOT, FA, SLUD, and GAS, respectively), and these

vectors are passed hack to the calling program.
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APPENDIX 2D
COMPUTER CODE AND SAMPLE OUTPUT
This section sets out the computer code used for the coal combustion
module with a sample imput and the resulting output. Table 2D.1 gives the
coal characteristics used as input. The other input variables used were as
follows:
Quantity of coal (Q) = 100;000.0 tons
Precipitator efficiency (PREFF) = 99.02%
507 removal (SO2EFF) = 85.0%
Lime wet scrubbing system (IFGD) = 1
Precipitator employed (IPREC) = 1
Large pulverized boiler (IBLR) = 1
The calling program of the code is used only to set the input wvariables.
In some cases data may be missing and so the output is incomplete.
An asterisk is used to indicate cases where there were no data on the quantity
of an element in the scrubbing media. This means that the amount of the trace

element in the FGD sludge may be understated.

Table 2D.1
Input Characteristics of Coal

Input Quantity Input Quantity

Element (tons) Element (tons)
Ash 9200.0 Manganese 20,0
Sulfur 1600.0 Mercury 0.014
Antimony 0.08 Nickel o3
Arsenic 11 Selenium 0.35
Beryllium 0.2 Silver 0.02
Cadinium 0.03 Thallium 0.02
Chromium 1.5 Zinc 1.28
Copper 1.6 Uranium o1
ron 1000.0 Thorium 0.28
Lead 1.09 Carbon 72,000.0
Magnesium 52.0

H



PROGRAM CT(INPUT,OUTPUT,TAPE!,TAPES=QUTPUT)
DIMENSION COAL (50) ,BASH(S0) ,FLY(50),STACK(S50) ,FGD(50)
Q=100000.00
PREFF»399.
SOREFF=85.
IFGD=1

[PREC=1

I8LR=]

COAL (1)=9200.
COAL (2)=1600.
COAL(3)=(0.08B
COAL (4)=1.1
COAL(S)=0.2
COAL(61=0.03
COAL(7)=1.5
COAL (B)=] .6
COAL (9)=1000.0
COAL(10)=1.09
COAL(11)=52.0
COAL(12)=20.0
COAL(131=0.014%
COAL(14)=1.5
COAL(15)=0.35
COAL (16)=0.02
COAL(17)1=0.02
COAL(18)=1.28
COAL(19)20.1
COAL(20)=0.28
COAL(2]1)=0.
COAL (22)=(0.
COAL (23)=D.

DO 6 1=24,38
COAL(1)=0.

CONT {NUE

COAL (39)=800.
COAL (40)=72000.
COAL (41)=8000000.
DO 7 I=42,50
COAL (I)=D,

CONT INUE

CALL BURN(COAL ,BASH,FLY,FGD,STACK, IBLR, [PREC, [FGD,PREFF ,SO2EFF ,Q)

STOP
END
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SUBROUT INE BURN(C,BOT.FA,SLUD,GAS, IBLR, IPREC, [FGD,PREFF ,SO2EFF ,Q)
COMMON/CBURN/ COAL (S0) ,FLY (50} ,BASH(S0) ,FGD(50} ,STACK(5D),
-STAR(3,23)

REAL BCHAR(4,50).C(50),B0T(S0),FA(50),SLUD(S0),GAS(S0)

C + COEFFICIENTS READ IN TO GIVE SPLIT BETWEEEN BOTTOM ASH

c

1
c

c

* ANO FLY ASH

READ(1,1001) ( (BCHAR(I,J),J=1,50),1=1,4)
001 FORMAT(10F7.5)

*+ USED TO STORE COAL CHARACTERISTICS FOR WRITING ON OUTPUT
DO 30 I=1,50
COAL(I)=C(])

30 CONTINUE

+ CALCULATION OF RA-226,RA-228 & P8-210 IF NOT GIVEN AS INPUT DATA
IF(COAL{2]1) .EQ. 0.3COAL(21)=(3.3BE-7)*COAL(13)
IF(COAL(22) .EQ. 0.)COAL(22)=(4.01E-10)*COAL (20}
[F(COAL(23) .EQ. 0.)COAL(23)=(4.37E~9)*COAL(19)
CALL ERRCH(IBLR, IPREC, IFGD,PREFF ,SO2EFF, ICHECK,Q)
IFCICHECK .EQ. 1)GO TO 500

* CALCULATION OF ELEMENT SPLIT BETWEEN BOTTOM AND FLY ASH

00 10 [=1,34
STACK([)=BCHAR(IBLR,I)*COAL (I}
BASH( 1) =COAL ([)-STACK(1)
10 CONTINUE
* CONVERSION OF SULFUR IN STACK GAS TO SO2
STACK(35)=BCHAR{ IBLR, 35) *STACK(2)
STACK(2)=0.
CALCULATION QF NO2,CO & CH4 IN STACK GAS
DO 20 J=35,38
STACK(J)=Q*BCHAR(IBLR,J)
BASH(J)=0.
20 CONTINUE
CALCULATION OF PYRITIC SULFUR IN BOTTOM ASH
STACK (39)=BCHAR( IBLR,39) *COAL (39}
BASH (39) =COAL (393 -STACK (39)
STACK(39)=0.
* CALCULATION OF CARBON SPLIT BETWEEN BOTTOM ASH AND STACK GAS
STACK (40)=BCHAR( IBLR,%0) *COAL (4+0)
BASH(40) =COAL (40) -STACK (40}
BTU OUTPUT.SET TO ZERO
STACK (41)=0.
BASH(41)=0.
CONVERSION OF CARBON IN STACK GAS TO Co2
STACK (42)=BCHAR{ [BLR,42) *STACK (40)
BASH(42)=0.
STACK (40)=0.
BASH(35)=0.
00 50 [=43,50
BASH([)=0.
STACK(1)=BCHAR(IBLR, 1) *COAL(I)
S0 CONTINUE
- CALL PRECIP(IPREC,PREFF)
CALL FGDS(IPREC, [FGD,SO2EFF)
CALL OPRINT
DO 4D I=1,50 .
BOT(1)=BASH(1)
FACDY=FLY(])
SLUD(1)=FGD(I)
GAS(])=STACK(I)
40 CONTINUE
500 RETURN
END

»
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SUBRQUTINE PRECIP(IPREC,PREFF)
c * CALCULATES THE AMOUNT OF EACH ELEMENT CAPTURED [N THE PRECIPITATOR
COMMON/CBURN/COAL (50} ,FLY(50) ,BASH(S0) ,FGD(50) ,STACK (50},
-STAR(3,23) .
DIMENSION PREC(50)
DATA PREC/34*0.,16*1./
D0 30 [(=1,3
00 20 J=1,23
STAR(1,J)1=3H
20 CONTINUE
30 CONTINUE
C * CALCULATION OF FRACTION OF EACH ELEMENT WHICH PASSES THROUGH
c * THE PRECIPITATOR AS A FUNCTION OF PRECIPITATOR EFFICIENCY
PREC(1)=({100.-PREFF1/100,
PREC(3)=25.84*ALOG( 100, *PREC(1)+1,)/100.
PREC(4)=6,.84*ALOG(100.*PREC(1)+1.1/100.
PREC(5)=].*PREC(])
PREC(6)=15,23*ALOG(100.*PREC(1)+1.)/100.
PREC(7)a2,05+*PREC(1)
PREC(B)=] .25*PREC(1)
PREC{B)=}.*PREC(!)
PREC(10)=19.19*ALOG(100.<PREC(1)+1.)/100.
PREC(1]1)=1,*PREC(I)
PREC({2)=1.*PREC(1}
PREC(133=.975
c * CALCULATION OF PASS THROUGH FOR HG IF FGD SYSTEM ONLY USED
[FLIPREC .EQ. OJPREC(13)=.87
PREC(14)=2.33*PREC(1)
PREC(15)=20,84*ALOG(100.*PREC(1)+1.)/100.
PREC(16)=.582*PREC(1}
PREC(17)=2.B9*PREC(1)
PREC{18)=1.73*PREC(1)
PREC(19)=1.97*PREC(])
PREC(20)=.86*SQRT(100.*PREC(1))/100.
PREC(2])=1.5*PREC(1)
PREC(22)=1.5*PREC(])
PREC(23)=19.19*ALOG(100.*PREC(1)+1.)/100.
c * CALCULATION OF ELEMENT SPLIT BETWEEN PRECIPITATOR AND STACK GAS
00 10 I=1.50
FLY(1)=STACK([)-STACK (1) *PREC(])
STACK(1)=STACK{I)-FLYI])
10 CONTINUE
RETURN
END
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SUBROUTINE FGDS{IPREC, IFGD,SO2EFF)
* CALCULATES MAJOR COMPONENTS AND TRACE ELEMENTS IN FGD SLUDGE
COMMON/CBURN/COAL (50) ,FLY (50Q) ,BASH(50) ,FGD(50) ,STACK(S0) ,
-STAR(3,23)
REAL FGDC(9,501,LIME(23),LIMES(23)
* READS FROM DATA FILE INPUT FRACTIONS OF TRACE ELEMENTS
* [N LIME AND LIMESTONE RESPECTIVELY
READ(1,1001) (LIMEC]),I=1,23), (LIMESCI), I=1,23)
* READS IN COEFFICIENTS TO CALCULATE THE AMOUNT OF EACH
* ELEMENT IN SLUDGE FOR EACH TYPE OF FGD SYSTEM
READ(1,1002) ((FGDC(I,J),J=1,50),[=1,9)

1061 FORMAT(7E10.3/7€10.3/7€10.3/2E10.3)
1002 FORMAT(10F7.5)

[xXeXg]

O

00 o0 O

O

IF(IFGD .EQ. 9)SO2EFF=0.
FGDC(IFGD, 35)=S02EFF/100.
[FCIPREC .EQ. 1)GO TQ S
* IF FGD ALSO USED AS PRECIPITATOR, THE SAME FRACTION OF
* EACH ELEMENT AS WOULD BE CAPTURED IN A PRECIPITATOR IS
* ASSUMED CQPTURED IN THE FGD SYSTEM AND APPEARS IN THE SLUOGE
D0 4 I=1,24%
FGD()=FLY(I)
FLY(1)=0.
Y% CONTINUE
GO T0 6
* CALCULATION OF COAL TRACE ELEMENT SPLIT BETWEEN SLUDGE AND
é STACK GAS WHEN A PRECIPITATOR 1S USED PRIOR TO THE FGD SYSTEM
00 10 I=1.24
FGD(1)=STACK(1)~STACK([)*FGDC(IFGD, 1)
STACK(I)=STACK([)-FGO(I)
IF(I .EQ. 1)GO TO 10
¢ FOR REGENERABLE SCRUBBERS THE WASTE CONSISTS ONLY OF
* AN 8Y REGENERATION LOSS
IFCIFGD .EQ. 4 .OR. [FGD .EQ. SIFGD(1)=.0B*FGD(I)
10 CONTINUE
* CALCULATION OF S02 SPLIT BETWEEN SLUDGE AND STACK GAS
6 FGD(35)=STACK(35) *FGDC(IFGD,35)
STACK (35)=STACK (35)-FGD(35)
IFCIFGD .EQ. 9GO0 TO 7
IFCIFGD .EQ. 8)G0 TO 7
IFCIFGD .EQ. 4 .OR. IFGD .EQ. 5)GO TO 7
IFCIFGD .EQ. 2 .OR. IFGD .EQ. 7)G0 TO 8
* CALCULATION OF QUANTITY OF LIME REQUIRED FOR DOUBLE ALKALI
IFCIFGD .EQ. 3)QLIME=.925*FGD(35)
* CALCULATION OF LIME REQUIRED BY A LIME SCRUBBER
IFC(IFGD .EQ. | .OR. IFGD .EQ. 8)QLIME=_975+FGD(35)
* CALCULATION OF TRACE ELEMENTS IN SLUDGE FROM LIME
*'IF NO DATA AVAILABLE OUTPUT PRINTS es»
D0 9 1=3,23
FGD(I)=FGO([)+GLIME*L[ME(])
IF(LIMECD) .EQ. 0.)STAR(2,[)=3H*
9 CONTINUE
G0 TO 7 .
* CALCULATION OF QUANITY OF LIMESTONE USED IN LIMESTONE
* SCRUBBER AND TRACE ELEMENTS FROM LIMESTONE [N SLUDGE
8 QLIMES=].7625*FGD(35)
Do 11 1=3,23
FGD(1)aFGD(1)+QLIMES*L IMES(])
IF(LIMES(]) .EQ. 0.)STAR(2,1)=3H*
11 CONTINUE .
* CALCULATION OF MAJOR COMPONENTS OF THE FGD SLUDGE
7 00 20 1=25,33
FGD(1)=FGD(35) *FGDC (IFGD, 1)
* CALCULATION OF TOTAL WASTE~ WET ASH + WET SLUDGE
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IF(1 .EQ. 25)1FGD(1)=FGD(35)*FGDC(IFGD,1)+2.+FGD(1)
C » CALCWLATION OF TOTAL WASTE WET ASH + WET SLUDGE FOR
C * REGENERABLE SCRUBBERS
IF(I .EQ. 25 .AND. (IFGD .EQ. 4 .OR. IFGD .EQ. S)IFGD([)=
-FGD(35)*FGOC(IFGD,1)+1.35*FGD(1) :
C * CALCULATION OF TOTAL WASTE FOR DRY SCUBBER - DRY SLUDGE
C * + DRY ASH
IF(l .EQ. 25 .AND. IFGD .EQ. B)FGD(1)=FGD(3S)*FGDCIIFGD, )+
=FGD(1)
20 CONTINUE
C * CALCULATION OF WATER IN FGD WASTE
FGD(34)=FGD(35) *FGDC ( [FGD, 34)+FGD( 1]
[FCIFGD .EQ. 4 .OR. IFGD .EQ. SIFGD(34)=FGD(3S)*FGDC(IFGD,34)+
~.35*FGD(1)
IFCIFGD .EQ. BIFGD(34)=0.
00 30 [=36,38
FGD(11=Q,
30 CONTINUE
D0 40 [=39,50
FGD(1)=FGDC(IFGD, 1) *FGD (35}
40 CONTINUE
RETURN

END

SUBROUT INE OPRINT
COMMON/CBURN/COAL (S0) ,FLY (50) ,BASH(50) ,FGD(S0) ,STACK(50),
-~STAR(3,23)

WRITE (9,910) (COAL (1) ,BASH(I) ,FLY(1),STAR(1,1),
~FGDLI),STAR(2, 1), STACK(I) ,STAR(3, 1), I=],12)

WRITE(S,91%) (COAL (1) ,BASH(1) ,FLY(]) ,STAR(L, ) ,FGD(]),
~STAR(2,1) ,STACK(1),STAR(3,1),1=]13,23)

WRITE(S,813) (COAL (1) ,BASH(1) ,FLY(]),FGDC(I),STACK(I) , [=24%,30)
WRITE(S,911)(COAL (1) ,BASH(1),FLY(I),FGD(I),STACK(]),[=31,38)
WRITE(S.915) (COAL([) ,BASH([) ,FLY(]),FGD(1),STACK(I]),[=38,45)
WRITE (9,916) (COAL () ,BASH(I] ,FLY(]) ,FGD(]) ,STACK(I),I=46,50)
WRITE(S,912)

910 FORMAT(IX, *COMPONENT*, T30, * [NPUT COAL*,T45,*BATTOM ASH*,T60,*FLY A
~SH*,T75,+FGD SLUDGE*, T30, *STACK GAS*/1X,12(*-*) ,T30,12(*-*),Ty5,
~12(*-*),T60,12(*#~*),T75,12(*~*) TS0, 12(*~*)/
~1X,*ASH* ,T30,2(E12.3,3X),3(E12.3,A3)/
~1X,*SULFUR*,T30,2(E12.3,3X) ,3(E12.3,A3)/
~1X, *ANTIMONY»,T30,2(E]2.3,3X),3(E12.3,A3)/
~1X,*ARSENIC*,T30,2(E12.3,3X),3(E12.3,A3)/
~1X,*BERYLLIUM® ,T30,2(E12.3,3X),3(E12.3,A3)/
-1X,*CADMIUM*,T30,2(E12.3,3X),3(E12.3,A3)/

-1X, *CHROMIUM*,T30,2(E12.3,3X;,3(E12.3,A3)/
-1X, *COPPER*,T30,2(E12.3,3X) ,3(E12.3,A3)/
-1X,*IRON»,T30,2(El2.3,3X) ,3(E12.3,A3)/
~1X,*_EAD*,T30,2(E12.3,3X) ,3(E12.3,A3)/
-1X,*MAGNESIUM* ,T30,2(E12.3,3X) ,3(E12.3,A3)/
-1X, *MANGANESE *,T30,2(E12.3,3X) ,3(E12.3,A3))
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914 FORMAT( !X, *MERCURY*,T30,2(E12.3,3X),3(E12.3,A3)/
-1X,*NICKEL*,T30,2(E12.3,3X),3(E12.3,A3)/
-1X,*SELENIUM*,T30,2(E12.3,3X) ,3(E12.3,A3)/
-iX,*SILVER*,T30,2(E12.3,3X) ,3(E12.3.A3)/
-1X,*THALLIUM*,T30,2(E12.3,3X),3(El2.3,A3)/
~-1X,*ZINC*,T30,2(E12.3,3X),3(E12.3,A3)/

-1X, *URANIUM-238+*,T30,2(E12.3,3X) ,3(E12.3,A3)/

: -1X, *THOR1UM-232+,T30,2(El2.3,3X) ,3(E12.3,A3)/

: -1X,*RADIUM-226¢,T30,2(E12.3,3X),3(E12.3,A3)/
-1X,*RADIUM-228+,T30,2(E12.3,3X),3(E12.3,A3)/
-1X,*LEAD-210*,T30,2(E12.3,3X),3(El2.3,A3))

913 FORMAT( X, *HYDROCARBONS® ,
-T30,5(E12.3,3X) 71X, *TOTAL FGD SLUDGE*,.T30,5(El12.3,3X)/1X,
=+UNREACTED LIMESTONE®,

-T30,5(E12.3,3X)/1X, *CALCIUM SULFITE®,T30,5(E12.3
-,3X)/1X,*CALCIUM SULFATE*,T30,5(E12.3,3X)/1X, *SODA-ASH*,T30,
=-5(E12.3.3X)/1X,*MAGNESIUM SULFITF*.T30,5(E12.3,3X))

911 FORMAT(1X,*MAGNESIUM OXIDE*,T30," .212.3,3X)/

=1X,*SODIUM BISULFIve*,T30,5(E12.3,3X)/
-1X,*S0DIUM SULFITE*,T30,5(E12.3,3X}/
=-1X, *WATER* ,T30,5(E12.3,3X)/
-1X,*SULFUR DIOXiDE*,T30,5(E12.3,3X)/
-1X, *NITROUS OXIDES*,T30,5(E12.3,3X)/
~1X, *CARBON MONOXIDE*,T30,.5(E12.3,3X)/
-1X, *METHANE*,T30,5(E12.3,3X))

915 FORMAT(1X,*PYRITIC SULFUR*,T30,5(E12.3,3X)/
~-1X,*CARBON® ,T30,5(E12.3,3X}/
-1X,*BTU CONTENT*,T30,5(E12.3,3X)/
-1X,*CARBON DIOXIDE*.T30,5(E12.3,3X)/

[ -1X,*S0ODIUM BICARBONATE®*,T30,5(E12.3,3X)/
-1X,*S0DIUM CARBONATE*,T30,5(E12.3,3X)/
-1X,*SODIUM SULFATE*,T30,.5(E12.3,3X))

! 916 FORMAT(1X,*EMPTY* T30,5(E12.3,3X)/

L -1X,*EMPTY*,T30,5(E12.3,3X)/

! -1X,*EMPTY* T30,5(E12.3,3X)/

i -1X, *EMPTY* ,T30,5(E'2.3,3X}/

: -1X,*EMPTY*,T30,5(E12.3,3X}/)

912 FORMAT(1X, 1H*,*ACTUAL QUANTITY UNCERTAIN DUE TO UNKNOWN AMOUNT ADD
~-ED FROM LIME/LIMESTONE IN FGD SCRUBBER.*/)

RETURN
END
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c

SUBROUT INE ERRCH( IBLR, IPREC, IFGD,PREFF ,SO2EFF , ICHECK.Q)

* USED TO ENSURE INPUT DATA WITHIN CORRECT BOUNDOS
COMMON/CBURN/ COAL (50)
ICHECK=0

* BOILER TYPE MUST BE AN INTEGER FIGURE BETWEEN ! AND 4
00 {0 I=),4
IFCIBLR .EQ. 1)GO TO 20

10 CONTINUE
[CHECK=]

WRITE(9,901) IBLR
¢ |PREC FLAG IS EITHER 0 FOR NO PRECIPITATOR OR | FOR PRECIPITATOR
20 IF(IPREC .EQ. 0 .OR. IPREC .EQ. 1)GO TO 40
ICHECK=]
WRITE (8,902) IPREC
* FGD SYSTEM INPUT INTEGER BETWEEN 1 AND S AND MUST BE
* COMPATIBLE WITH PRECIPITATOR OR NO PRECIPITATOR
40 D0 60 i=!,9
IFCIFGD .NE. [)G0 TO 60
IFCIFGD .LE. 5 .AND. [PREC .EQ. 1)GO TO S0
IFCIFGD .EQ. 9 .AND. IPREC .EQ. 1)GO TO SO
IFCIFGD .GE. & .AND. IPREC .EQ. 0)GO TO SO
60 CONTINUE
[CHECK=]
WRITE(9,904%)
* PRECIPITATOR EFFICIENCY MUST BE BETWEEN 0 AND 100X
S0 IFIPREFF .GE. 0. .AND. PREFF .LE. 100.)G0 TO 70
ICHECK=]
WRITE(3,305)
*+ S02 REMOVAL RATE MUST BE BETWEEN O AND 100X
70 IF(SO2EFF .GE. 0. .AND. SOZ2EFF .LE. 100.3G0 TO 80
ICHECK=]
WRITE(9,9086)
* SUM OF ELEMENTS IN COAL CANNQT BE GREATER THAN TOTAL
* QUANTITY OF COAL
80 CSUM=Q.
DO 90 [=1.284
CSUM=CSUM+COAL (1)
90 CONTINUE
IF{(Q .GE. CSUMIGO TO 100
[CHECK=]
HWRITE (9,907}
* IF ICHECK=] NO CALCULATIONS MADE AND ERROR MESSAGE PRINTED
901 FORMAT(1X,*THERE IS NO BOILER TYPE*,[3//)
902 FORMAT(1X,13,1X,#[S NOT A VALID PRECIPITATOR PARAMETER (ONLY 0 OR
~1).%//)
90% FORMAT(1X,*YOU HAVE ENTERED AN INCORRECT FGD TYPE OR AN INCORRECT
~PRECIPITATOR/FGD PARAMETER MATCHUP+/)
905 FORMAT(1X,*PRECIPITATOR EFFICIENCY IS NOT IN THE INTERVAL (0,100).
-%//) . :
06 FORHATI()IX.'FGD SYSTEM SO2 REMOVAL EFFICIENCY IS NOT IN THE INTERVA
-L (0,100).%//)
907 FORMAT(1X,*THE SUM OF THE CHARACTERISTICS OF THE INPUT COAL [S GRE
-ATER THAN THE TOTAL INPUT COAL.*//)
100 RETURN
END
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.80000 .S5000 .S4+830 .98000 .83710 .28180 .87800 .87450 .76140 .94350
.82550 .84660 .98720 .84220 .98820 .944+S0 .88070 .88630 .69970 .80190
.80000 .80000 .943501.000001.000001.000001.000001.000001.000001.00000
.000001.000001 .000001 .090002.00000 .00900 .00050 .00015 .95000 .S8000
.000003.6570000.000000.000000.000000.000000.000000.000000.000000.00000
.40000 .95000 .91660 .82710 .4+1800 .81440 .S54150 .68920 .39460 .92560
.37860 .37220 .98770 .73770 .80660 .78000 .87390 .92880 .54240 .38740
.40000 .40000 .925601.000001.000001.000001.000001.000001.000001.00000
.000001.000001.000001.000002.00000 .02750 .000S0 .0001S .95000 .S8000
.000003.670000.000000.000000.000000.000000.000000.000000.000000.00000
.65000 .95000 .S4+830 .98000 .83710 .88180 .87800 .B7450 .76140 .94350
.82550 .84660 .98720 .84220 .98820 .94490 .88070 .88630 .69970 .80190
.65000 .65000 .S43501.000001.000001.00000!.000001.000001.000001.00000
.000001.000001.000001.000002.00000 .00750 .00100 .00500 .95000 .98000
.000003.670000.000000.000000.000000.000000.000000.000000.000000.00000
.10000 .95000 .91660 .82710 .4+1800 .81440 .S4150 .68920 .3%460 .92560
.37860 .37220 .S8770 .73770 .80660 .78000 .97390 .92880 .54240 .38740
.10000 .10000 .925601.0000Q1.000001.000001.000001.000001.000001.00000
.000001.00000!.000001.000002.00000 .00300 .00500 .00150 .95000 .S8000
.000003.670000.000000.000000.000000.000000.000000.000000.000000.00000
0. 0. 0. .150E-05 .180E-08 .337€-07 .312€-05
.190E-05 .627E-07 .207E-06 .76BE-02 .15SE~-03 0. 0.
.1 74E-04 0. g. .196E-03 0. 0. 0.

0. 0.
.171€-05 .187E-06 .!55E-06 O.SIHE-OS

——

——

——

——

0. 0. 0.
.169€-05 .6276-07 .129e-05 .768E-02 .!55E-03 0.
0.827E-06 0. 0. .108€~-03 0. 0. 0.

. 0.

.35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .87000 .35000 .35000 -35000 .35000 .35000 .35000 .35000
.35000 .35000 .350000.000004%.72600 .i7400!.51600 .674+000.000000.00000

0.000000.000000.000002. 364000.000000.000000.000000.000000.000000.00000

0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
.35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .87000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .350000.70000%.69700 .352501.36500 .631000.000000.00000
0.000000.000000.000002. 348500.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
.35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .87000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
-35000 .35000 .350000.000004.65180 .082901.51800 .67500 .050000.00000
0.000000.000000.000002. 325900.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
.35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .87000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .350000.00000 .153900.000000.000000.000000.00000 .08125
.018790.000000.00000 .053870.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
.35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .87000 .35000 .35000 .35000 .35000 .35000 .35000 .35000
.35000 .35000 .350000.00000 .215800.000000.000000.000000.000000.00000
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0.00000 .08125 .0%802 .075530.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.0360000.000000.000000.000000.000000.000000.00000
0.000000.200000.000000.000000.000000.000000,000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000800.000004.72800 .174001.51600 .674000.000000.00000
0.000000.000000.000002. 364000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000C00.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000004.69700 .352501.36%500 .631000.000000.00000
0.000000.000000.000002. 348%00.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.060000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000003.075000.000000.000000.000000.000000.00000
0.000000.00000 .643000.000000.000000.000000.000000.000000.000000.00000
0.000000.00000 .04600 .78100!.605000.000000.000000.000000.000000.00000
1.000001.000001.000001.000001.000001.00000!.000001.000001.000001.0000C
1.000001.000001.00000!.00000! .000001.000001.00000) .00000}.00000!.00000
1.000001.000001.000001 .000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
0.000000.000000.000000.000000.000000.000000.000000.000000.000000.00000
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et 3 e gy e

T e

TR I ST Tr

COMPONENT

SULFUR

ANT IMONY

ARSENIC

BERYLL [UM
CADMIUM
CHROMIUM

COPPER

TRON

LEAD

MAGNES UM
MANGANESE
MERCURY

NICKEL

SELENIUM

SILVER

THALL UM

ZINC

URAN[UM-238
THORIUM-232
RADIUM-226
RADIUM-228
LEAD-210
HYDROCARBONS
TOTAL FGD SLUDGE
UNREACTED LIMESTONE
CALCIUM SULFITE
CALCIUM SULFATE
SODA~ASH
MAGNESIUM SULFITE
MAGNESTUM OX10E
SODIUM BISULFITE
SODIUM SULFITE
WATER

SULFUR DIOXIDE
NITROUS OXIDES
CARBON MONOXIDE
METHANE

PYRITIC SULFUR
CARBON

BTU CONTENT
CARBON DIOXIDE
SODIUM BICARBONATE
SODIUM CARBONATE
SODIUM SULFATE
EMPTY

EMPTY

EMPTY

EMPTY

EMPTY

®

STACK GAS

INPUT COAL BOTTOM ASH FLY ASH FGD SLUDGE

.920E+04 L 184E+04% .729E+04 .478E+02 .25BE+02
. 160E+04 .B00E+02 0. 0. 0.
.80C0E-C! J4l4E-02 .623E-0! .883E-02+ .476E-02
.110E+01 .220e-01 .103E+01 .370E-01 .179E-01
.200E+00 .326E-01 . 166E+00 .109e-02 .586E-03
.300E-01 .355e-02 .237e-01 .190E-02 .877E-03
. 1S0E+01 .183e+00 .128E+01 .854E-01 .845E-02
. 160E+0! .201E+00 .138E+01 .162E-01 .612E-02
. 100E+04 .239E+03 .TS4E+03 .495E+01 .266E+01
. 10SE+01 .616E-01 .892E+00 .894E-01 M479E-01
.520E+02 .S07E+01 425E+02 . 196E+02 . 150E+00
.200E+02 .307E+01 .16BE+02 .501E+00 .593E~0!
. 140E-0! .179E-03 .346E-03 .175E-02¢ .117E-01
.1S0E+01 .237E+00 .123E+01 .191E-01* .103E-01
.350E+00 .413E-02 .296E+00 .7636-01 .175E-01
.200E-01 .110E-02 .188E-01 . T156-04# . 385E-04
.200E-01 .239E~02 .171E-01 .308E-03* .166E-03
.128E+01 . 146E+00 .111E+01 .507E+00 .BB7E-02
.100E+00 .300E-01 .686E-01 .896E-03* .482£-03
.2B0E+00 .855E-01 .2283E+00 .126E-02* .676E-03
.338E~07 .676€E-08 .266E-07 .264E-09* . 142E-09
.112e-09 .225e-10 .BBSE-10 .B76E-12° 472E-12
.437e-09 .247E-10 .357E-09 .356E~10* .192E-10

0. 0. 0. g. g.

0. 0. 0. . 183E+05 0.

0. 0. 0. .4S0E+03 0.

0. 0. 0. . 392E+04 0.

0. 0. 0. L 1T4E+04 0.

0. 0. g. 0. 0.

0. 0. Q. 0. 0.

0. 0. g. 0. a.

0. 0. 0. 0. 0.

0. 0. 0. 0. 0.

a. 0. 0. .B1BE+04 0.

0. 0. 0. .25B8E+04% 456E+03

0. 0. 0. 0. .900E+03

0. 0. 0. 0. .500E+02

0. 0. 0. 0. . 150E+02
.800E+03 .400E+02 0. 0. 0.
.720E+05 L IH4E+04 0. 0. 0.
.BOOE+07 0. 0. 0. 0.

0. 0. 0. 0. .259E+06

0. 0. 0. 0. 0.

0. 0. 0. 0. 0.

0. 0. 0. 0. 0.

0. 0. 0. 0. 0.

0. 0. 0. 0. 0.

0. 0. 0. g. 0.

0. 0. 0. 0. 0.

0. 0. 0. a. g.

*ACTUAL QUANTITY UNCERTAIN DUE TO UNKNOWN AMOUNT ADDED FROM LIME/LIMESTONE IN FGD SCRUBBER.
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3 SOLID WASTE MODULE FOR ATMOSPHERIC FLUIDIZED BED COMBUSTION

3.1 Introduction

Atmospheric fluidized-bed combustion (AFBC) is an advanced combustion
technique in which crushed coal burms in the presence of crushed limestone
while held in suspension by upward-flowing combustion air. The technique has
several advantages. Rapid heat transfer and high heat-release rates at a
reduced temperature can be obtained, so that boiler tubes can be embedded in
the combustion zone, resulting in smaller boilers. Fluidized-bed boilers can
be fired with all grades of coal without serious modification. Further, the
limestone acts as a sorbent to chemically remove S0g9 directly from the
combustion zone, thus making AFBC an alternative to conventional combustion
with FGD in order to comply with the stringent new S09 regulatioms.

Despite the advantages of the AFBC process, there are no commercial units
now in operation. Industry representatives consider the boilers a high risk

because their reliability and cost effectiveness for heavy loads have not been

demonstrated.

3.2 General Description of a Utility AFBC Process
The DOE is sponsoring a program to develop conceptual designs for a
nominal 600-MW utility AFBC steam generating plant in order to obtain the
design information necessary for a demonstrat;on effort. Three conceptual
designs are being developed under this program by the following teams:
Burns and Roe/Combustion Engineering
Stone and Webster/Foster Wheeler Energy Corporation

Stone and Webster/Babcock and Wilcox
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Although there are major differences between the three plans in the
engineering details, the overall designs are very similar for the purpose of’
calculating the solid waste produced. Figure 3.1 is a schematic diagram of
the AFBC boiler system used in the module.

The combustion of coal 1s carried out in two stages. The first stage 1is
the main fluidized bed where most of the carbon is burned. The second stage
is called the carbon burnup cell (CBC). The elutriated particles from the
main bed are removed from the flue gas by the primary cyclone and returned to
the CBC, where the combustion of the carbon present in these particles can
take place. The elutriated particles can also be returned to the main bed.
However, it is more difficult to obtain the‘same efficiency as with two stage
combustion. All the ;roposed designs use a cecl.

The heat released by the burning of the feed coal 1s transferred to
water/steam in tubes surrounding and submerged in the bed.

The flue gas streams from the main bed and CBC, after passing through
cyclones, pass through an air heater where the input air to the main bed and
CBC 1is heated to 600°F. The flue gas, after being cooled to about 250°F,
passes through a baghouse filter for final cleaning.

This 1s the cleanup system proposed by Combustion Engineering and Foster
Wheeler; at present, Babcock and Wilcox propose wusing electrostatic
precipitators. Although this would help protect the air heater, it 1is an
unproven ESP application. The collection could be hampered by the presence of

calcium—based particulate components and also by low 503 concentrations in the

flue gasl.
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The solids discharged from the main bed are discarded after recovering
some of their sensible heat by cooling them with air. The solids obtained
from the secondary cyclone and baghouse are also discarded.

The operating conditions of an AFBC process can vary widely and have a
significant influence on the amount of solid waste produced. One influential
variable 1s bed temperature, however, all three proposed designs assume 1550°F
and 2000°F in the main bed and CBC, respectiVelyl.

The superficial velocity and bed height, or in other words the residence
time, are critical as far as sulfur capture and limestone consumption are
concerned; For the same sulfur removal the limestone réquirement iacreases
with 1increasing superficial velocity. In addition, the carbon consumption
efficiency may decrease with increasing velocity. Howevér, the bed area would
be smaller i1f the velocity were larger. This would result in a smaller number

of feeding points and possibly some saving in boiler cost.

3.3 Solid Waste Production

Fluidized-bed combustion produces two distinct types of solid waste, the
elutriated fines that are captured by the particulate equipment and the
coarser material that 1s extracted directly from the main bed drains. The
spent bed material is expected to be composed mainly of CaS0O4, Ca0, and inert
mineral impurities in the limestone., The elutriated fines consist of ash,
unburnt carbon, and spent bed material. There will be trace metals in all
waste streams originating from both the coal and the limestone.

The total quantity of ash in the solid waste depends on the ash content

of the coal and the efficiency of the precipitators, which is dictated by air
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pollution regulations. The amount of spent sorbent material depends on a much
greater number of factors, including:

Fuel sulfur

Sulfur reduction required

Reactivity of the limestone

Particle size of the limestone

Bed temperature

Bed height

Bed velocity

A number of these factors can be "lumped” into a single operating
parameter, the calcium to sulfur feed ratio (Ca/S), which greatly simplifies
the calculation of the quantity of waste generated. At present, the only
simple equation available, developed by IR&TZ, takes into account only sulfur
removal rate, bed height, and bed velocity. Bed temperature is not included
as a variable. However, this is expected to be reasonably constant amongst
utility—-sized AFBCs. The greatest weakness in the equation 1is that it is
based on experiments conducted using only one type of limestone, and therefore
differences in limestone reactivity are not taken into account. This can vary
widely and will affect the Ca/$ ratio. At present, however, there is no
explanation as to why one limestone is more reactive than another, and no
methods to predict reactivity have been developed4. Therefore, even with its
limitations the equation would appear to be the best available.
The rate of elutriation of the waste from the main bed will vary

depending on the operating conditions of the AFBC. For the module, the

assumptions given in the Combustion Engineering design are used3,
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100X input coal ash
40 % spent bed material
10X input coal carbon

An elutriation rate of 40Z for the spent material is assumed for all
present designsl. Combustion Engineering and Foster Wheeler both assume 1002
elutriation of the ash; Babcock and Wilcox assumes 7532i.

The quantity of the elutriated waste captured will depend om the
efficiency of the collection devices. In the module the two cyclones will
have pre—set removal rates of 90% and 80X respectively. These are the
figures used in Combustion Engineering's design3. The material collected in
the first cyclone goes to the CBC, while that from the second cyclome is
discarded as waste. The final baghouse collector will be of varying
efficiency. The efficiency will be set internally in the module depending on
the loading and the final allowable emissions to comply with air regulations.
The all?wable emigsions will be given as an input.

The carbon balance depends on the combustion efficiency and the module
assumes 90X efficiency in both the main bed and the CBC. These figures are

from the Combustion Engineering design3.

The solid waste streams will contain trace metals from both the coal and
the limestone. However, no complete data are yet available on the
distribution of the trace metals between the different waste streams. Little
work has been done concerning the fate of trace metals during AFB combustionm,
and no satisfactory estimate of the constituents of the AFB waste can be
projecteds. A survey was made of the National Technical Inforamtion Service
(NTIS) abstracts for the last three years, and very few reports were found

which addressed the problem. Swift and Vogel of ANL have looked at the fate
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of trace elements during fluidized-bed combustion using a pressurized
system6. Trace element measurements have been made by members of the Lovelace
Research Institute using the Morgantown Energy Research atmospheric fluidized
bed,7 but only the concentrations of trace elements are given. Dr. Kovach
and Dr. Abel of the Morgantown facility sent backup data, but these were not
detailed enough to calculate mass balances for the trace elements. A further
report is being prepared which may contain additional data to enable mass
balances to be determined. Therefore, at present, no attempt has been made to
distribute the trace metals between the various output waste streams. The

module is set up so that coefficients can easily be added when ddta become

available.

3.4 AFBC Module Description
The module computes the air and solid waste residuals which result from
the combustion of coal in a utility AFBC boiler., Figure 3.2 gives the overall
view of the module design. The module is called with the following arguments.
Total input quantity of coal
Input vector of coal characteristics
Input veciior of limestone characteristics
Output vector of bottoﬁ bed material composition
Output vector of cyclone ash composition
Qutput vector of baghouse ash compoeiton
Output vector of stack gas c.mposition
Percentage removal of S02

Bed height (ft)
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Notation for Figure 3.2
INPUTS

Coal characteristics (expressed as tons)

Limestone characteristics (expressed as percentages)
Percentage removal of SOy

Bed height (ft)

Bed velocity (£ft/sec)

Allowable particulates emissions (tons/1012 Btu)

OUTPUTS

Percentage removal of particulates

" Amount and composition of spent bed material

Amount and composition of the particulates captured
by the secondary cyclone

Amount and composition of the particulates captured
by the baghouse

Composition of stack gas
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Bed velocity (ft/sec)
Allowable particulate emissions (tons/lO12 Btu input)

The iaput and output vectors each contain 50 elements (Table 3.l1). Since
these vectors are.constructed to be conformable to any of the solid waste
modules which have been produced, there are presently some empty elements (48
to 50, not shown in Table 3.1) and some ealements not applicable to thls
module, which are diqregarded (set to 0) in the output vectors and omitted in
the output printout.

The input and output vectors give the amount of each element in tonsg, the
exception being the input limestone vector. In this case the elements are
given in terms of percentage composition because the total quantity of
limestone is calculated internally in the module.

The module first calculates the Ca/S ratio using the following equation:

2.141Ss0

\/(H/V)

where
S09 = removal percentage S09,

H = bed height (ftr),

V = guperficlal velocity (ft/sec).
From this, the total quantity of limestone required can be computed using the
equation given in Table 3.2. The amount of each element in the limestone camn
then be computed. The CaC03 in the limestone reacts with the 502 according to
the reactions given below.

Ca0 +S0p + L 0g— 5 caso,
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Table 3.1

Elements
Number Type Number Type
1 Ash 24 Hydrocarbons
2 Sulfur (S) 25 Total solid waste
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calciumm sulfite
5 Beryllium (Be) 28 Calcium sulfate
6 Cadmium (Cd) 29 Soda ash
7 Chromiuwn (Cr) 30 Magnesium sulfite
8 Copper (Cu) 31 Magnesium oxide
9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodiun sulfite
11 Magnesium (Mg) 34 Water
12 Manganese (Mn) 35 Sul fur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 37 Carbon monoxide
15 Selenium (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thalliuwm (T1) 40 Carbon
18 Zine (Zn) 41 Btu
19 Uranium-238 (U) 42 Carbon dioxide
20 Thorium=-232 (Th) 43 Sodiumm bicarbonate
21 Radiwm~-226 (Ra) &4 Sodium carbonate
22 Radium-228 (Ra) 45 Sodium sulfate
23 lead-210 (Pb) 46 Calcium carbonate
47 Calcium oxide
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Table 3.2
Composition of Spent Sorbent Material

Component Equation
Limestone (Qrg) (3.125 x s x R)/LSCaco3
Calcium oxide (0.56 x LScacoy * Qus) — (1.75 x S x S0x)
(unreacted) (Ca0)
Calcium sulfate (CaSO0g) 4.25x S0g x S
Inert material (QI) Qs = (Qrs x LScacoy)

S = Input sulfur.
R = Ca/S ratio.
LsCaCO3 = Percentage of CaCOj in the limestone.

S0, = Percentage removal of S0;.

Table 3.3
Total Solid Waste Distribution
Component Equation
Total spent sorbent Ca0 + CaSOy4 + Qg
material (SBM)
Bottom bed material 0.6 SBM
Cyclone 0.288 SBM + 0.72A + 0.0072C

Baghouse (0.112 SBM + 0.28A + 0.012C) TSP

A = Input ash.
C = Input carbon.
TSP = Baghouse efficiency (see Appendix 3A for details).

The spent sorbent material therefore consists of CaSQOj;, unreacted Ca0, and
inert mineral impurities in the limestone. Table 3.2 gives the equations used
to calculate these components. In addition, the solid waste contains coal ash
and unburnt carbon. Table 3.3 gives the equations used to calculate the total
solid waste from the bottom bed drains, the secondary cyclone, and the baghous

filter. The small quantity of particulate matter in the stack gas is computed

’
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by subtracting the solid waste from the three collection points from the total
waste formed. A mass balance approach 1s then employed to distribute the
elements between the bed, cyclone, baghouse, and stack gas. Table 3.4 gives
the coefficients used.

The coefficients for the trace metals are at present zero. When data
become available it will be a simple job to change the zeros in the data file
to the new coefficlents.

For sulfur, the fraction of the input amount not captured by the limestone
is assumed to be converted to 8507 and appears 1in the output stack
gas vector under element 35. The CO9 in the stack gas (element 42) comes from
both the combustion of carbon and the conversion of CaC03 to CaO.

The appendices give further information on the source of the coefficients

and details of the computer code.

Table 3.4
Coefficients for the Distribution of Elements Between Output Streams

Array Spent
Variable Element No. Bed Cyclone Baghouse Stack Gas
Ash 1 0.0 0.72 0.28 §TSP 0.28(1-8§TSP)
Sulfur 2 S09
Calcium sulfate 28 0.6 0.288 0.112 §TSP  0.112(1-§TSP)
Sulfur dioxide 35 (1- s09)x2
Carbon 40 0.0 0.0072 0.012 §TSP 0.012(1~-§TSP)
Carbon dioxide 42 3.GC+0.44QCac03
Calcium oxide 48 0.6 0.288 0.112 §TSP 0.112(1-8TSP)

S0y = Percentage removal of S03.
§TSP = Percentage removal of particulates.
C = Input carbon.
Qcacoy ™ Input calcium carbonate.
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APPENDIX 3A
CALCULATION OF MAJOR COMPONENTS OF THE SOLID WASTE

3A.1 Ca/S Molar Ratio (R)

The equation used was developed by IRuT using data from a model developed
by Babcock and Wilcox in their conceptual studies of AFB boilers2.
0.3782 e2-1477 SOx

R = s

B/V

whera
S0y = removal percentage for 503,

H = bed height (ft),

V = guperficial velocity (ft/sec).

3A.2 Amount of Limestone Required

S
’
MW sulfur

Input ton atoms of sulfur =

where
S = input quantity of sulfur.

MW = molecular weight.

S xR

Moles CaCO3 required =
MW sul fur

S x R x MW CaCO3 toms.
MW Sulfur

Quantity of CaC0j. required =

- Sx Rx 100
32

= 3.125 x R x S tons.

Quantity of limestone required (Qrg)

Qs = 3.125 x S x R tons,

LScacos

where
LsCaCO3 = the fraction of the limestone which is

composed of CaCOj3.
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3A.3 Spent Sorbent Material

CaC03 reacts with S02 according to the following equations:

CaCO3 > Ca0 + COg

Ca0® + 509 + 1 02 > C5504
2

The spent sorbent material is composed of unreacted CaO,
mineral matter in the limestone.

Calcium Oxide Formed (CaOf)

Ca0
MW CaCO4

Ca0f = Qcacog ¥

56
= Qcacog * ;55 = 0.56 Qcacog-

Calcium Oxide Consumed During Reaction With 803 (Ca0.)

MW Cal
CaQ, = XS x S0g.
MW sulfur
-Ef—x §x SOgx = 1.75x  SO0g.
32

Unreacted Calcium Oxide (CaOpygr)

CaOyg = (0.56 Qcacoy) = (1-75 x S x  SOx)-

Calcium Sulfate Formed (CaS0,)

CaS0y = MW _Cas0 x Ca0, toms.
MW Cal

-1'-3—6-1:1.751581: SO0y -

56

= 4.25x S x SOg.
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Inert Mineral Matter (Qj)

Qr = Qs ~(Qs * LScacogy) -

Total Spent Sorbent (SS)

SS = CaOyg + CaSO, + Q-

3A.4 Bottom Bed Solid Waste

The module assumes that the bottom bed solid waste consists of 60% of the
spent sorbent materiall,3,

Total Solid Waste = 0.60 x SS tons.

BB Ca0 (element 47) = 0.6 x CaQpyp toms.

BB CaSO; (element 28) = 0.60 x CaSO; tons.

3A.5 Solid Waste from Secondary Cyclome
The module assumes the following'elutriation rates3:
40% of the spent sorbent material,
100% of the input ash,
10Z of the input carbon.

This waste is collected in the primary cyclone where 90% is captured,
the remaining 102 going to the baghouse. The captured material goes to the
CBC. Here 90Z of the carbon is consumed, the remaining 10%Z and all the inmput
ash and spent sorbent material going to the secondary cyclone. 80% of the

material into the secondary cyclone 1s captured and appears as solid waste,

the remaining 202 goes to.the baghouse.
Séent Sorbent
Total Spent Sorbent (Cgg) = 0.4 x SS x 0.9 x 0.8,
= (.288 SS,
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Likewise
Ccag = 0-288 CaOpp,

Ccasoy = 0-288 CaSO4.

Ash
Casy = ASH x 0.9 x 0.8 tons,
= 0.72 ASH,
where
ASH = total input ash.
Carbon

Carbon into CBC = 0.1C x 0.9 tons. If 90%Z of carbon i3 consumed in
the CBC, 10X goes to secondary cyclone.
Ccarbon ™ 0-1C x 0.9 x 0.1 x 0.8,
= 0.0072C.
where
C = total input carbon to AFB.

Total Cyclone Solid Waste

Csw = Css *+ Casg *+ Ccarbons
= 0.288gg + 0.72 ASH + 0.0072C tons.

3A.6 Solid Waste from Baghouse

Total Loading for nggguse

Spent Sorbent. The input to the baghouse 1s the quantity elutriated
from the main bed less that captured in the secondary cyclone.
IBSS = O.4SS - 0'28888.

= 0.11288.
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Ash. Again the input is the amount elutriated from the main bed

less that captured in the secondary cyclonme.
IBpsg = ASH - 0.72 ASH
= 0.28 ASH.

Carbon. The input carbon to the baghouse is the carbon elutriated
from the main bed less that captured in the cyclone, less that consumed in the
CBC.

IBGarbon ™ 0-1C - 0.0072C - 0.081C,
= 0.012C.

Total Solid Waste into Baghouse

IBgy = 0.122SS + 0.2BASH + 0.012C.

Allowable Emissions from Baghouse. The allowable particuiate emissions

from the AFB boilers (TSP) are given as an input in terms of tons
particulates/1012 Btu input. Also given as element 41 of the input coal
characteristic vector 1s the total Btu value of the coal (H). From this, the
total allowable emissions (Epgp) for the input quantity of coal can be
calculated:

_ ISP x H
1012

Ergp

The efficiency of the baghouse required to produce the allowable emissions can

be calculated as follows:

TSP = 1Bsw = Ersp
IBgy
Solid Waste from Baghouse. This is given simply as the input to the

baghouse multiplied by the efficiency of the baghouse.

- 136 -



Bgy = IBgy x § TSP,

Bcao = 0.112 CaOgg x & TSP,
Beaso, ™ 0.112 CasQ, x & TSP,
Basg = 0.28 ASH x § TSP tonms,

Bcarbon = 0:012C x § TSP tonms.

3A.7 Carbon Dioxide Produced

CO4 from Carbon Combustion. Carbon is combusted to form COy in the main

bed and CBC. The module assumes 907 combustion 1in the main bed. The

remaining 10% goes to the primary cyclone where 90% is captured and sent to

the CBC, where a further 90% is combusted3.

Ccop = MW C02 (g.9¢ + (0.1C x 0.9 x 0.9)),
MW carbon

=% (0.9¢ + 0.0810),

12
= 3.6C tons.

C0, from Limestone. When limestone reacts with S50g, COy is formed (see

equations in Section 3A.3):

MW COy
LSco, = Qcacos * ———
3

44
= Qcacog * oo 0.44 Qcacoq-

Total COy Produced

Coy = 3.60C + 0.44 Qcaco3. i
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3A.8 soz Produced
Captured sulfur (CS) = S x § SOg.

MW SO
MW sulfur

S0y = (S - CS) x

= (5~ (S x5 50 x 2%
32

= 25 (1 - & SOp) tons.
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APPENDIX 3B
DESCRIPTION OF COMPUTER MODULE

The AFBC solid waste module cousists of one svbroutine and a data file
containing the fraction of the input components that are removed to the
different output streams. The module is set in motion by a call to AFBC:

CALL AFBC (Q, COAL, LIMEST, BED, CYCL, BAG, STACK, SO2EFF, BEDHT, BEDV,

TSPEM),
where
Q = total mass of input coal
COAL = input coal characteristic vector
LIMEST = input limestone characteristic vector
BED = bottom bed waste output characteristic vector
CYCL = cyclone waste output characteristic vector
BAG = Baghouse waste output characteristic vector
STACK = stack gas output characteristic vector
SO2EFF = percentage removal of 509
BEDHT = bed height (ft)
BEDV = bed velocity (ft/sec)
TSPEM = allowable particulate emissions (tons/10l2 Btu)

The subroutine first reads the removal coefficients from file "TAPEl".
Thereafter, if the amounts of radium-226, radium-228, and lead-210 are zero in
the coal input vector, the quantities are calculated based on uranium-238 and
thorium-232 (see Section 7).

The total amount of limestone (QLS) required in the AFB process is then

computed as a function of the Ca/S ratio (CASRAT), sulfur removal efficiency
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(SO02EFF), the bed height and velocity (BEDHT, BEDV), and the amount of sulfur
in the input coal (see Appendix 3A). From this amount the total spent bed
material (SBM) 1s calculated from its estimated cowmponents: calcium oxide
(C40), calcium sulfate (CAS0O4) and total inert materials (QI). The amounts of
the 1individual components are then calculated by multiplying QLS by the
fraction of each of the components of the input limestone (the original
entries of the input 1l1limestone vector). These quantities replace the
fractions in the limestong vector. (As before, if the radium and lead entries
are zero, they are calculated as in Section 7.)

The total amounts of solid waste from the bed, ¢yclone and baghouse are
then calculated as described in Appendix 3A.

A "DO" loop then multiplies the removal coefficients by the input coal
vector to obtain the amount of each component which is contained in each of
the solid waste output vectors. As mentioned previously, there are presently

no data for trace metal removal, and consequently all coefficients for these

are zero.

Special Calculations Not Performed in "DO" Loop

1. Total solid waste (output array element 25 (AE25)) for each of the
vectors was calculated previously and is therefore bypassed in the "DO" loop.
2. Certain elements are affected by the TSP removal efficiency (NTSP) which
is calculated in the program to estimate total solid waste from the baghouse.
These elements must be multiplied by NTSP (or 1-NTSP) after having been
multiplied by the removal coefficients. These elements are ash (AEl), carbon

(AE40), and calcium sulfate and oxide (AE28 and AE47 - see below).
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3. The amount of sulfur in the bottom bed waste is a function of the S0,
efficiency. This is calculated by multiplying input sulfur by SOQ2EFF.

4o The output quantities of calcium sulfate and calcium oxide are a function
of the amounts of each, respectively, that are in the input limestome. The
output quantities are calculated by multiplying the respective removal rates
by CASO; and CAQ. The amounts removed by the baghouse, which are a function
of NTISP, are calculated accordingly (see 2, above).

5. The amount of carbon dioxide (AE42) which goes up the stack is a function
of the input carbon in the coal and the calcium carbonate in the limestone,

and is calculated as discussed in Appendix 3A.
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"~ APPENDIX 3C
COMPUTER CODE AND SAMPLE OUTPUT

This gection gives the coﬁputer code used for the AFBC module and the
data file of coefficients, with a sample 1nput and the resulting output.
Tables 3C.1 and 3C.2 give the coal and limestone characteristics used as
input. The other input variables are as follows:

Quantity of coal (Q) = 100,000.0 tonmns.

509 removal (SO2EFF) = 85.0%

Bed height (BEDHT) = 3 ft.

Bed velocity (BEDV) = 12 ft/sec

15 tons/101}2 Btu input.

Particulate emissions (TSPEM)

The main program of the code is used only to set the input variables.
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Table 3C.1
Input Coal Characteristics

Element Input Quantity (tons) Element Input Quantity (toms)
Ash 9200.0 Manganese 20.0
Sulfur 2500.0 Mercury 0.014
Antimony 0.08 Nickel 1.5
Arsenic 1.1 Seleniu 0.35
Beryllium 0.2 Silver 0.02
Cadmi um 0.03 Thallim 0.02
Chromi um 1.5 Zinc 1.28
Copper 1.6 Uranium 0.1
Iron 1000.0 Thorium 0.28
Lead 1.09 Pyritic sulfur 1870.0
Magnesium 52.0 Garbon 64100.0

Btu 2,3x1012

Table 3C.2
Input Limestone Characteristics

Element Fractional Composition Element Fractional Composition
Ash 0.0 Magnesium 0.01
Sulfur 0.0 Manganese 60.0 x 106
Antimony 0.3 x 1076 Mercury 0.0
Arsenic 6.0 x 1076 Nickel 6.0 x 1076
Beryllium 2.0 x 1076 Selenium 3.0 x 1076
Cadmi um 0.3 x 10~6 silver 0.1 x 1076
Chromium 20.0 x 106 Thallium 0.1 x 1076
Copper 2.0 x 1076 Zinc 30.0 x 1076
Iron 1.0 x 10™3 Uranium 2.7 x 10-6
Lead 3.0 x 1076 Thorium 3.4 x 1076

GCalcium carbonate 0.90
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PROGRAM FLUID(QUTPUT,TAPE1 , TAPE2=0UTPUT)

DIMENSION COAL (50} ,BED(50),CYCL(S0) ,BAG(S0),STACK(S0)

REAL LIMEST(50)
Q=100000.00
SQ2EFF=85.
BEDHT=3.
BEDV=12,
TSPEM=1S.
COAL (1)=9200.
COAL (2)=2500.
COAL(21=0.08
COAL (4)=].]
COAL (5)=0.2
COAL(6)=0.03
COAL(7)=1.5
COAL (8)=1.B
COAL(S)=1000.0
COAL{10)=1,09
COAL(1))=52.0
COAL (12)=20.0
COAL(13)=0.014
COAL (t4)=1.5
COAL (15)=0.3S
COAL (16)=0.02
COAL((7)=0.02
COAL(I8)=].28
COAL(19)=0.1
COAL (20)=0.28
DO 10 I=21,38
COAL (1)=0.

10 CONT INUE
COAL (39)=1870
COAL (40)=6%100
COAL (41)=2,3El2
DO 20 I=42,50
COAL(]1)=0.

20 CONTINUE
LIMEST(1)=0.
LIMEST(2)=0.
LIMEST(3)=0,3E-6
LIMEST(4)=6.E-6
LIMEST(5)=2.E-6
LIMEST(6)=.3E-6
LIMEST (7)=20.E-6
LIMEST(8)=2.E-6
LIMEST(9)=] .E-3
LIMEST(10)=3.E-6
LIMEST(11)=0.01
LIMEST(12)=60.E-6
LIMEST(13)=0.0
LIMEST(14)=6.E-6
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0o 0o o o

30

40

L X=]

LIMEST(1S)=3.E~6
LIMEST(16)=0Q.1E-6
LIMEST{17)=0.1E-6
LIMEST(18)=30.E-6
LIMEST(19)=2.7E-6
LIMEST(20)=3.4E-6
DO 30 [=21,45
LIMEST(1)=0.

CONTINUE
LIMEST(46)=.9
DO 40 [=47,50
LIMEST(1)=0.

CONT INUE
CALL AFBC(Q,COAL,LIMEST,BED,CYCL,BAG,STACK,SO2EFF ,BEDHT,

~-BEDV, TSPEM)

STOP

END

SUBROUTINE AFBC(Q,COAL ,LIMEST,BED,CYCL,BAG,STACK, SO2EFF ,BEDHT,
~BEDV, TSPEM)

DIMENSION COAL(50),BED(50),CYCL(50),BAG(50),STACK(50),
=BEDC (501 ,CYCLC(50) ,BAGC (50) ,STACKC(S0)

REAL LIMEST(50) ,NTSP, IBSW

REMOVAL COEFFICIENTS READ IN FROM DATA FILE *
READ(1,1000) (BEDC(1),CYCLC(I) ,BAGC(I),STACKC(I),I=1,50)
CALCULATION OF RA-226,RA-228 &PB-210 IN COAL IF NOT GIVEN AS INPUT
[F(COAL{21) .EQ. 0.)COAL(2])=3.3BE-7*COAL(19)

IF(COAL (22} .EQ. 0.)COAL(22)=4.01E-10*COAL (20)
IF(COAL(23) .EQ. 0.)COAL(23)=4.37E-9+COAL(19)
FORMAT(4F]10.5)

SO2EFF=S02EFF/100.

CALCULATION OF CA/S MOLAR RATIO

CASRAT=, 3782=EXP(2. 14*SOREFF ) /SART (BEDHT/BEDV)
CALCULATION OF QUANTITY OF LIMESTONE REQUIRED
QLS=3.125*COAL (2) *CASRAT /L IMEST (46)

CALCULATION OF CAQ,CASO4 AND INERT MATERIAL [N SPENT BED MATERIAL
CAOQ=.SB*L [MEST (46) *QLS~1 . 75*COAL (2) *SO2EFF
CASO4=Y4,25+C0OAL (2) *SO2EFF

QI =QLS-QLS*L [MEST (46)

CALCULATION OF TOTAL SPENT BED MATERIAL
SBM=CAQ+CASO4+Q]

QgANTlTlES OF INPUT ELEMENTS IN LIMESTONE CALCULATED

DO 10 1=1,50

LIMEST(1)=QLS*LIMEST(])

CONT INUE

CALCULATION OF RA-226,RA-22B & PB-210 [N LIMESTONE
IF(LIMEST(21).EQ.0.)LIMEST(2])=3,3BE-7*LIMEST(19)
IF(LIMEST(22) .EQ.0.)LIMEST(22) =4 .0E-10*LIMEST (20)
[F(LIMEST(23) .EQ.0.)LIMEST(23) =y, 37E-9*LIMEST(19)
CALCULATION OF TOTAL BOTTOM BED MATERIAL
BED(25)=,6*SBM

CALCULATION OF TOTAL CYCLONE SOLID WASTE
CYCL(25)=.288+%S8M+.72*COAL {]1)+.0072*COAL (40)
CALCULATION OF ALLOWABLE TSP EMISSIONS
ETSP=TSPEM*COAL(41)/1.E]2

CALCULATION OF INPUT LOADING TO BAGHOUSE

[BSH=. 112+SBM+.28+COAL(1)+.012*COAL (40)
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CALCULATION OF REQUIRED BAGHOQUSE EFFICICENCY
NTSP=( |BSW-ETSP) / |BSW
CALCULATION OF TOTAL BAGHOUSE SOLID WASTE
BAG(25)=(.]112*SBM+.28+COAL (1)+.012+¢COAL (40) ) *NTSP
CSLgULATION OF QUANTITY OF EACH ELEMENT IN EACH WASTE STREAM
DO 20 1=1,50
+ [=25 [S THE TOTAL SOLID WASTE WHICH HAS ALREADY BEEN CALCULATED
IF(1 .EQ. 25)G0 TO 20
BED([)=COAL (1) *BEDC(1])
CYCL({)=COAL (1) *CYCLC(D)
BAG(1)=COAL (1) *BAGC(])
STACK([)=COAL ([ ) *STACKC([}
20 CONTINUE
STACK(25)=0.
CALCULATION OF AMOUNT OF TSP IN BAGHOUSE AND STACK GAS
BAG(1)=BAG(1) *NTSP
STACK(1)=STACK(1)*(1.-NTSP)
C + CALCULATION OF AMOUNT OF SULFUR IN BOTTOM S8ED MATERIAL
BED(2)=COAL {2) *SO2EFF

C + CALCULATION OG THE AMOUNT OF CASO4 IN EACH WASTE STREAM
BED(2B8) =sCASQ4*8EDC (2B)
CYCL (2831 =CASQ4*CYCLCt(28]
BAG(28)=CASO4 *BAGC (28) *NTSP
STACK(28) =CASQ4+STACKC(2B) * (1.-NTSP)

C *» CALCULATION OF AMOUNT OF S02 IN STACK GAS
STACK(35)=COAL (2) *2% (1.~SO2EFF)

C *» CALCULATION OF AMOUNT OF CARBON [N BAGHOUSE AND STACK GAS

BAG (40)=BAG (40) *NTSP

STACK(40)=STACK(40) *(]1.-NTSP)

CALCULATION OF AMOUNT OF CO2 IN STACK GAS

STACK (42)=3.6*COAL (40) +.44*L IMEST (46)

CALCULATION OF AMOUNT OF CAC IN EACH WASTE STREAM

BED(47)=CAO*BEDC (47)

CYCL (47)=CAO*CYCLC (47)

BAG (47)=CAQ*BAGC (47) *NTSP

STACK(47)=CAO*STACKC (47] * (1 .-NTSP)

WRITE (2,100} :

100 FORMAT(1H1)
WRITE(2,2000)Q,QGLS, (COAL(I) ,LIMEST (I} ,BED(1),CYCL(I},BAG(I),
=STACK (1), [=1,4)

2000 FORMAT (1X,*TOTAL INPUT COAL:*,T31,E12.5/1X,*TOTAL LIMESTONE REQUIR
-ED:*,731,E12.5//1X, *ELEMENT*, T2}, * INPUT COAL*,T36,*LIMESTONE*,T51,
-*SPENT BED MAT.+,T66,*CYCLONE*,TBI, *BAGHQUSE*,TS6, *STACK*/
-1X,106(*~#+)/1X,*ASH*,T20,E12.5,5(3X,E12.5)/

-1X, *SULFUR*,T20,E12.5,5(3X,E12.5)/

-1X, *ANT [MONY*,T20,E12.5,5(3X,E12.5)/
-1X,*ARSENIC*,T20,E12.5,5(3X,E]2.5))
HRéTE(E.EOOl)(COAL(l).LIHEST(I),BED(I).CYCL([).BAG([).STACK([),
-1=5,8)

2001 FORMAT(1X,*BERYLL [UM*,T20,E12.5,5(3X,E12.5)/

-1X,*CADMIUM*,T20,E12.5,5(3X,El12.5)/

-1X, *CHROMIUM=,T20,E12.5,5(3X,E12.5)/

-1X,*COPPER*,T20,E12.5,5(3X,E12.95))

WRITE(2,2002) (COAL (1) ,LIMEST(I),BED(I),CYCL(I),BAG(I),STACK(]),

-1=9,12)

-

O O 0O o
.

(g}
L]

O o
. .
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2002 FORMAT(1X,*IRQON®,T20,E12.5,5(3X,E12.5)/
-1X,*LEAD*,T20,E12.5,5(3X,E12.5)/
-1X, *MAGNESIUM® ,T20,.E12.5,5(3X,E12.5)/
-1X, *MANGANESE*,T20,E12.5,5(3X,E12.5))
?RITE(E.EOOS)(COAL(!).LlMEST(l).BED(I).CYCL(I).BAG(!).5TACK(I).
-[1=13,16)
2003 FORMAT(1X,*MERCURY*,T20,E12.5,5(3X,E12.5)/
-1X,*NICKEL*,T20,E12.5,5(3X,E12.5)/
-1X,*SELENIUM® ,T20,E12.5,5(3X,E12.5)/
-1X,*SILVER*,T20,E12.5,5(3X,E12.5))
?Rl;Eég.EDDH)(COAL(IJ.LIHEST([).BEDII).CYCL([).BAG([).STACK([).
-1=17,20)
2004 FORMAT(1X,*THALLIUM*,T20,E12.5,5(3X,E12.5)/
-1X,*ZINC*,T20,£12.5,5(3X,E12.5)/
-1X, *URAN|UM-238+*,T20,E12.5,5(3X,E12.5)/
-1X, *THORIUM-232+,T20,E12.5,5(3X,E12.5))
?RlTE(g.EDDS)(COAL(I).LIHESTII).BED(I).CYCL(I).BAG(I).STACK(lJ.
-1=21,23), .
-COAL (25) L IMEST (25) ,BED(25) ,CYCL (25) ,BAG(25) ,STACK(25),
-COAL (28) ,L IMEST (28} ,BED(28) ,CYCL (28) ,BAG(2B) ,STACK (28)
2005 FORMAT(]1X, *RADIUM-226*,T20,E12.5,5(3X,E12.5)/
-1X, *RADIUM-22B*,T20,E12.5,5(3X,E12.5)/
-1X, *LEAD-210+,T20,E12.5.5(3X,E12.5)/
-1X,*TOTAL SOLID WASTE+,T20,E12.5,5(3X,.E12.5)/
-1X,*CALCIUM SULFATE+,T20,E12.5,5(3X,E12.5))
WRITE(2.2006)COAL (35) ,L IMEST(35) ,BED(35),CYCL(35) ,BAG(35),
-STACK(35),
-(COAL (1) ,LIMEST(]),BED(1),CYCL(I),BAG(]),STACK(]), [=40,42)
2006 FORMAT(1X,*SULFUR DIOXIDE*,T20,E12.5,5(3X,E12.5)/
-1X,*CARBON® ,T20,E12.5,5(3X,E12.5)/
-1X,*8TU*,T20,.E12.5,5(3X,E12.5)/
-1X,*CARBON DIOXIDE*,T20,E12.5,5(3X,E12.5))
WRITE(2,2007) (COAL (1) ,LIMESTC(I1),BEDCI) ,CYCL(1) ,BAG(I]),
~STACK (1), [=46,47)
2007 FORMAT(IX,*CALCIUM CARBONATE*,T20,E12.5,5(3X,E12.5)/
-1X,*CALCIUM OXIDE+*,T20,E12.5,5(3X,E12.5))
RETURN
END
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"TOTAL INPUT COAL:

. 10000E+06

TOTAL LIMESTONE REQUIRED: -4O4B4E+0S

ELEMENT INPUT COAL LIMESTONE SPENT BED MAT. CYCLONE BAGHOUSE STACK

ASH .92000E+04 0. 0. .66240E+04 .25627E+04 . 13306E+02
SULFUR .25000E+04 0. .21250E+04 0. 0. 0.

ANT IMONY .B0000E-0! .1214se-01 0. 0. 0. 0.

ARSENIC .11000E+01 .24290E+00 0. 0. 0. a.

BERYLL [UM .20000E+00 .B09E7E-01 0. 0. 0. 0.

CADMIUM .30000E-01 .12145E-01 0. 0. 0. 0.

CHROMIUM .15000E+01 .B0SG7E+00 0. 0. 0. 0.

COPPER . 16000E+01 .B0967€E-01 0. 0. 0. 0.

IRON . 10000E+04 .4ouB4E+02 0. 0. 0. 0.

LEAD . 10900E+01 .12145E+00 O. 0. 0. 0.

MAGNES UM -52000E+02 J40484E+03 0. 0. 0. 0.
MANGANESE .20000E+02 .24290E+01 0. 0. 0. 0.

MERCURY . 14000E-01 0. 0. 0. 0. 0.

NICKEL . 15000€E+01 .24290E+00 0. 0. 0. 0.

SELENTUM .35000E+00 . 12I14SE+00 0. 0. 0. 0.

SILVER .20000E-01 .4ou84e-02 0. 0. 0. 0.

THALL [UM .20000E-01 .4Qu84E~02 0. 0. 0. 0.

ZINC . 12800E+01 .12145E+01 0. 0. 0. 0.
URANIUM-238 .10000E+00 .10931E+00 0. 0. 0. 0.
THORIUM-232 .28000E+00 .13764E+00 0. 0. 0. a.
RADIUM-226 .33800E-07 .36845E-07 0. 0. a. 0.
RADIUM-228 .11228E-09 .55058E-10 0. 0. 0. 0.

LEAD-210 .43700E-09 47767E-08 0. 0. 0. 0.

TOTAL SOLID WASTE 0. 0. . 17859E+0S . 15658E+05 -66443E+Q4 a.

CALCIUM SULFATE 0. 0. .54188E+04 .26010E+04 . 10063E+04 .52250E+01
SULFUR DIOXIDE 0. 0. 0. 0. 0. .75000E+03
CARBON .64100E+05 Q. 0. .461526+03 .76523€E+03 -39734E+Q]
BTU .23000E+13 0. 0. 0. 0. a.

CARBON DIOXI1DE 0. 0. 0. 0. 0. .24679E+06
CALCIUM CARBONATE O. .36435E+05 0. 0. 0. .

CALCIUM OXIDE 0. 0. .10011E+0S .48053E+04 . 18591E+04 .96530E+01
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4. SOLID WASTE MODULE FOR LURGI PROCESS COAL GASIFICATION

4.1. Introductiom

Increased demand for liquid and gaseous fuels, coupled with decreasing
domestic supply, has led to an increasing interest in the synthetic production
of fuel oils and gases from coal. The coal supplies of the U.S. are
sufficiently abundant to supply the country with energy for decades. While
many existing large facilities could convert directly from oil and natural gas
to coal, other fuel-consuming activities, e.g., residential heating, could not
change over to coal without enormous costs in modification of present
equipment and addition of pollution control devices to prevent adverse
environmental effects. Production of synthetic fuels from coal would, in
effect, eliminate the need to modify existing equipment. 1In particular, coal
gasification is capable of creating a high Btu synthetic natural gas (SNG)
which can be used as a direct substitute for natural gas and as such can use
existing storage and ;ransportation facilities (pipelines and rail and truck

distribution systems). Low and medium Btu gas can also be produced from coal.

4.1.1 Lurgl Gasifiers

Techniques for coal gasification have been in existence for many years.
Modern techniques of gasification had their origin in Germany, and the first
commercial coal gasifier was bullt in Hirschfelde, Germany, in 1936. The
process used in this first plant is known as the Lurgi process. While there
are other types of gasifiers (e.g., Synthane, Hygas, etc.), most commercial
gasification plants are Lurgi. To date, there are eighteen foreign low and
medium Btu commercial Lurgi gasification facilities. There are five

commercial low Btu gasifiers in the U.S. that are 1in production or near
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completion. While there are no commercial high Btu gasifiers in existence,
there are several ongoing DOE-sponsored demonstration projects.

All solid waste estimates in this module are based on Lurgi gasifier
data. While there is no reason to believe that the solid waste streams from
all types of gasification will be similar in composition to that generated by
the Lurgi process, use of Lurgli data as a basis for estimation is an
acceptable compromise in determining the coﬁposition of solid waste for
gseveral reasons:

o very little data on solid waste are available for other types of

gasification;

o solid waste from some other processes (e.g., ash from the Synthane
process) 1is not expected to be significantly different from Imrgil
(although Synthane produces little or no tar and oil condensates as
does Lurgi);

0 since Lurgi gasifiers are already used commercially it is reasonable
to assume that many new commercial gasifiers will also be Lurgi;

0 present solid waste data for Lurgl are so variable that the "noise”
from errors in the data may cover any difference between gasifier
types.

While most of the basic processeé described below pertain to all types of

gasifiers, the discussion will center around the Lurgi dry ash process. Only
low and high Btu gas production processes will be considered, although solid

waste generation will be the same for all types (see Section 4.3).
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4.2 Gasification Principles

In general, the actual gasification of coal consists of three basic
steps: coal preparation, coal gasification, and gas purification. For SNG
production, there is a fourth step, gas upgrading. 1In addition to the actual
conversion of coal to gas, the following supportive (utility and pollution
control) processes may be required: steam and power generation, air pollution
control, water treatment, and sulfur recovery. Figure 4.1 gives a flow

diagram of a "typical” Lurgi gasifier for both low Btu gas and SNG.

4.2.1 Coal Preparation

Preparation. For Lurgli applicatioms, preparation of coal is very
seldom more than breaking and sizing the coal to the .32 to 3.5-cm-diameter
gsize necessary for the feed stream. Except for coal with a high moisture

content (>362), drying and pretreatment to prevent caking are unnecessary.

Solid Waste from Coal Preparation. Solid waste from drying and

pretreatment of coal 1is not considered here, as these processes are rarely
used. Waste from breaking and sizing is considered elsewhere (Section 1) and

' can be estimated using the solid waste module for physical coal cleaning.

4.2.2 Coal Gasification

Gasification. Coal is fed in through the top of the gasifier. It
passes through four =zones of increasing temperature in the gasification
chamber before what remains exits through the bottom as ash. The four zones
are, in order of entry, drying, devolatilization, gasification, and

combustion. The product gas rises, ccunter to the coal feed, and exits near
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(From Reference 8)




the top of the gasifier. The ash is discharged to an ash lockhopper through

the bottom of the gasifier.

Solid Waste from Gasification. Solid waste from the gasification

process consists of bottom ash, including some carbon, sulfur, and trace
elements, along with quench water used to facilitate handling of the hot ash.
It is recognized that most of the ash and nonvolatile trace elements in
the input coal are captured in the bottom ash. Highly volatile trace
components (e.g., mercury, selenium, and arsenic) escape in large part with

the raw product gasz’3.

4.2.3 Gas Purification

Gas Purification Processes

Gas Cooling. Cooling the product gas after it 1leaves the
gasification chamber results in the removal of condensable components of the
raw gas and temperature reduction of the gas for further processing (in the
case of SNG production). The gas is first put through a primary cooler. For
production of SNG, some of this cooled gas is sent to shift reaction (see
Section 4.2.4) and all of the gas is put through a secondary cooling process.
As the gas cools, moisture, tars, oils, and other components of the raw gas

condense and are channeled into a gas liquor stream.

Acid Gas Removal (SNG Production). For SNG production, the cooled

gas must be purified of hydrogen sulfide and sulfur trace compounds. Carbon
dioxide must also be removed to increase the heating value of the product
gas. Lurgl systems use the Rectisol process to remove acid gas. This process

is based on the absorption of COy, HyS, and other compounds in cold methanol.
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The acid gas is then usually sent through a sulfur recovery process to produce

marketable sulfur.

Methanation Guards (SNG Production). Further removal of trace

sulfur compounds is sometimes necessary to prevent coutamination of the
methanation catalyst (see Section 4.2.4). Methanation guards are fixed beds
of adsorbents over which the product gas passes after acid gas removal. The
methanation guard beds are generally of four types:

1) metal (zinc, iroan or nickel) oxide

2y metal oxide - impregnated activated carbon

3) activated carbon

4) molecular sieve

Solid Waste from Gas Purification

Solid waste from gas purification falls into three basic
categorles: gas liquor (including separated tar and oil), recovered sulfur,

and spent catalyst.

Gas Liquor from Cooling. After primary and secondary cooling, the

resulting gas liquor streams are sent through tar/oil separation processes.
The three output sblid waste streams from these processes (separated gas
liquor, tar, and oil) will countain virtually all.of the remaining inorganic
trace elements (except for some of the more volatile elements ~ see Section

4.3). They will also contain some of the noncombusted csirbon and sulfur.

Solid Waste from Acid Gas Removal. Solid waste from the removal of

acid gas will result only from the sulfur recovery process.
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Catalysts from Methanation Guard. The methanation guard contributes

to solid waste generally only in spent sorbent material. The periédicity of
purging or removal of the sorbent material ié not yet completely known,
although time estimates of catalyst removal are from 6 months to two years“.
Trace element constituents of the material contributed by the product gas are
believed to be small enough to be disregarded. C~rnstituents of the sorbent
material itself may contribute significant concentrations of trace elements to

solid waste.

4.2.4 Gas Upgrading (SNG Production). Gas upgrading consists of shift

conversion of some of the (primary) cooled gas before secondary cooling, and

methanation and drying of the product gas after acid gas and trace sulfur

removal.,

Gas Upgrading Processes

Shift Conversion. While a large part of the methane is produced in

the gasification chamber, conversion of product gas to SNG which is pipeline
quality requires conversion of hydrogen and carbon monoxide to methane. This
in turn requires that, prior to methanation {(see below), the raw gas have a
3:1 Hp/CO ratio. After primary cooling of the gasifier exit gas, some of the
cooled gas (usually about 50%) is sent to shift conversion to achieve this

ratio. The shift converter is wusually a cobalt molybdate-~based catalyst

through which the gas flows.

Methanation and Drying. Methanation and drying are the final steps

in producing SNG. Methanation is the catalytic reaction of carbon oxides and

lydrogen to form methane and water. A nickel-based catalyst is usually used.
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Drying is accomplished by condensation (for removal of most of the moisture

created in methanation) and sorption (for residual moisture removal).

Solid Wastes from Gas Upgrading

Solid wastes from gas upgrading consist of the spent catalysts
involved. Although data are limited, contributions of trace elements from the
gas are thought to be negligible, since almost all trace elements are removed
in gasifier bottom ash and gas liquor streams (see Sections 4.2.2 and 4.2.3).
Contributions from the spent catalysts may be significant, although catalyst

life for the methanation process is estimated to be 2 to 5 yearsl.

4.2.5 Supportive Processes in Coal Gasificstion. Supportive processes

to the gasification of coal include steam and power generation, air pollution

control, water treatment, and sulfur recovery.

Supportive Processes

Steam and Power Generation. Most gasification facilities will have

on-site plants for generating the steam and power needed for gasificationm.

Fuels for this facility can include gas, oil, coai, and gasification

by-products.

Alr Pollution Control. Air pollution control devices, for control

of emissions from gasification and supportive processes, will generally be
similar to those found in conventional utility boilers, such as electrostatic

precipitators and FGD systems.

Water Treatment. Water treatment processes include treatment of

separated gas liquor and ash quench water.
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Sulfur Recovery. Marketable sulfur can be recovered from removed

acid gas.

Solid Waste from Supportive Processes

Solid waste from supportive processes generally consists only of ash
from power generation, ash and sludge from air pollution control, and
recovered sulfur. Wastes from power gemeration and air pollution control
devices have been described elsewhere (Section 2); the recovered sulfur can be
assumed to be almost pure (although some trace compounds may exists) and can

be marketed, even though here it is characterized as a waste product.

4.3. Modeling Assumptions

As mentioned Dbefore, data on solid waste, especially the trace
constituents of that waste, are few and variable. Most data relate to Lurgi
gasifiers and as such this module assumes the shape of a "typical"” Lurgi
gasifier.

Almost all data on gasifier wastes are limited to four waste streams:
bottom ash, oil, tar, and separated gas liquor. No data were found on any
trace elements in either recovered sulfur or spent catalysts. Since it is
recognized that virtually all inorganic trace metals, ash, and noncombusted
free carbon have beén removed from the coal and gas by the gasification and
cooling steps, it was decided to assume that all trace elements (except
mercury and selenium) were found in these waste streams. Some wmercury and
most of the selenium are unaccounted for and are assumed to have been lost in

fugitive gas emissions. Recovered sulfur is assumed to be pure sulfur with no

trace contamination.
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Since catalysts involved in the gasification procedures are removed or
purged intermittently and their comstituency is unknown, it was decided to
disregard them as components of solid waste. fhis decision 1is also warranted
by the fact that many of the catalysts can be recycledl. Inclusion of theae
in the module when and if data become avallable would be a simple task.

Solid wastes from coal preparation, power generation, and air pollution
control have beea characterized in other solid waste modules (Sections 1, 2);
these wastes can be estimated, if necessary, by the appropriate solid waste
module (or subroutine).

Because of the variability of the data, it was impossible to obtain
estimates of trace element removal rates which would be a function of some
characteristic of the input coal (such as trace elemeat content). Therefore
each process was assumed to remove a fixed percentage of the total mass of the
input coal content of an element, for each element. These percentages are
given in the next section.

The Lurgi process can produce low, medium, or high Btu product gas, the
only differences being more gas purification and wupgrading steps as onmne
increases the Btu content. Production of all grades of gas include the
gasification and cooling steps; since these are the only steps assumed to
produce solid waste, solid wastes for all gas grades can be characterized by

the module.

5.4, Coai Gasification Module Description

- 159 -




4.4.1 Jeneral Description

The gasification module assumes constant removal rates for each of the
input elements in each of the processes which are assumed to generate all of
the solid waste. The module is called with the fbllowing grguments:

0 total mass of coal

o input coal characteristics vector

0 output solid waste characteristics vectors

The input and output vectors each contain 50 elements. These elements
are shown in Table 4.1. Since these vectors are constructed to be conformable
to any of the solid waste modules which have been produced, there are
presently some empty elements (48 to 50, not shown in Table 4.1) and some
elements which are not applicable to this module, and as such are disregarded
(set to 0) in the output vectors and omitted in the output printout.

Table 4.2 gives the coefficients which determine the amount of each
element that goes to each solid waste stream. Note that most of the elements'
coefficients sum to 1, reflecting the assumption of total removal in these
streams. Table 4.3 gives the calculation of water and total waste for each
stream. It should be noted here that, given the data, some of these
coefficients are little more than conjecture as to the “"true” removal rates.
" Future acquisition of more and better data is definitely indicated.

The appendices show how the choice of coefficients was made and gilve

more information on the computer module.
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Table 4.1

Elements
Number Type Number Type
1 Ash 24 Hydrocarbons
2 Sulfur (S) 25 Total solid waste '
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calcium sulfite
5 Beryllium (Be) 28 Calcium sulfate
6 Caduium (Cd) 29 Soda ash
7 Chromium (Cr) 30 Magnesium sulfite
8 Copper (Cu) 31 Magnesium oxide
9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodium sulfite
11 Magnesium (Mg) 34 Water
12 Manganese (Mn) 35 Sulfur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 37 Carbon monoxide
15 Selenitm (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thallium (T1) 40 Carbon
18 Zinc (Zn) 41 Btu
19 Uraniun-238 (U) 42 Carbon dioxide
20 Thorium-232 (Th) 43 Sodium bicarbonate
21 Radiun-226 (Ra) 44 Sodium carbonate
22 Radium~228 (Ra) 45 Sodium sulfate
23 Lead-210 (Pb) 4% Calcium carbonate
47 Calcium oxide
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Table 4.2
Fractions (Coefficients) of Array Elements Going to Solid Waste Streams

Array .

Element Bottom Gas Sulfur Unaccounted
Variable No. Ash 0il Tar Liquor Recovery for
Ash 1 0.9924 0.0025 0.005 0.0001 0.0 0.0
Total sulfur 2 0.0025 0.005 0.015 0.0001 0.96 0.0174
Antimony 3 0.50 0.01 0.04 0.45 0.0 0.0
Arsenic 4 0.45 0.05 0.05 0.45 0.0 0.0
Beryllium 5 0.93 0.01 0.03 0.03 0.0 0.0
Cadmi un 6 0.59 0.03 0.03 0.35 0.0 0.0
Chromium 7 0.93 0.01 0.05 0.01 0.0 0.0
Copper 8 0.96 0.01 0.02 0.0% 0.0 0.0
Iron 9 0.98 0.0005 0.019 0.06005 0.0 0.0
Lead 10 0.87 0.01 0.11 0.01 0.0 0.0
Magnesium 11 0.98 0.0005 0.019 0.0005 0.0 0.0
Manganese 12 0.98 0.001 0.016 0.003 0.0 0.0
Mercury - 13 0.03 0.05 0.55 0.35 0.0 0.02
Nickel 14 0.95 0.01 0.03 0.01 0.0 0.0
Selenium 15 0.10 0.01 0.01 0.01 0.0 0.87
Silver 16 0.97 0.01 0.01 0.01 0.0 0.0
Thallium 17 0.98 0.005 0.01 0.005 0.0 0.0
Zinc 18 0.91 0.02 0.04 0.03 0.0 0.0
Uraniuwn-238 19 0.80 0.03 0.10 0.07 0.0 0.0
Thori um~232 20 0.80 0.03 0.10 0.07 0.0 0.0
Radium~226 21 0.80 0.03 0.10 0.07 0.0 0.0
Radium-228 22 0.80 0.03 0.10 0.07 0.0 0.0
Lead-210 23 0.87 0.01 0.11 0.01 0.0 0.0
Total

solid waste 25 See Appendix 4A and Table 4.3

Water 34
Pyritic sulfur 39 0.0025 0.005 0.015 0.0001 0.96 0.0174
Carbon 40 0.008 0.01 0.03 0.0001 0.0 0.0
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Table 4.3
Estimation of Water and Total
Solid Waste

Waste Stream

Water Total Waste

Bottom ash

0il
Tar

Gas liquor

0.20 {(ash + carbon Ash + carbon + sulfur
+ sulfur) + water

0.12 (total waste) 0.0065 (total input coal)

0.20 (total waste) 0.025 (total input coal)

Total waste - ash 1.5 (total input coal)

- carbon - sulfur
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APPENDIX 4A

DETERMINATION OF SOLID WASTE CHARACTERISTICS:
TOTAL SOLID WASTE, WATER, CARBON, SULFUR, ASH

Descriptions of the estimation of the solid waste streams of imterest ahd
thelr non-trace components (water, carbon, sulfur, and ash) are given below.
In most cases, it was determined that the quantity involved is best described

as 3 fraction of the input quantity of the element or of the total coal. 1Im

this appendix, the "ash" in the coal will be differentiated from the "ash”
remaining in the gasifier after gasification by referring to the latter as

"bottom ash.”

4A.1 Total Solid Waste

Bottom Ash (wet). The bottom ash in this module is calculated as the sum

of its major components, i.e.,

BOTTOM ASH = ASH + CARBON + SULFUR + WATER.

0il. Table 4A.1 shows the input coal characteristics and waste
production information for several types of coal. The oil produced is seen to
raﬁge from 0.45 to 1.96 tons per 100 tons of the input coal type (i.e., the
amount of o1l produced is equal to 0.45 to 1.96%2 of the amount of input
coal). Since most of thése range from 0.45 to 0.76, the total oil produced
was taken to be 0.65% of the input coal, i.e.,

Total 0il = 0.0065 * Q

where Q = total input coal.
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Table 44.1
Coal Characteristics, Total Waste Streams, Water Content®

Coal Reference No,¥*

1 2 3 4 5 6 9
Carbon content of input coal 50.5%6 64.15 6411 74,15 48,21 45,74 39.05
Ash content of input coal 9,71 9,07 8.10 .73 29.07 4,75 4,20
Sulfur content of input coal 1.092 2810 3.135 2.519 0.3% 0.807 0.799
Bottom ash production rate¥* 12,0 10.0 9.2 8.1 31.0 10.0 -
Bottam ash produced (dry) 9.03% 8.977 8.12 7.729 28.52 6.402 -
0il production rate 2.6 0.5 0.6 0.8 0.8 0.8 0.8
0il produced 1,958 0.449 0,528 0.763 0.73% 0.512  0.492
% Water 2.3 4.3 5.4 15.4 - - -
Tar production rate 2.6 2.7 3.5 3.8 1.5 1.5 1.5
Tar produced 1.958  2.424 3.082 3.626 1.380 0.960 0,922
z mta‘ 30-0 26-7 1004 11. 9 - - -
Gas liquor production rate 3.0 2.0 177.0 260.0 106,0 153.0 153.0
Gas liquor produced 70,03 189.41 155.87 248.09 97.52 97.95 94,00

*A11 quantities in tons/100 toms raw input coal unless othexrwise noted.
*Data calculated from References 4 and 6.

***Production rates given as percentage of amount of input coal (dry basis).

Tar.
theinput coal.

inpucoal,

Table 4A.1 shows that tar production is from 0.92 to 3.6% of

A "good" estimate of tar production is taken as 2.5% of the

TOTAL TAR = 0.025 - Q.
Gas liquor production ranges from about 0.7 to 2.5 times

Gas Liquor.

the amount of total input coal. A rough average was taken to be l.5 times
the input coal quantity,

TOTAL GAS LIQUOR = 1.5 * Q.

4A.2 Water

Bottom Ash. Water retained in the bottom ash waste stream is equal
toapproximately one=fifth of the dry weight of the bottom ash?:

WATER = 0.20 * (ASH + CARBON + SULFUR).
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0il. The amount of water in the oil ranges from 4.3 to 22.3%Z. An
average of 127 is taken as "typical”:

WATER = 0.12 °* 0il.

Tar. Water content of tar ranges from 10 to 30%. The median of 20Z was
taken as a “"good" estimate:

WATER = 0.20 °* Tar.

Gas Liquor. Since gas liquor 1is basically water, water content is
assumed to be the total gas liquor produced minus its major dry components,

WATER = GAS LIQUOR - ASH - CARBON - SULFUR.

4A.3 Carbon

Table 4A.2 gives the distribution of carbon over three of the waste

streams. Usable data are not available on the carbon content of gas liquor.

Table 4A.2
Carbon Distribution*

Coal Reference No.**

Component 1 2 3 4
Carbon content of input raw coal 50.56 64.15 64.11 74.15
Carbon - % of bottom ash ' 6.5 4.3 2.9 7.6
Carbon in bottom ash 0.587 0.386 0.235 0.587
% of input carbon in bottom ash 1.16 0.60 0.37 0.79
Carbon - % of oil (water-free basis) 81.3 84.8 84.9 87.3
Carbon in oil 1.237 0.365 0.424 0.564
% of input carbon in oil 2.45 0.57 0.66 0.76
Carbon - % of tar (dry basis) 83.06 85.48 85.85 88.51
Carbon in tar 1.138 1.519 2.371 2.827
%Z of input carbon in tar 2.25 2.37 3.70 3.81

*A1]l quantities given in tons/100 tons raw input coal unless otherwise
noted.
**Data calculated from Reference 4.
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Bottom Ash. Bottom ash carbon content ranges from 0.37 to 1.16 percent
of the input carbon. Carbon captured in bottom ash is assumed to be
approximately 0.8% of the input carbonm,

CARBON = 0.008 °* INPUT CARBON.

0il. An estimate of 12 of the input carbon gets captured in the oil was
assumed after inspection of Table 4A.2,

CARBON = 0.01 ° INPUT CARBON.

Tar. An average of 3% of the input carbon seems to get captured in the

tar,

CARBON = 0.03 °* INPUT CARBON.

Gas Liquor. No usable data are 2vailable on carbon in gas liquor; a
token estimate of 0.01% is assumed since almost all carbon is probably removed

in tar and oil separation.

4A.4 Sulfur

Table 4A.3 gives the sulfur distribution across three of the solid waste
streams. No usable data are available on the sulfur content of gas liquor.
2.26% of the sulfur is captured in the solid waste streams. About 96% is
recovered in the sulfur process (Reference 1). The rest is assumed to escape
with product and emission gases. nyitic (inorganic) sulfur is assumed to

follow the same distribution as total sulfur.

Bottom Ash. About 0.25% of the input sulfur is indicated as captured in
the bottom ash, i.e.,

SULFUR = 0.0025 * INPUT SULFUR.
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Table 4A.3
Sulfur Distribution¥

Coal Reference No.¥**

Component 1 2 3 4
Sulfur content of input raw coal 1.092 2.810 3.135 2.519
Sulfur - ¥ of bottom ash 0.061 0.054 0.029 0.029
Sulfur in bottom ash 0.0055 0.0048 0.0023 0.0022
% of input sulfur in bottom ash ' 0.50 0.17 0.07 0.09
Sulfur - Z of oil (water free basis) 0.5 2.4 2.3 1.5
Sulfur in oil 0.0076 0.0103 0.0115 0.0097
% of input sulfur in oil 0.70 0.37 0.37 0.39
Sulfur - Z of tar (dry basis) 0.28 1.7 2.4 1.5
Sulfur in tar 0.0038 0.0302 0.0663 0.0579
% of input sulfur in tar 0.35 1.07 2.11 1.90

*A11 quantities given in tons/100 tons raw input coal unless otherwise noted
k%Data calculated. from Reference 4.

0il. 1Inspection of Table 4A.3 seems to indicate that 0.5% of the input

sulfur is captured in the oil.

SULFUR = 0.005 * INPUT SULFUR.

Tar. The range of sulfur contained in the tar seems to show that 1.5% of
the input amount of sulfur may be captured in the tar.

SULFUR = 0.015 * INPUT SULFUR.

Gas lLiquor. As with the amount of carbon in the gas liquor, sulfur is
given a token fraction that is assumed captured in the gas liquor.

SULFUR = 0.0001 * INPUT SULFUR.

4A.5. Ash

Table 4A.4 gives the distribution of the ash coatent of coal through the
bottom ash, tar, and oil streams. No data are available on the ash content of
gas liquor; as with carbon and sulfur, the gas liquor 1is assigned a toker

negligible amount of captured ash. Since the total amount of ash found in the
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Table 4A.4
Ash Distribution®*

Coal Reference No.**
Component 1 2 3 4

Ash content of input raw coal 9.71 9.07 8.10 7.73

h in bottom ash¥* 8.4435 8.5862 7.8647 7.1398
% of input ash in bottom ash 86.96 94.67 97.10 92.36
Ash - % of oil {water~ free basis) 0.03 0.0 0.0l 0.01
Ash in oil 0.00046 0.00004 0.00005 0.00006
Z of input ash in oil 0.0047 0.0004 0.00086 0.0008

Ash - % of tar (dry basis) ’ 0.05 0.03 0.01 0.01
Ash in tar 0.0007 0.0005 0.0003 0.0003
% of input ash in tar 0.0072 0.00355 0.0037 0.003%

*Al1 dquant::[t::[es given in tons/100 tons raw input coal unless otherwise
note
**Data calculated from Reference 4.
#%%By subtraction of carbon and sulfur from total bottom ash.

data 1is always several percent below 1002 of the coal ash coantent, the numbers
had to be increased slightly from what the data indicate is the “true” amount

of captured ash in the waste streams. The following are the estimates for ash

retention:
BOTTOM ASH: ASH = 0.9924 ¢ INPUT ASH
OIL: ASH = 0.0025 * INPUT ASH
TAR ASH = 0.005 * INPUT ASH
GAS LIQUOR: ASH = 0.0001 °* INPUT ASH

4A.6. Sulfur Recovery

Although marketable sulfur is usually produced through the sulfur
Tecovery process, and therefore the sulfur cannot really be considered a waste
stream, it is included in this module as such. It 1s assumed that the stream
is pure sulfur; therefore the total solid waste vector element will be equal
to the total sulfur element. As mentioned before, 96% of the imput coal
sulfur content is assumed to be recovered in this process. All other elements

in the stream are O.
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AFPENDIX 4B

DETERMINATION OF SOLID WASTE CHARACTERISTICS:
FRACTIONATION FACTORS OF TRACE ELEMENTS

As mentioned previously, data on trace elements are highly variable.
Some attempts have been made to follow the paths of the trace elements as they
go through the gasification process; however, because of analytic measurement
error, poor sampling procedures (from a strict testing standpoint), or unknown
factors, recovered mass balances of trace elements of from 10 to over 2000
percent. are not unknown (or uncommon).

An attempt is made here to split the trac.e elements so that their total
mass balance is accounted for in the solid waste streams. Although some of
the trace elements are probably lost to catalysts (in shift reaction and
methanation) and some to fugitive air emissions, these amounts are assumed to
be negliglble and, as far as this module is concerned, nonexistent. This
assumption is not without precedent, as it has been made in other analyses
(Reference 1, p. 36; Reference 7, Table 5; Reference 4, Appendix 4A).

While wvarying amounts of the total mass of the trace elements in the
input coal have been found, mercury and selenium are consistently short of a
total mass balance. Therefore, these two are assumed to have lost some amount
to unknown processes and are not completely accounted for in the solid waste
streams. All other elements have been normalized so that 1002 of the input
mass has come out in the solid waste streams.

Table 4B.1 gives the input coal content of trace elements for which trace
element distributions have been calculated. Tables 4B.2 to 4B.5 give the

amounts of the elements (as fraction of input element) in the solid waste
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Table 4B.1
Coal Content of Trace Elements (ppm)

Coal Reference No.

Element 1 2 3 5 -6 None
Sb - 0.1 0.2 <0.5 0.11 0.18
As 1.0 1.0 2.0 3.5 24.85 5.26
Be 0.75 1.6 2.0 2.5 1.06 0.18
cd 0.56 <0.4 - <0.1 0.63 0.66
cr 10.0 20.0 15.0 - 3.7 3.48
Cu 9.5 12.0 10.0 - 3.8 6.96
Fe 4520.0 13470;0 23160.0 10120.0 3840.0 5214.0
Pb 12.0 10.0 28.0 15.0 20.0 1.77
Mg 1730.0 360.0 350.0 2760.0 1660.0 2547.0
Mn 3.1 20.0 22.0 500.0 31.0 46.45
Hg 0.14 1.1 0.2 <0.1 0.07 0.13
Ni 8.0 14.0 32.0 40.0 3.55 4.4
Se 0.33 1.3 1.3 0.3 1.15 0.26
Ag 0.06 - - - <0.1 0.07
Tl - - - - - 0.07
Th - - - - - 2.63
i 0.88 - - - 0.635 2.63
In 5.0 43.0 200.0 - 12.0 4.40

Reference 6 6 6 6 6 4

~ Indicates data not available.
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Table 4B.2

Fraction of Input Trace Elements in Bottom Ash

Coal Reference No.*

Element 1 2 2 3 5 6 6 Noe | MNonekk Nonek
S - 018 3.77 7.70 0.29 0.5 19.21 0.10 0.40(0.50) 1.63 (1.00)
AS 196 0.0 0.27 0.0l 0.08-0.16 0.15 0.19 0.0L 0.36(0.27) 1.02 (0.91)
Be 0.3 079 0.7 0.8l 0.006 0.3 0.3 0.8 0.01(0.33) 2.46 (0.99)
G 039 0.7 03% - 0.29 0.0 0.05 ~-  0.40(0.52) 0.06 (0.15)
& 3.8 337 095 320 - 0.69 2.2 3.00 - 2.93 (0.98)
Cu L2 179 043 2.2 - 0.84 0.45 2.00 - 0.28 (0.94)
Fe 1.5 0.8 09 048 09 - 1B - - 1.10 (0.99)
B 0.3 0.8 040 0.5 0.95 0.64 0.19 0.8 1.80(0.94) 2.35 (0.88)
g L2 1.9 0% 09 105 - .62 - - 1.29 (0.99)
M 23.03 0.9 83 112 Ll - 1.57 0.90 1.54(0.99) 1.10 (0.99) -
B 0.0 0.003 0,006 0.00 - 0.09 0.05 0.0L 0.40(0.52) 0.03 (0.01)
M 226 292 0.57 114 1.07-1.43 0.45 0.45 1.25 1.54(0.994) 0.42 (0.93)
Se 0.0 - 0.07 - - 0.8 0.8 - - 0.14 (0.14)
Ag 0.35 - - - - 0.45 0.64 - - 1.10 (1.00)
mn - - - - - - - - - 5.50 (1.00)
™ - - - - - - - - - 1.26 (0.99)
U LB - - - - 0.60 071 - - 0.19 (0.94)
Zn 0.5 0.9 0.8 0.65 - 0.00 2 0.05 0.9 -(1.00) 0.17 (0.75)

Reference 6 6 6 6 6 6 4 4 3

- Indicates data not available.
* Coals No. 2 and No. 6 each had two separate analyses performed on them.
*. Numbera in parenthesis are fractfons which have been normalized to 100X acroes the four

waste gtreams.
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Table 4B.3
Fraction of Input Trace Elements in 0il

Coal Reference No.

Element 5 6 9 None* None#*

Sb 0.49 - 0.002 0.005 (0.006) 0 (0)

As 0.221-0.553 0.024~-0.036 0.005 0.052 (0.039) 0.036 (0.032)
Be 0.0002-0.0003 0.0005-0.008 0.001 0.0001 (0.003) 0 (0

cd 0.191 0.035 0.020 0.011 (0.014) 0.006 (0.016)
Cr - 0.024-0.105 0.0003 - 0.009 (0.003)
Cu - 0.014-0.076 0.004 - 0.002 (0.007)
Fe - 0.0007 - - 0.0002 (0.0002)
Pb 0.004-0.008 0.012-0.347 0.0002 0.0002 (0.001) 0.0003 (0.007)
Mg - 0.0001 - - 0.0001 (0.0001)
Mn NG 0.0005-0.002 - NG 0.0001 (0.0001)
Hé 0.099 0.123-0.221 0.033 0.005 (0.006) 0.011 (0.005)
Ni 0.002-0.003 0.015-0.076 0.005 0.0001 (NG) 0.003 (0.007)
Se - 0.008-0.009 0.0003 - 0.005 (0.013)
Ag - - 1.720 - 0 0)

Tl - - - - 0 (0)

Th - - - - 0 0)

U - - 0.03 - 0 (0)

Zn - 0.006-0.122 0.001 - 0.004 (0.016)

Reference 6 6 6 4 3

NG indicates negligible amoumt (<.0001).
- Indicates data not available.

* Numbers in parenthesis are fractions which have been normalized

across the four waste streams.

to 100%
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Table 4B.4
Fraction of Input Trace Elements in Tar

Coal Reference No.

i Element 5 6 9 None* None*
| Sb 0.128 - 0.009 0.03 (0.38) 0 (0
As 0.056-0.139 0.014 0.009 0.025 (0.019) 0.048 (0.043)
Be 0.071 - 0.005 0.005 (0.17) 0.022 (0.009)
cd 0.052 0.034 ‘ 0.033 0.005 (0.006) 0.017 (0.045)
Cr - 0.05 -0.214 0.0009 - 0.054 (0.018)
Cu - 0.035-C.186 0.0003 - 0.016 (0.053)
Fe - 0.016 - - 0.011 (0.010)
Pb 0.454 0.007-0.203 0.903 0.082 (0.043) 0.291 (0.109)
% Mg - 0.004 - - 0.011 (0.009)
: Mn 0.0004 0.013-0.056 - NG 0.008 (0.007)
Hg 0.649 3.64-6.55 0.054 6.049 (NG) 0.821 (0.382)
Ni 0.007 0.038-0.186 0.06 0.0005 (0.0003) 0.026 (0.057)
Se - 0.006-0.008 0.009 - 0.011 (0.028)
Ag - - 0.562 - 0 (0
Tl - - - - o (0)
Th - - - - 0.008 (0.034)
U - 0.142-0.526 0.253 - 0.013 (0.062)
Zn - 0.004-0.089 0.031 - 0.014 (0.011)
Reference 6 6 6 4 3

NG indicates negligible amount (£X.0001).
-~ indicates data not available.
* Numbers in parenthesis are fractions which have been normalized to 100%

i across the four waste streams.
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Fraction of Input Trace Elements in Gas Liquor

Table 4B.5

Coal Reference No.

Element 1 6 9 None* None*
sb - - 0.09  0.36 (0.45) 0 (0)
As 0.008-1.75 0.003-0.005  0.282 0.90 (0.672) 0.019 (0.017)
Be 0.193-0.220 - 0.026  0.016 (0.53) 0 (0)
cd 0.088-0.226  0.311 0.133  0.35 (0.455) 0.302 (0.794)
cr 0.057-0.228  0.003-0.014  0.0004 - 0.006 (0.002)
Cu  0.070-0.078  0.003-0.017  0.012 - 0.002 (0.005)
Fe - NG - - 0.0001 (0.0001)
Pb 0.007-0.165  0.0003-0.007 0.003 0.032 (0.017) 0.003 (0.001)
Mg - 0.0002 - - 0.0002 (0.0002)
Mn 0.002-0.003  1.86-3.34 - 0.32 (0.002) 0.001 (0.001)
Hg 0.229-0.355  1.86-3.34 0.015 0.32 (0.416) 1.288 (0.599)
M 0.025-.0.175  0.001-0.005  0.016 0.006 (0.004) 0.00L (0.003)
Se 0.106 0.003-0.004  2.21 - 0.006 (0.015)
Ag 0.20 - 6.27 - 0 (0)
1 - - - - 0 ()
Th - - - - 0 (0)
u 0.119 - 0.063 - 0 (0) !
Zn 0.005-0.021  0.016-0.327  0.342 - 0.045 (0.103)

6 6 6 4 3

Reference

NG indicates negligible amount (<.0001).
- Indicates data not avai:able.
* Numbers in parenthesis are fractions which have been normalized to 100%

across the four waste streams.
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streams which were found for some or all of these coals, as data were
available. Tables 4B.2 to 4B.5 also have some data for the references where
this fraction was already calculated. Note that when the numbers are greater
than one, more of that element has been found in the waste stream then was in
the input coal. Some authors explain this by saying that the extra elements
found are from the construction materials in the gasifier system3. The
magnitude of the amounts involved preclude this as an explanation.

After examining the data in Tables 4B.2 to 4B.5, an attempt was made to
distribute the trace elements across the waste streams such that there was
some agreement with the data and that the mass of the elements was totally
accounted for (except for those elements noted above). Different observations
of the data at different times have ylelded varying results for gsome of the
trace elements, although the difference was in the size of the coefficients:
in general, the relative distribution of each element across the waste stredm
was not changed significantly. Certainly, almost any reasonable estimate of a
coefficient can be no better or worse than those decided upon here. Table 4.2

in the main report gives the latest estimation of the coefficients.

Special Notes: No data were available on the distributions of

radium-226, radium-228 or lead-210. Also, very few data were available for
uranivm and thorium. It was therefore decided that all radioactive elements
follow the same distribution, except for lead-210 which is distributed as Pb.
There is only one measurement for thallium, which indicates that all of
it gets captured in the bottom ash. There is no reason to assume that all of
the thallium is captured here, although the bulk of it may be; the

coefficients for thallium reflect this.
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APPENDIX 4C

DESCRIFTION OF COMPUTER MODULE

The coal gasification solid waste module consists of one subroutine and a
data file containing the fraction of the waste components that are removed to
the solid waste. The module is set into motion by a call to LURGI:

CALL LURGI (Q, COAL, CHAR, OIL, TAR, LIQUOR, SREC),
where

Q = total mass of input coal

COAL = input coal characteristic vector

c = bottom ash output characteristic vector

OIL = 011 output characteristic vector

TAR = tar output characteristic vector

LIQUOR = gas liquor output characteristic vector

SREC = sulfur recovery output characteristic vector

The subroutine calculates the solid waste characteristics of each waste
stream and prints them out (see Appendix 4D for sample output). The data file
contains the coefficlents of all elements that are removed at a constant rate
and can be calculated by a simple multiplication. All elements in the input
vector that are empty, are not applicable to this module, or are calculated
other than by a single multiplication (i.e., water and some total wastes) have
corresponding coefficients of zero.

All calculations (including empty and nonapplicable elements) are done
through DO loops in the module. The water and total solid waste elements are

cal:ulated separately.
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The module prints out the 1input coal and output waste vectors
(applicable elements only). If this printout is not desired at some future
time, the printout section can simply be removed with no effect on the solid

waste calculations. All vectors are returned to the calling program intact,

inlcuding the input coal characteristics.

The data file is presently read in as "TAPELl".
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resulting output.

COMPUTER CODE AND SAMPLE OUTPUT

APPENDIX 4D

This section sets out the computer code used for the coal gasification

module and the data file of coefficients,

with a sample input and the

Table 4D.1 gives the coal characteristics used as input.

The quantity of coal (Q) in the input is 100,000 tons.

At present the main program of the code 1s used only to set the input

variables.
Table 4D.1
Input Characteristics of Coal

Element Input Quantity (tdns)
Ash 18700.00
Sulfur 3000.00
Antimony 0.07
Arsenic 2.70
Beryllium 0.50
Cadmiwm 0.125
Chromium 3.00
Copper 1.18
Iron 2700.00
Lead 1.14
Magnesium 118.00
Manganese 7.40
Mercury 0.017
Nickel 2.00
Selenium 0.02
Silver 0.01
Thallium 0.66
Zinc 1.69
Uranium 0.07
Thoriwm 0.66
Pyritic sulfur 1870.00
Carbon 64100.00
Btu 2.3 x 1012
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PROGRAM CLL (TAPE1,QUTPUT, TAPE2=QUTPUT)
BIMENSION COAL (S0)
REAL CHAR{50),0IL(50),TAR(50},LIQUOR(S0) ,SREC (50}
Q=100000

COAL (1)=t8700.
COAL (2)=3000.
COAL(3)=.07

COAL (w)=2.7
COAL(5)=.5

COAL (B)=.125

COAL (71=3.

COAL (81=].18

COAL (9)=2700

COAL ([QI=]. 1Y%
COAL(111=118.
COAL(12}=7.4%
COAL(13)=.017
COAL(l4)=2,
COAL(15)=.02
COAL(161=.01
COAL(17)=.66
COAL(18)=1.69

COAL (19)=.07

COAL (20)=.66

D0 10 1=21,38
COAL(1)=0.

CONT INUE

COAL {39)=1870.
COAL (4+0)=64100
COAL (411=2.3E12
00 20 [=42,50

COAL ([)=0.

CONT INUE

CALL LURGI(Q,COAL ,CHAR,QiL,TAR,LIQUOR,SREC)
STOP

END
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SUBROUTINE LURGI (Q,COAL ,CHAR,OIL, TAR,L1QUOR,SREC)
DIMENSION COAL (50),CHAR(S0) ,0IL(S0),TAR(S0),LIQUOR(50),SREC(S0)
REAL LIQUOR,CHARC(S0),0ILC(50},TARC(501,LIQUORC(50},SRECC{50)
[ * COEFFICIENTS FOR DETERMINING ELEMENTAL SPLIT BETWEEN
c * THE OQUTPUT PRODUCT AND WASTE STREAMS READ IN
READ(1,1090) (CHARCI(]),0[LC(]),TARC(]) ,LIQUORCC(]) ,SRECC(I),1=1,50)
1000 FORMAT(FS.5,4F10.5)
c * CALCULATION OF INPUT RA-226.RA-228 & PB-210 IF NOT GIVEN
IF(COAL(21) .EQ. 0.)COAL(21)=3.38E-7*COAL(19)
[F(COAL (22) .EQ. 0.)COAL(22)=4.01E~10*COAL (20)
IF(COAL(23) .EQ. 0.)COAL(23)=4,.37E-9*COAL(19)
c ¢ CALCULATION OF AMOUNT OF EACH ELEMENT IN EACH OQUTPUT STREAM
DO (0 [=1,24
CHAR(1)=CHARC(I)*COAL ()
OILC(13=QILC()*COAL(D)
TAR(I)=TARC{])*COAL(])
LIQUOR( 1)=L IQUORC [ ) *COAL (1)
SREC ([ }=SRECC{[)*COAL(I)
10 CONTINUE
c + ELEMENTS NOT APPLICABLE TO GASIFICATION SET TO ZERO
DO 20 I1=26,33
CHAR(1)=0.
OfLt11=0.
TAR(1)=0.
LIQUOR({)=0.
SREC(1)=0.
20 CONT INUE
0O 30 1=35,50
CHAR(1)=CHARC(1)*COAL (I}
OIL(13=0ILC(I)*COAL(I)
TAR{[)=TARC(])*COAL(])
LIQUOR(1)=LIQUORC (1) *COAL (1)
SREC(1)=SRECC([)*COAL(I}
30 CONTINUE
c * CALCULATION OF WATER CONTENT AND TOTAL QUANTITY OF BOTTOM ASH
CHAR{34)=.2*({CHAR(])+CHAR(2)+CHAR(40))
CHAR(25) =CHAR( 1) +CHAR(2) +CHAR (40] +CHAR ( 34)
c * CALCULATION OF TOTAL QUANTITY AND WATER CONTENT OF OIL
OlL(251=.01*Q
OIL(341=.12*0IL(25]
c * CALCULATION OF TOTAL QUANTITY AND WATER CONTENT OF TAR
TAR(25)=.03*Q
TAR{(341=.20*TAR(25)
c * CALCULATION OF TOTAL QUANTITY AND WATER CONTENT OF GAS LIQUOR
LIQUOR(2S)=1.5*Q
LIQUOR(34)=LQUOR(25)-L IQUOR( 1) ~-L IQUOR (2] -L IQUOR(40)

c * CALCULATION OF TOTAL QUANTITY AND WATER CONTENT OF SULFUR PRODUCT
SREC(25)=SREC(2)
SREC(34)=0.

c

c

C PRINT OUT OF DATA

C

c

WRITE(2,20000Q,COAL (1) ,CHAR(1),0iL(1),TAR(]1),LIQUOR(1),SRECI(1]),
-COAL (2) ,CHAR(2),01L(2),TAR(2),LIQUOR(2) ,SREC(2),
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-COAL {3} ,CHAR(3),0IL(3),TAR(3) ,LIQUOR(3) ,SREC(3),
-COAL (4) ,CHAR(4) ,0IL (4) ,TAR(4] ,LIQUOR(4) ,SREC(4)

2000 FORMAT(1H!,5X,*INPUT COAL:*2X,E12.5/1X,*ELEMENT®,T16.*INPUT COAL*,
-T31,*ASH*,Tu6,*0IL*,T6!,*TAR*,T76, *LIQUCR*, T9!, *SULFUR RECOVERY®*/
=1X,10S(*=2)/
-1X,*ASH*,T16,E12.5,5(3X,E12.5)/
~IX, [H*,*SULFUR*,T16,E12.9,5(3X,E12.59}/
~1X, *ANTIMONY*,T15,E£12.5,5¢(3X,E12.5)/
-1X, *ARSENIC*,T16,E12.5,5(3X,E12.5))

WRITE(2,200131COAL (5] ,CHAR(S) ,0IL(5) ,TAR(5) ,LIQUOR(5} ,SREC(S),

~-COAL (B) ,CHAR(6) ,0IL(8) ,TAR(6) ,LIQUOR(E] ,SREC(B),
-COAL (71 ,CHAR(T) ,OIL (7)), TAR(7) ,LIQUOR(7) ,SREC(7),
-COAL (8) ,CHAR(8) ,0IL(8),TAR(8) .L IQUOR(8} ,SREC (8!

2001 FORMAT(1X,*BERYLLIUM®* T!6,E12.5.5(3X,E12.5)/
-1X,*CADMIUM® T16,E12.5,5(3X,E12.5)/
=1X, *CHROMIUM®,T16,E12.5.513X,E12.5)/
-1X,*COPPER*,T16,E12.5,5(3X,E12.5)]

WRITE(2,2002)COAL (9} ,CHAR(9),0IL(9),TAR(9),LIQUOR(D) ,SREC(9),

-COAL (10} ,CHAR(10),0IL(10),TARCLD),LIQUORC(10) ,SRECC10),
=-COAL(11),CHAR(11),0IL(11),TARCL1),LIQUORC11),SREC(11),
-COAL(12) ,CHAR(12),0IL{12),TAR(12},LIGUOR(12) ,SREC(12)

2002 FORMAT(LX,*IRON*,T16,E12.5,5(3X,E12.5)/

-1X,*LEAD*,T16,E12.5,5(3X,El2.5)/

-1X,*MAGNESIUM® ,T16,E12.5,5(3X,El12.5)/

~1X, *MANGANESE*,T16,E12.5,5(3X,E12.5))

WRITE (2,2003)COAL (13) ,CHAR(13),0IL(13),TAR(13),LIQUOR(13),SREC(13)
-,COAL (14) ,CHARC 4] ,OLL(14) ,TARC14} ,LIQUOR( 14} ,SREC(IY),

-COAL (15) ,CHAR(15) ,0IL(15),TAR(15) ,LIQUOR(15) ,SREC(15),

-COAL (16) ,CHAR(16) ,0IL (16),TAR(16) ,LIQUOR(16) ,SREC(16)

2003 FORMAT (1X, IH®, *MERCURY*,T16,E12.5,5(3X,El2.5)/
-1X,*NICKEL*,T16.E12.5,5(3X,El2.5)/
=1X,1H* *SELENIUM* T16,E12.5,5(3X,El2.5)/
~1X,*SILVER*,T16,E12.5,5(3X,E12.5))

WRITE(2,2004)COAL (17) ,CHAR(17),0IL(17),TAR(17) ,LIQUOR(17) ,SREC(17)
-.COAL(18),CHAR(18),0IL(18),TAR(18) ,LIQUOR(18),SREC(18),

-COAL (19) ,CHAR(19),0IL(19),TAR(19) ,LIQUOR(19) ,SREC(19),

-COAL (20) ,CHAR(20) ,01L(20) , TAR(20) ,L IQUOR(20) ,SREC(20)

2004 FORMAT(1X,*THALLIUM® ,T1B6,E12.5,5(3X,E12.5)/

-1X,*ZINC*,T16,E12.5,5(3X,E12.5)/

-1X,*URANIUM® ,T16,E12.5,5(3X,E12.5)/

-1X, *THORIUM-232+,T16,E12.5,5(3X,E12.5))

WRITE(2,2005)COAL(21) ,CHAR(21),0IL(21),TAR(21),LIQUOR(21) ,SREC(2])
-,COAL (22) ,CHAR(22) ,0]L{22),TAR(22) ,LIQUOR(22) ,SREC(22) ,

-COAL (23) ,CHAR(23) ,01L (23} ,TAR(23) ,LIQUOR(23) ,SREC (23],

-COAL (25) ,CHAR(25) ,01IL (25) ,TAR(25},L1QUOR(25) ,SREC (25)

2005 FORMAT(1X,*RADIUM-226+,T16,E12.5,5(3X.E12.5)/

-1X, *RADIUM-228*,T16,E12.5,5(3X,.E12.5)/
-1X,*LEAD-210+,T16,E12.5,5(3X,E12.5)/

-1X,*TOTAL WASTE*,T16,E12.5,5(3X,E12.5))

WRITE (2,2006) COAL (34) ,CHAR(34) ,0IL (34} ,TAR(341,LIQUOR(34) ,SREC(34)
-,COAL (39) ,CHAR(39),01L(39), TAR(39) ,L1QUOR(39) ,SREC(39),

-COAL (40) ,CHAR(40) ,01L (40) ,TAR (40) .L [QUOR (40) ,SREC (40)

2006 FORMAT(1X,*WATER*,T16,E12.5.5(3X,E12.5)/

—~1X,1H* ,*PYRITIC SULFUR*,T16,E12.5.5(3X,E12.5)/
-1X,*CARBON*,T16,E12.5,5(3X,E12.5)//

-1X,1H¢,*-DOES NOT EQUAL 100 PERCENT BECAUSE. OF LOSS TO PHODUCT AND
-/0R EFFLUENT GAS.*//)

-RETURN

END
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.892%  .0025 .005 .0001
.0025  .005 .015 .0001
.5 .01 .04 .45
u5 .05 .05 45
.93 .01 .03 .03
.59 .03 .03 .35
.93 .01 .05 .ol
.96 .01 .0R .01
.98 .0005 .019 .0005
-a7 .01 .11 .0l
.98 .0005 .019 .0005
.98 .001 .016 .003
.03 .05 .55 .35
.85 .ol .03 .01
.10 .01 .01 .0l
.97 .01 .01 .01
.g8 .005 .01 .005
.81 .02 .04 .03
.80 .03 .10 .07
.80 .03 .10 .07
.80 .03 .10 .07
.80 .03 .10 .07
.87 .01 .1t .01
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. a. 0. 0.
0. 0. D. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
a. 0. 0. 0.
0. 0. 0. 0.
.0025  .005 .015 .0001
.008 .01 .03 .0001
0. 0. 0. 0.
0. a. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
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INPUT COAL: . 10000E+06

ELEMENT INPUT COAL ASH ol TAR LI1QUOR SULFUR RECOVERY
ASH .18700E+05 .18558E+05  .4B750E+02 .93500€+02 .18700E+01 0.

*SULFUR .30000E+0u4 .75000E+01 . 19000E+02 .45000€E+02 .30000E+00 .28800E+04%
ANT IMONY .70000E-01 .35000E-01 .70000E-03 .28000E-02 .31500E-01 0.

ARSENIC .27000E+01 . 12150E+01 .13500€+00 . 13500E+00 .12150E+01 0.
BERYLLIUM -50000E+00 .46500E+00  .S0000E-~02 . 1S000E-01! . I5000E-~01 0.

CADMIUM . 12500E+00 .73750E-01 .37500E-02 .37500E-02 .43750E-01 0.

CHROMIUM .30000E+01 .27900E+01 .30000E-0! . 1S000E+00 .30000E-0! 0.

COPPER .11800E+0t ~ . 11328E+01 .11800€-01 .23600€-0! . 11800E~01 0.

IRON .27000E+04 .26460E+04% . 13500E+0! .51300E+02 . 13500€+01 G.

LEAD .11400E+01 .99180E+00 . 1140Q0E-01 . 12540E+00 .11400E~0! 0.

MAGNES 1UM .11800E+03 .11564E+03  ,59000E-0! .22420e+01 .59000E~0! a.

MANGANE SE .74000E+01 .72520E+0! .T4000E-02 . 11840E+00 .22200&e~01 0.

*MERCURY .17000E-01 .S1000E-03  ,B5000E-03 .93500E-02 .59500E~02 0.

NJCKEL .20000E+0! .19000E+0! .20000E-01 .60000E-~0! .20000E~01 g.
*SELENIUM .20000E-01 - .20000E-02  .20000E-03 .20000E-03 .20000E~03 0.

SILVER .10000E-0! .97000E-02 . 10000E-03 .10000E-03 .10000E-~03 0.

THALL IUM .66000E+00 .64680E+00 .33000E-02 .66000E-02 .33000E-02 g.

ZINC . 16900E+01 .15379E+01 .33800E-0! .67600E-01 .50700E~01 0.

URANIUM .70000E-01 .56000E-01 .21000E-02 .70000€E-02 .49000E~02 0.
THORIUM-232 .66000E+00 .52800E+00 . 19800E-01 .66000E-01 .46200E~0! 0.
RADIUM-226 .23660E-07 .1892BE-07  .7039B0E-09 .23660E-08 . 16562E~08 0.
RADIUM-228 .e6466E-09 21173E-09  ,79398E~11 .2B466E-10 . 18526E~10 0.

LEAD-210 .30590e-09 .26613E-09  .30590E-11 .33649E-10 .30590E~11 g.

TOTAL WASTE 0. .22894E+05 . 10000E+04 .30000E+04% . 15000E+06 .28800E+04
WATER 0. . 38156E+04 . 12000E+03 .60000E+03 . 14Q99E+06 0.

*PYRITIC SULFU .1B8700E+04% 46750E+01 .93500E+01 .280S0E+02 . 18700E+00 . 1 7952E+04
CARBON .B4100E+0S .51280E+03  .64100E+03 . 19230E+04 .B4100E+01 0.

+-DOES NOT EQUAL 100 PERCENT BECAUSE OF LOSS TO PRODUCT AND/OR EFFLUENT GAS.
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5 SOLID WASTE MODULE FOR THE SRC-I1 PROCESS COAL LIQUEFACTION

5.1 Introduction

Currently there 1s a desire to become less dependent on oil as an energy
source and to rely more upon abundant domestic coal supplies. Coal has the
proven capability of being converted to a gas similar to natural gas, or it
can serve as a direct source of energy via combustion. In the latter case,
coal can be used in power plants to generate electricity; however, depending
upon the type of coal used, there may be a large impact on the environment,
egspecially in terms of sulfur emissions. This in turn could incur high costs
to the utility companies for pollution control devices.

The solvent-refined coal (SRC-I1) process described herein 1is a
technology which can be used to convert coal to a liquid fuel. Since the main
objective of SRC-II is to produce a low-sulfur (<1%) fuel which will minimize
sulfur emissions when burned, wusually only coals with fairly high sulfur
contents are subject to this type of conversion. However, like any other coal
technology, the SRC-II process has its own wastes which must be disposed of
with as 1little effect on the environment as possible. To do this as

efficiently and economically as possible the wastes must be determined as to

both quantity and content.

5.2 The SRC-II Process

Coal conversion to liquid SRC is accomplished through a series of six
basic steps and several types of supportive processesl. The six basic steps
(those used in the actual conversion) are coal pretreatment, hydrogenation,
phase (gas) separaéion, solids/liquid separation, fractionation, and

hydrotreating. Supportive processes are generally elther by-product recovery,
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power generation, or waste treatment operations. These include
solidification, gas purification, cryogenic separation, sulfur recovery,
hydrogen generation, waste water treatment, and auxiliary facilities. See

Figure 5.1 for the basic overall flow diagram of a typical SRC-II operation.

SRC~11 Process Description

Coal Pretreatment. Coal pretreatment or preparation includes ail

processes needed to change raw coal into a configuration acceptable to the
liquefaction operation. This includes coal receiving, storage, reclaiming and

crushing, cleaning, drying, pulverizing, and slurry mixing.

Hydrogenation. The hydrogenation process consists of a slurry
preheatex and a hydrogen reactor. This 1is the actual liquefaction of the
coal. Subsequent steps in the liquefaction process refine the products made

during hydrogenation.

Phase (Gag) Separation. The phase (gas) separation step includes a

nurber of separation techniques (high pressure separation, condensate
separation, intermediate flashing, intermediate pressure condensate
separation, low pressure condensate separation). 1In this step, the sglurry
from hydrogenation 1is divided into gaseous product and a solids/liquid
stream. The output streams from this step are sent to gas purificationm,

fractionation, and solids/liquid separation.

Solids/Liquid Separation. Here the solids/liquid (S/L) stream from

phase (gas) separation is divided into two separate streams: solid residue

(sent to solidification) and liquid (sent to fractionation).
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Figure 5.1 Flow diagram of a SRC-II Operation (From Reference 2)
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Fractionation. The liquld stream from the previous separation step
is subject to a vacuum flash and atmospheric distillation. This performs
three functions: (1) separation of the final SRC product from other liquid
fractions; (2) combination of light streams (from S/IL separation and phase
(gas) separation) into light products (sent to hydrotreating); (3) recovery of

wash solvent for recyecling (to S/L szparation).

Solvent Hydrotreating. This process takes the light products from

fractionation and refines them to salable commercial products, fuel oil and

naphtha. A portion of these products are recycled for use in the liquefaction

process.

Supportive Processes

Solidification. Solids from S/L separation are cnoled and further

solidified so that they are sultable for use in gasification (hydrogen
production). More solids are expected to be produced than are needed in

gasification, and this excess will be disposed of as a solid waste.

- Gag Purification. Gases from phase (gas) separation, hydrotreating,

and hydrogen generation are purified by acid gas removal. Purified gases are

sent to cryogenic separation for further purificationm.

Cryogenic Separation. Purified gas 1s taken from the preceding

process and run through a- series of cryogenic units. Products resulting from
this process include synthetic natural gas, liquid petroleum gas, and light

oils.

Sulfur Recovery. Acid gas from gas purification'is converted to

elemental sulfur in this process.
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Hydrogen Generation. Some of the solidified mineral residue from

solidification is used to genzrate hydrogen via gasification. The hydrogen
is needed to increase the hydrogen/carbon ratio to the proportion required
produce liquid fuels from coal:2 The gasifier feed may consist of mineral

residue only,3’4 residue and coal,2’5»7 or residue and oilf.

Other Supportive Processes. Other processes which are needed,

although they are not directly part of the liquefaction process, include:

ammonia recovery raw water treatment
phenol recovery waste water treatment
oxygen generation cooling towers

steam generation power generation

product, by-product storage

5.3. Solid Wastes from SRC-II Process

Table 5.1 and Figure 5.2 summarize the sources and types of solid waste

in SRC-II liquefaction (and preferred control technology, Table 5.1).

5.4, Assumptions Made in Modeling SRC-II Solid Wastes

The solid waste streams which are quantified in this module are limited
to two, mineral residue and gasifier slag. In addition, estimates are made
of the composition of the sulfur by—-product and SRC product streams. Solid
wastes from other sources are not quantified here (see individual solid
waste descriptions).

The input coal is assumed to have been already subject to pretreating
(cleaning) at Level 1 (as defined im Section 1). Any higher level of

cleaning is fairly redundant, as the liquefaction itself can be cunsidered a
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Table 5.1
Summary of Solid Wastes Control Technology
Applicability to SHC Systems

Operation; Process Solid Wasteas Discharged Prefarred Control Technology Applicationa
Coal preparation Refuse ' (1) Landf111
(2) Dumping (minefill)
Liquefaction Rone L
Gas separation None
Fractionation Nooe
Solidg/liquid separation Excess residue (SRC-IIL) (1) Gasification to recovery energy content followed
or filter cake (SRC-I) by disposal (landfill or minefill)
1 Hydrotreating Speat catalyst (1) Return to manufacturer for regeneration
= Coal receiving and storage None
3 Vater supply Sludge (1) Dewatering followed by landfilling
Water cooling None .
) Steam and power generation Ash (1) Landf1ll
) (2) Dumping (minefill)
Hydrogen generation Ash or slag (1) Landfill
v {2) Dumping (winef11l)
Oxygen feneration None
Acid gas removal None '
Sulfur recovery None '
Hydrogen/hydrocarbon recovery None
Asmonia recovery None .
Phenol recovery Rone

Product/by-product storage None

Source: Rafereunce 3.
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Figure 5.2 Sources of Solid Waste in SRC Systems (From Reference 7)
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cleaning process. Part of the input coal is assumed to be sent directly to
gasification, where it is combined with some of the mineral residve from the
liquefaction process. This assumption requires no extra work for the module
user; it is made because the trace metal data used herein are taken from
Reference 7, which uses a residue/coal mixture in the gasifier. Failure to
make the above assumption could therefore lead to trace metal mass balances
greater than 100% due to the unaccounted input to the gasifier.

Since 100X mass balances may not, in reality, be obtained ;n fhe four
output streams considered in this module (because of other waste and.product
streams), most elements have been normalized to achieve a 95% balance. While
even this may be a large percentage, this assumption is made because (1) data
for some elements led to wass balance greater than 100%Z and (2) elements
lost to other streams may be partially compensated for by addition from other
inputs (e.g., solvents, catalysts, water).6 See Appendix 5B for the

description of trace element balance calculation.

5.5 Solid Wastes Not Quantified

Coal Cleaning Refuse. Coal dust and leachate from coal piles are not

quantified here. Wastes from coal cleaning can be estimated elsewhere (see

Section 1).

Ash from Steam and Power Generation. Solid wastes from generation can

be estimated elsewhere (Section 2).

Sludge from Water Treatment. The composition of sludge from raw and

Wwaste water treatment 1s almost as dependent on the water composition as on
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the coal. Since the water characteristics can vary widely from site to site,
these sludges can not be modeled in as general a way as this module intends.

Spent Catalysts from Hydrotreating and Hydrogen Generation. The

lifetime of catalysts 1is 1inversely dependent upon operation time.?
Therefore, purging of spent catalysts will be an intermittent and site
specific process. This and the facts that (1) there is a wide variety of
catalysts that may be used in the SRC-II process, and (2) some catalysts are
regenerable {and therefore will not contribute to solid waste) makes modeling

of spent catalysts impossible in this module.

5«6  SRC-II Liquefaction Module Description

The SRC-"I module assumes congtant removal rates of each of the input
trace elements for each of the streams quantified, that is, a constant
fraction of the total input element will be retained in the mineral residue,
etc. (these constants will necessarily be different for each element and for
each stream). Total quantities and major components of output streams are
calculated as per Appendix 5A. The. module 1s called with the following
arguments:

1) total quantity of coal

2) input coal characteristics vector

3) output solid waste characteristics vectors

The input and output vectofs each contain 50 elements. These elements
are shown in Table 5.2. Since these vectors are constructed to be
conformable to any of the solid waste modules which haﬁe been produced, there."

are presently some empty elements (48 to 50, not shown in Table 5.1) and some
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Table 5.2

Elements
Number Type Number Type
1 Ash 24 Hydrocarbons
2 Sulfur (S) 25 Total sclid waste
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calcium sulfite
5 Beryllium (Be) 28 Calcium suifate
6 Cadnium (Cd) 29 Soda ash
7 Chromium (Cr) 30 Magnesium sulfite
8 Copper (Cu) 31 Magnesium oxide
9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodium sulfite
11 Maguesium (Mg) 34 Water
12 Manganese (Mn) 35 Sulfur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 7 Carbon monoxide
15 Selenium (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thallium (T1) 40 Carbon
18 Zine (Zn) 41 Btu
19 Uranium-238 (U) 42 Carbon dioxide
20 Thorium-232 (Th) 43 Sodium bilcarbonate
21 Radium-226 (Ra) &4 Sodium carbonate
22 Radium—-228 (Ra) 45 Sodium Sulfate
23 Lead-210 (Pb) 46 Calcium carbonate
47 Calcium oxide
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elements which are not applicable to this module, and as such are disregarded
(set to 0) in the output vectors and omitted in the output printout.

Table 5.3 gives the coefficients which determine the amount of each trace
element that goes to each solid waste stream.

Table 5.4 gives the equations which determine the total quantity of each
stream and their major components (water, ash, sulfur and carbon).

It should be noted here that, given the data, some of these coefficients
are little more than conjecture as to the "true"” removal rates. Acquisition
of more and better data is definitely indicated as a need for the future.

The appendices indicate how the choice of coefficients was made. Also in

the appendices is more information un the computer module.

Table 5 - 3
Fractions (Coefficients) of Array Elements Going to Solid Waste Streams
Mineral Gasifier Recovered SRC
Element Residue Slag Sulfur Product
Sb 0.728 0.219 0.002 0.001
As 0.842 0.102 0.003 0.003
Be .0.749 0.198 0.001 0.002
cd . 0.846 0.101 0.001 0.002
Cr 0.466 0.214 0.007 0.263
Cu 0.749 0.198 0.001 0.002
Fe 0.846 0.101 0.001 0.002
Pb 0.846 0.101 0.001 0.002
Mg 0.793 0.154 0,002 0.001
Mn 0.731 0.206 0.008 0.005
Hg 0.018 0.008 0.081 0.003
Ni 0.466 0.214 0.007 0.263
Se 0.838 0.092 0.019 0.001
Ag 0.846 0.101 0.001 0.002
T1 0.846 0.101 0.001 0.002
Zn 0.731 0.206 0.008 0.005
U 0.793 0.154 0.002 0.001
Th 0.793 0.154 0.002 0.001
Ra226 0.846 0.101 0.001 0.002
Ra228 0.846 0.101 9. 001 0.002
pb210 0.846 0.101 0.001 0.002
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Table S.4
Determination of Total Qutput and Major Components

Mineral Gasifier Recovered SRC
Component: Residue Slag Sulfur Product
Total quantity 0.2 I 0.083 I, 150,007 Ogpe 0.3
Sulfur 0,02 (I50.007 Ogpe)?  0e0: (Tg=0.007 Oype ) 0495 (I5-0.007 Ogpo) 0.00
Ash 0.75 (10,0015 Ogpn)  0.25 (I,-0.0015 Ogpr) - 0,00
Water - Cods 0g -
Carbon 0.28 O, 0.001 O, - 0.87

L; = total input amount of substance x
0y = total output amount of substance x

¢ = coal.

src = SRC product.
r = mineral residue.
g = gasifier slag.

a = ash.
s = sulfur,

= = indicates zero amount contained.
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APPENDIX 5A

DETERMINATION OF OUTPUT STREAM CHARACTERISTICS:
TOTAL QUANTITY, WATER, CARBON, SULFUR, ASH

5A.1 SRC Product

The total amount of SRC product seems to be fairly consistent relative to

the amount of input (clean) coal, regardless of the coal characteristics:

Quantity Quantity Source
Input Coal SRC Product Ratio (Ref.)
20,408 6,080 0.2978 2
833,333 242,917 0.2915 8
10,000 2,920 0.2920 10

(Note: while units of measure may vary from source to source, the number of
interest is the ratio, which is dimensionless. Therefore, the units involved

will be disregarded.) The total product quantity will be assumed to be 30Z of

the quantity of input coal.

Similarly, the ash and sulfur contents of SRC product seem to be
generally uniform regardless of the amounts contained in the input coaid. The
ash content 1is in the range of .l to .2&9'11'13 and sulfur content ranges
from as‘ low as .27 to 1%,10 with most estimates being from .5 to
.8%6,10,11,15 Therefore, the amounts of ash and sulfur, respectively, will
be assumed to be .15%Z and .77 of the amount of SRC product.

Carbon content of the SRC product also seems constant, at about 87 % of

the total productlz. It will be assumed that there is no water contained in

the product.

5A.2 Recovered Sulfur
Most of the sulfur in the input coal is recovered from acid gases which

are created during liquefaction and hydrogen generationG. Recovered sulfur
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will be assumed to be equal to 95% of the sulfur not retained in the SRC
product. Of the remaining 5% 2% is assumed lost to other (unquantified)
streams and the other 3% is assumed to be retained in the mineral residue and
gasifier slag.

Since there are no available data on recovered sulfur content of carbon,
ash, and water, these components will be assumed to be nonexistent in the
recovered sulfur. However, there may be some (fairly large) quantities of
trace elements in the recovered sulfur7. Therefore, the total stream quantity
is assumed to consist of sulfur (957% and other elements (some of which are
quantified in Appendix SB).

While inorganic (pyritic) sulfur may not follow the same paths as organic
sulfur in the liquefaction process,10 because of lack of available data both

forms of sulfur are assumed to be similarly distributed.

5A.3 Excess Mineral Residue
Of the total residue created in the SRC-II process, approximately 75% is
. excess (not directed to gasification for hydrogen generation2’7). This

excess is approximately equal to 20% of the total input (clean) coal.

Quantity Quantity Source
Input Coal . Excess M.R. Ratio (Ref.)
20,0 4,075 0.1997 2
19,994 4,203 0.2102 7

The carbon content is about 28%7 Since the residue has been solidified,
water content is assumed to be O.
Although there are no available data on the ash and sulfur content of the

residue, most of what 1s not in the SRC product or recovered sulfur is

’
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expected to be retained in the residue. Therefore, 75% of the ash and 2X of

the sulfur not retained in the SRC product are assumed to be in the residue.

5A.4 Gasifier Slag

The amount and character of gasifier slag is dependent on factors which
may vary widely from site to site, such as gasifier feed composition and type
of gasification process. However, some generalizations can be made about the

resulting slag.

(1) Total (dry) slag can be estimated as about 5% of the input coal:

Quantity Quantity Source
Input Coal Gasifier Slag Ratio (Ref.)
20,408 1015.2 0.0497 2
20,000 1197.0 0.0599 5
19,944 922.8 0.0463 7
833,333 59400.0 0.0713 6

(2) The water:dry slag ratio is about 2:3.2,7

(3) Carbon- is assumed to be a minor constituent (.1% of total dry slag)

in the stream.

(4) While no data are available, ash and sulfur content can be assumed
to be 25% (ash) and 1% (sulfur) of the respective total input amount which is

not retained in the SRC product.
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APPENDIX 5B
DETERMINATION OF OUTPUT STREAM CHARACTERISTICS: TRACE METALS

5B.1 General Discussion

There is a large void that needs to be filled in the realm of trace metal
content of liquefaction output streams. Lack of complete and consistent data
makes quantification of trace metal distribution an almost insurmountable
task.

Reference 7 was the only source which contained enough data to estimate
most trace metals for all output streams considered in this module. However,
some of these data were estimates, rather than actual measured quantities.
Several trace elements (Sb, Fe, Pb, U, Th) attained mass balances greater than
100% in the four streams considered; others (e.g., Ni) had a large fraction
unaccounted for. This over or under account of elements can be attributed to
estimation techniques (for those not based on actual measurements), error in
input coal and output stream measurements, loss of elements to other streams,
and addition of elements from other sources.

The assumption was made to normalize all trace elements except mercury to
957% of their input total, which allows for loss to other liquefaction output
streams. Mercury is assumed to be largely lost in gaseous emissions because
of its high volatility.7 Elements for which there were only partial data were
compared to other elements with complete data for distributional similarities,
and the missing values were assumed to be the same as those of the similar
element. Some elements which had missing data were treated on an individual

basis.
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5B.2 Trace Elements in Output Streams

Reference 7 is the basis for trace metal distributions. Estimations are
based on the following quantities:

Q = total input coal: 19944 Mg/day -

m = total excess mineral residue: 4203 Mg/day -

g = total gasifier slag: 922.8 Mg/day ~

r = total recovered sulfur: 443 Mg/day -

The trace element content of the "average U.S. coal” used is shown in

table 5B.l. This coal was used as a basis for estimating the trace components

Table 5B.1
Trace Element Content of “Average U.S. Coal”
Total Total
Conc. Quantity Conc. Quantity

Element (ppm). (Tons)* Element (ppm). (Tons)*

Sb 2.2 0.044 Hg 0.15 0.003

As 10.9 0.217 Ni 19.0 0.379

Be 1.4 1.028 Se 4.0 0.080

cd 3.4 0.068 Ag 0.17 0.003

Cr . 16.3 0.325 Tl 0.66 0.013

Cu 12.7 0.253 Zn 120.0 2.393

Fe 14,800.0 295.171 u 2.2 0. 044

Pb 13.0 0.259 Th 4,5 0.09

Mg 1120.0 22,337 Ra - -

Mn 36.0 0.718

Source: Reference 7, p. 175.
- Indicates data not available.
* Based on 19,944 tons of input coal.

of sulfur, SRC product, and slags Partitioning factors (see below) were used

to estimate trace elements in the mineral residue.
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Trace Metals in Mineral Residue. Estimated partitioning factors

(Reference 7, p. 255) were given for the amount of trace elements in the

mineral residue. The partitioning factor for each element, is defined as:

where,
Cx = the concentration of element C in stream x,
s = the output stream,
i = the input coal stream.
Since the total amount of an element in any stream x is

Cx* tx »
where ty = total quantity of stream x, then the proportion of that element
which is retained in stream x is

Cx * tx . Gy * ty
Ci * ti i *Q

This is simply the partitioning factor multiplied by the ratio of the
output stream to the amount, Q, of input coal. In estimating the trace
content 6f the residue, the minimum partitioning factors were used, as the
average and maximum factors gave results that were greater than unity (i.e.,
a trace mass balance >100%).. Even for the minimum factors, this occurred for
two elements (Pb and U). Table 5B.2 gives the partitioning factors used and

the mass proportion of elements retained in the residue.

Trace Metals in Other Output Streams. Trace content of other output

streams is based upon either estimated (slag, sulfur) or measured (SRC

product) concentrations. The proportions of the input elements captured in
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Table 5B.2
Partitioning Factors and Proportion of Total Trace Elements
Retained in Mineral Residue

Partitioning Proportion Partitioning Proportion

Element Factor* Retained** Element Factor* Retained**
Sb 4.3 0.906 Hg 0.031 0.007

As 4.0 0.843 Ni 0.4 0.084

Be 2.0 0.421 Se 3.6 0.759

cd 1.6 0.337 Ag - -

Cr 1.0 0.211 Tl - -

Cu 2.1 0.443 Zn 2.0 0.421

Fe 4,6 0.969 i 6.6 1.391

Pb 5.2 1.096 Th 4.52 0.953

Mg 4,5 0.948 Ra - -

Mn 2.1 0.443

Source: Reference 7, p. 255

=~ Indicates data not available.

* Minimum.

*% Based on total proportion (Table 5B.l1) and 4203:19944 residue to coal

ratio.

- these three streams are based on the total quantities of the streams as given

above. The concentrations and proportions are shown in Table 58.3.

5B.3 Trace Element Distribution Used in SRC-II Module
As mentioned above, no trace element achieved a 100X mass balance over
the four output streams. Some elements had mass balances greater than 100%;

others has less than 50% of the input amount accounted for. Some elements

have missing data (partial or all).

Elements Having Complete Sets of Data. FElements with complete sets of

data were normalized to have 95% of the input amount of that element accounted
for, as explained above. This was accomplished by multiplying each of the

four proportions by the normalization factor N,
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Table 5B.3
Trace Elements in Slag, Recovered
Sulfur, and SRC Product

Gasifier Slag Recovered Sulfur SRC Product
Element Conc.* Proportion** Conc.* Proportion** Conc.* Proportion

Sh 13.0 0.273 0.2 0.002 0.003 0.001
As 24.0 0.102 1.7 0.003 0.006 0.003
Be - - - - 0.003 0.001
cd - - - - 0.024 -
Cr 34,0 0.097 2.4 0.003 2.5 0.119
Cu 32.0 0.117 0.64 0.001 0.100 0.001
Fe 37000.0 0.116 740.0 0.001 62.0 0.002
Pb 20.0 0.071 - - 0.007 0.001
Mg - - 290.0 0.006 2.1 0.001
Mn 97.0 0.125 8.6 0.005 0.790 0,003
Hg 0.0093 0.003 0.21 0.031 - -
N 42,0 0.102 - - 0.160 0.006
Se 7.2 0.083 3.0 0.017 0.003 0.001
Ag - - - - - -
T1 - - - - 0.007 0.005
Zn 180.0 0.069 - - 0.100 0. 005
U - - - - 0.007 0.001
Th 18.0 0.185 0.45 0.002 0.006 0.001
Ra - -— - - - -

Source: Reference 7.

- Indicates data not available.

* All concentrations in ppm (wt.).
** Proportion of total element retained in stream.

N2 4 .1,2,3,4,
2py
i
where the pj are the calculated proportions of the element in the four streams

(from Tables 5B.2 and 5B.3).
Elements with complete data are Sb, As, Cr, Cu, Fe, Mn, Se, and Th. The
final distribution (after normalization) decided upon for these elements is

given in Table 5B.3.
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Elements with One or Two Missing Values. Elements with one or two

missing values (except Hg, see below) were compared to elements with complete
sets of data. If the distribution of the element with missing data seemed
similar to one of the other elements, the former was assigned that complete

distribution.

Elements with one or two missing data points and the comparable elements

are
Missing Data Complete Data

Be Cu

Pb . Fe

Mg Th

Ni Cr

Zn Mn

U Th

Other Elements. Elements which have not been accounted for up until now

include Cd, Hg, Ag, Tl, and Ra. These are assumed to be distributed as
follows:
Hg 1is given an SRC product propertion of .00l. It is then

normalized to 11% of its input amount (89 % unaccounted for’).

Cd, Ag, Tl, Ra are assigned the Fe distribution under the agssumption

P
that they are retained mostly in the residue (as are most trace elementrso’lo)
The final proportional distribution of all trace elements are given in Table

SBIBQ
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APPENDIX 5C
DESCRIPTION OF COMPUTER MODULE

The SRC-II liquefaction solid waste module consists of one subroutine and
a data file containing the fraction of the input components that are removed
to the solid waste. The module is set into motion by a call to SRC-II:

Call SRCIT (Q, COAL, MRES, SLAG, SUL, SRC)
where

Q = total mass in input coal
COAL = input coal characteristic vector
MRES = mineral residue from solidification output characteristic
vector
SLAG = slag from gasifier output characteristic vector
SUL = by-product sulfur output characteristic vector
SRC = product SRC output characterlstic vector

The subroutine first calculates the radium and lead-210 input quantities
from the input uranium~238 and thorium-232 quantities if the former have not
been supplied. See Section 7 for calculations of these quantities.

The subroutine calculates the characteristics of each output stream and
prints them out (see Appendix 5D for sample output). The data file contains
the coefficients of all elements that are removed at a constant rate and can
be calculated by a simple multiplication. All elements in the input vector
that are empty, are not applicable to this moéule, or are calculated other
than by a single multiplication (e.g., sulfur, ash) have corresponding

coefficient of zero.
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All calculations (inzluding empty and nonapplicable elements) are done
through DO loops in the module. The water, ash, sulfur, carbon, and total
solid waste elements are calculated separately.

The module prints out the input coal and output vectors (applicable
elements only). If this printout is not desired at some future time, the
printout section can simply be removed with no effect on the s30lid waste
calculatiouns. All vectors are returned to the calling program intact,
including the input coal characteristics.

The data file is presently read in as "TAPEl".
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APPENDIX 5D
COMPUTER CODE AND SAMPLE OQUTPUT

This section sets out the computer code used for the SRC-II liquefaction
module and the data file of coefficients, with a sample input and the
resulting output. Table 5D.1 gives the coal characteristics used as input.
The quantity of coal (Q) in the input is 100,000 tomns.

At present the main program of the code is used only to set the input

variables.
Table 5D.1
Input Characteristics of Coal
Element Input Quantity (tomns)
Ash 18700, 00
Sulfur 3000.00
Antimony 0.07
Arsenic 2.70
Beryllium 0.50
Cadmium 0.125
Chromium 3.00
Copper 1.18
Iron 2700.00
Lead 1.14
Magnesium 118.00
Manganese 7.40
Mercury 0.017
Nickel 2.00
Selenium 0.02
Silver 0.01
Thallium 0.66
Zinc 1.69
Uranium 0.07
Thorium 0.66
Pyritic sulfur 1870.00
Carbon ' 64100.00
Btu 2.3x1012
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20

PROGRAM CLL (TAPE] ,QUTPUT, TAPE2=0QUTPUT)
DIMENSION COAL (50) i
REAL MRES(50),SLAG(S0),SUL(50),SRC(S0) "
Q=100000

COAL(1)=(8700.

COAL (2)=3000.

COAL(3)=,07

COAL (4)=2,7

COAL(5)=.5

COAL(B)=.125

COAL (7)=3,

COAL(B)=| .18

COAL (9)=2700

COAL(10)=1, 14 \
COAL(11)=]18. \
COAL(12)=7. 4

COAL(13)=,017

COAL (1%)=2,

COAL(15)=.02 -
COAL(161=.01

COALLL17)=.66

COAL (1B)=1.69

COAL(18)=.07

COAL (20)=.66

DO 10 I=21,38

COAL(11=0.

CONT INUE

COAL (38)=1870.

COAL (4+01=64100

COAL(%41)=2.3E12

DO 20 [=42,.50

COAL(1)=0.

CONT INUE ‘

CALL SRCIT(Q,COAL,MRES,SLAG,SUL,.SRC)
STOP

END
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SUBROUTINE SRCI(Q,COAL ,MRES,SLAG,SUL,SRC)
DIMENSION COAL (50) ,MRES(50),SLAG(S01,SUL (50),SRC(501
REAL MRES,MRESC(S0),SLAGC(50),SULC(50),SRCC(50}
C * COEFFICIENTS USED TO DETERMINE ELEMENTAL SPLIT BETWEEN
C * QUTPUT WASTE AND PRODUCT STREAMS READ IN
READ(1,1000) (MRESC(1),SLAGC([),SULC(I),SRCC(I),I=1,50)
1000 FORM: T(FS.5,3F10.5)
C + CALCULATION OF INPUT RA-226,RA-228 & PB-2I0 IF NOT GIVEN
IF(CoAL(21) .EQ. 0.1COAL(21)=3.3BE-7+COAL (3]
IF(COAL(22) .EQ. 0.1COAL(22)=4.01E-10*COAL (20)
[F(COAL.(23) .EQ. 0.)COAL(23)=4.37E-3*COAL(13)
CALCULATION OF TRACE ELEMENT SPLIT BETWEEN OUTPUT STREAMS
DO 10 [=3.24
MRES ([)=MRESC(1)*COAL(I)
SLAG{[)=SLAGC(1)*COAL(I)
SUL (1)=SULC([)*COAL(1)
SRC(1)=SRCC([)*COAL(])
CONT INUE
NON-APPLICABLE ELEMENTS SET TO ZEROC
DO 20 I1=26,50
MRES(1)=0.
SLAG(1)=0.
SUL(1)=0.
SRC(1)=0.
20 CONTINUE
C = CALCULATION OF TOTAL QUANTITY OF EACH OUTPUT STREAM
MRES (25)=.2*Q
SLAG(25)=.083+*Q
SRC(251=.3*Q
SUL (25)=COAL (2) -.007*SRC (25}
CALCULATION OF ASH CONTENT OF EACH OUTPUT STREAM
SRC(1)=.0015*SRC(25)
MRES(1)=.75*(COAL (1)-SRC(1))
SLAG((1=.25*(COAL(1)-SRC(1})
SUL(1)=0.
C * CALCULATION OF SULFUR CONTENT OF EACH OUTPUT STREAM
MRES (2) =.02*SUL (25)
SLAG(2)=.0t*SUL (25)
SUL (2) =.95*SUL (25)
SRC(2)=.007*SRC:25)
C = CALCULATION OF INPUT PYRITIC SULFUR
PSUL=COAL (39) /COAL (2)
C = CALCULATION OF PYRITIC SULFUR CONTENT OF EACH OUTPUT STREAM
MRES (39)=PSUL*MRES(2)
SLAG(39)=PSUL*SLAG(2)
SUL (39) =PSUL *SUL (2)
SRC(39)=PSUL*SRC(2)
CALCULATION OF WATER CONTENT OF GASIFIER SLAG
SLAG(34)= . 4*SLAG(25)
CALCULATION OF CARBON CONTENT OF EACH OUTPUT STREAM
MRES (40) = .28+*MRES (25)
SLAG(40)=.001+SLAG(25)
SRC (4031 =.87*SRC (25)

(g
*

—_
LN ~]

(9]
*

(]
»

L

PRINT OUT OF DATA

O0000

WRITE(2,2000)Q,COAL (1) ,MRES(1) ,SLAG(1),SUL(1),SRC(1),
-COAL (2) ,MRES(2) ,SLAG(2),SUL(2) ,SRC(2),
-COAL (3) ,MRES(3) ,SLAG(3),SUL (3) ,SRC(3),
-COAL (4) ,MRES (4) ,SLAG(4) ,SUL (4) ,SRC (4)
2000 FORMAT (IH1,5X,#INPUT COAL:®*2X,E12.5/1X, *ELEMENT*,T16,*INPUT CQAL*,
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.

-T3liagIN. RESID.*,T46, *GAS. SLAG*,T61,*SULFUR RECOVERY*,T8!,*SRC*/
~1X, (#=n)/

~1X,*ASH*,T16,E12.5,4(3X,El2.5)/
-1X,*SULFUR*,T16,E12.5,4(3X,E12.9)/
~1X,*ANTIMONY*,T16,E12.5,4(3X,E12.5)/

~1X, *ARSENIC*,T16,E12.5,4(3X,E12.5))

WRITE (2,2001)COAL (5) ,MRES(5) ,SLAG(S5),SUL(5),SRC(S),

~COAL (6) ,MRES(6) ,SLAG(6) ,SUL (6) ,SRC(6),

=~CDAL (7) \MRES(7) ,SLAG(7),SUL(7) ,SRC(T7),

-~COAL (8) ,MRES (B) ,SLAG(8) ,SUL (8) ,SRC(8)

2001 FORMAT(1X,+*BERYLL[UM®* T16,E12.5,4(3X,E12.5)/

~1X,*CADMIUM® T16,E12.5,4(3X,E12.5)/
~1X, *CHROMIUM* ,T16,E12.5,4(3X,E12.5)/
~1X,*COPPER*,T16,E12.5,4(3X,E12.5))

WRITE (2,2002)COAL (9) ,MRES(9) ,SLAG(9),SUL(9),SRC(93,
~COAL(10) ,MRES(10) ,SLAG(10},SUL(10),SRC(10],
~COAL{11) ,MRES(11),SLAGt11),SuL(11),8RC(11),
-COAL(12) ,MRES(12) ,SLAG(12),SUL(12),SRC(12)

2002 FORMAT(1X,*[RON®,TI6,E12.5,4(3X,E12.5)/

-~1X,*LEAD*,T16,E12.5,4(3X,E12.5)/

-1X, *MAGNESIUM*,T16.E12.5,4(3X,E12.5)/

~1X, *MANGANESE*,T16,E12.5,4(3X,E12.5))
WRITE(2,2003)COAL (13) ,MRES(13) ,SLAG(13),SUL(13),SRC(13)

-,COAL(14) ,MRES(14) ,SLAG(14) ,SUL (14) ,SRC(14),

-COAL (15) ,MRES(15) ,SLAG(15),8UL(15),SRC(15),

~COAL (16) ,MRES(16) ,SLAG( 16} ,SUL (16} ,SRC(16)

2003 FORMAT(LX,*MERCURY*,T16,E12.5,4(3X.El12.5)/

~1X,*NICKEL*,T16,E12.5,4(3X,E12.5)/
-~1X,*SELENIUM®,T16,E12.5,4(3X,E12.5)/
~1X,*SILVER*,T16,E12.5,4(3X,E12.5))
WRITE(2,2004)COAL (17) ,MRES(17) ,SLAG(17),SUL (17),SRC(17)
-~.COAL(18) ,MRES(18),SLAG(18),SUL(18),SRC(18:,

~COAL (19) ,MRES(19),SLAG(19),SUL (19} ,SRC' {9),

~COAL (20) ,MRES (20) ,SLAG(20) ,SUL (20} ,SRC(20)

2004 FORMAT(1X,.*THALL1UM®,T16,E12.5.4(3X,E12.5)/

~1X,*ZINC*,T16,E12.5,4(3X,E12.5)/
~1X,*URANIUM*,T16,E12.5,4(3X,E12.5}/
~1X,*THORIUM-232¢,T16,E12.5,4(3X,E12.5))
WRITE(2,2005)COAL (21) ,MRES(21) ,SLAG(21),SUL (21),SRC(21)
~,COAL (22} \MRES(22),SLAG(22),SuL (é2) ,SRC(22),

-COAL (23) ,MRES (23} ,SLAG(23),SUL(23),SRC(23),

~COAL (25) ,MRES(25) ,SLAG(25} ,SUL (257 ,SRC(25)

2005 FORMAT(1X,*RADIUM-226+*,T16,E12.5,4(3X,El2.5)/

~1X,*RADIUM-228*,T16,E12.5,4(3X,El2.5)/
~1X,*LEAD-210*,T16,E12.5,4(3X,E12.5)/

~1X,*TOTAL WASTE*,T16,E12.5,4(3X,E12.5))

WRITE (2,2006)COAL (34) ,MRES(34) ,SLAG(34) ,SUL (34} ,SRC (34)
~,COAL (39) ,MRES(39),SLAG(329},SUL (39) ,SRC(39) ,

~COAL (40) ,MRES (40) ,SLAG (40) ,SUL (40} ,SRC(40)

2006 FORMAT(1X,*WATER*,TI6,E12.5,4(3X,E12.5)/

~1X,#PYRITIC SULFUR*,T16,E12.5,4(3X,E12.5}/
~1X,*CARSON* ,T16,E12.5,4(3X,E12.5)//)
RETURN

END
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INPUT COAL: . 10000E+06
ELEMENT INPUT COAL MIN. RESID. GAS. SLAG SULFUR RECOVERY SRC
ASH . 18700E+05 . 13991E+05 .45638E+04 0. .4S000E+02
SULFUR . 30000E+04 .55800E+02 .27900E+02 .26505E+04 .21000E+03
ANT IMONY .70000E-01 .S0960E-01 - 15330E-01 . 14000E~03 .70000E-04
ARSENIC .27000E+01 .22734E+0! .27540E+00 .81000E-02 .81000E-02
BERYLLIUM .50000E+00 .37450E+00 .99000E-0! .50000E-03 . 10000E-02
CADMIUM . 12500E+00 . 10575£+00 . 12625€E-01 . 12500E-03 .25000E-03
CHROMIUM .30000E+01 . 13880E+01 .64200E+00 .21000E-01 .78900E+00
COPPER . 1 1800E+Q] .BB382E+00 .23364E+00 .11800E-02 .23600&-02
IRON .27000E+04 .22B42E +04 .27270E+03 .27000E+01 .S4GUOE+01
LEAD . 1 I400E+01 .96444E+00 1 1S14E+00 . 11400E~02 .22800E-02
MAGNES IUM . 11800E+03 .93574E+02 . 181 T2E+02 .23600E+00 . 11800E+00
MANGANESE .74000E+01 .S40S4E+0] . 15244E+01 .59200€E-01 .37005E-01
MERCURY .17000E-0! .30600E-03 . 13600E-03 . 13770E-02 .51000E-04
NICKEL .20000€+01 .83200E+00 .42800E+00 . 14000E-01 -52600E+00
SELENIUM .20000E-01 .16760E-01 . 18400E-02 .38000E-03 .20000E-04
SILVER . 10000E- 01 .B4600E-02 . 10100E-02 < 10000E-04 .20000E-04
THALL UM .66000E+0] .55836E+00 .66660E-01 .56000E-03 .13200E-02
ZINC . 16S00E+01 . 12354E+01 . 34814E+00 . 13520E-01 .84500E-02
URANTUM .70000E-01 .S5510E-01 .10780E-01 . 14000E-03 .70000E-0%
THOR[UM-232 .56000E+00 .52338E+00 - 10164E+00 . 13200E~02 .66000E-03
RADIUM-226 .23660E-07 .20016E~-07 .23897E-08 .23660E-10 .47320E-10
RADIUM-228 .2B466E-09 .22390E-09 .26731E-10 .2B46BE-12 .52932E~-12
LEAD-210 .30580E-08 .2587SE-09 .30896E-10 .30590E-12 .61180E-12
TOTAL WASTE 0. .20000E+0S .83000E+04 .27900E+04 .30000E+05
WATER 0. 0. . 33200E+04 0. 0.
PYRITIC SULFUR .18700E+04 .34782E+02 . 17381E+02 . 16521E+04 . 13090E+03
.E4100E+05 .56000E+04 .83000E+01 0. .26100E+0S

CARBON
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6 SOLID WASTE MODULE FOR OIL SHALE RETORTING

6.1 Introductisn

As a possible substitute for petroleum, the reserves of o0il shale have
attracted widespread attention. Commercial interest in the extraction and
processing of oil shale has existed for several decades. A viable oil shale
industry has been "about to start” several times this century but each time
economic, technical, political, or legal roadblocks have postponed actual
development. Recently ;he impetus to develop domestic energy sources has
prompted new interest in oil shale activities. This has also led to increased
concern about the environmental impacts which might be associatéd with
large-scale extraction and processing operations. Of particular concern are
the possible impacts of solid waste disposal. About 80% of the mined shale
remains after retorting, giving rise to huge quantities of waste. Further,

the spent shale occupies a much greater volume than the raw material.

6.2 0il Extraction from 0il Shale

The 0il in oil shale is contained in kerogen, a solid, powdery, largely
insoluble organic ;ubstance. The o0il is obtained by heating which breaks the
chemical network holding the heavy kerogen molecules together and "cracks” the
individual large molecules into smaller molecules. This releases a liquid
hydrocarbon mixture, some combustible gases, and a coke-like residue.

The conventional way of recovering the oil is to mine the shale and put
it through the heating process aboveground. A more recent method is to break

up the shale while it is still in the ground and heat it in place (in situ).
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Conventional Recovery, Conventional recovery consists of four basic

steps: mining the shale, crushing it to the proper size for the retort
vessel, retorting the shale to release the oil, and refining the oil to bring
it up to a high-—quality product. The shale is mined either underground or on
the surface by conventional methods. It is then crushed and reduced to the
size required for the particular heating method to be used.

The crushed shale is fed into a closed retorting vessel and heated to
very high temperatures - between 800° and 1000°F - to decompose the kerogen.
The various retorting processes apply heat to the shale in different ways.

The oily vapor produced as the kerogen decomposes during retorting is
condensed to form the raw shale oil., This oil has a high nitrogen content as
well as appreciable quantities of sulfur and oxygen.

At the refinery, raw shale oil is upgraded to remove the nitrogen,
sulfur, and oxygen. This is done by reacting the oil with hydrogen so that it
becomes a synthetic crude oil that is essentially thev same as high grade

conventional crude oil.

In Situ Recovery. In "true"” in situ processing, the in place shale is

fractured using explosives to create void spaces in the shale. The shale is
ignited and a combustible gas pumped in. The hot combustion gases circulate
along the pathways in the fractured shale heating it to retorting
temperature. The vapors produced condense to a liquid in a sump at the base

of the shale area and is pumped to the surface.

In a "modified” version o€ th: in situ recovery, about 30% of the lower
portion of the shale bed is first mined by conventional methods. This portion

is retorted aboveground.
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6.3 Processes Used in the Module

At present, there are no full-scale o0il shale operations. The module,
therefore, will compute the solid waste produced from the two conventional
processes closest to commercialization - TOSCO II and Paraho (direct mode).
In both cases, full-scale plants have been designed and it is on these plans
that the solid waste module is based.

The basic distinction between the processes is the method of heat
transfer. In the Paraho process (Figure 6.1), the heat for retorting is
supplied by combustion of residual carbonaceous material in denuded shale in
the lower portion of the retorting vessel, The hot combustion gases flow
upwards through the shale liberating shale oil vapors at a temperature of
approximately 900°F from the fresh shale entering the upper section of the
vessel. In the proposed commercial Paraho process, the raw shale oil is
condensed and stornd without any further on-site processing. In the TO0SCO II
Process (Figure 6.2), preheated shale is fed to a horizontal rotating retort
(pyrolysis drum) where a charge of hot ceramic balls contacts the raw shale,
raising its temperature to 900°F. The organic matter in the shale is
converted to shale oil vapor which is withdrawn from the retorting vessel. 1In
the proposed commerqial TOSCO 1II process the raw shale oil is upgraded
onsite.

A true in situ process produces no waste requiring disposal. The
modified in situ plant has 20 to 30%Z of the shale mined by -conventional
methods. This can be retorted using conventional methods. Therefore, for the
modified in situ plant the model can be run using an input quantity of raw

shale which reflects the initial 20 to 30%.
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6.4 Solid Waste Produéed by 0il Shale Recovery

The major quantities of solid waste are from the crushing and retorting
operations.

In the TOSCO 1II process there is no minimum size for the shale particles
entering the retort and so the only waste .comes from the collection of
fugitive particulate matter. For the Paraho process, the minimum particle
size is 3/8-in.} The <3/8-in. fines can either be disposed of as waste or
briquetted and sent to the retorts.

In both cases the composition of the waste is, of course, essentially the
same as that of the raw shale.

By far the largest quantity of waste comes from the spent shale. In the
module this also includes particulate matter which is collected during the
retorting process.

The character of the waste depends on the retorting process used. Spent
shale from the TOSCO II process contains about 5% residual carbonaceous
material, whereas in the Paraho process the spent shale is partially "burned”
after pyrolysis of oil shale kerogen and contains only 2% organic carbon. The
composition of Paraho spent shale is similar to Portland cement. It also has
some cement-like properties which help to create stable disposal piles. The
TOSCO 11 waste consists of very finme crystalline particles. There are no
cement-like properties, and this could lead to problems with pile stability
and leaching.

Table 6.1 lists the other wastes produced by oil shale processing. Only
the quantity of recovered arsenic will be given in the module. The
bio-oxidation sludge 1s as dependent on the water composition as on the

process and can vary greatly, making it impossible to model in this type of
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Table 6.1
Solid Waste Other than Spent Shale

Waste Description Source Process Disposition
Bio-oxidation sludge Process condensate  Paraho Spent shale
Domestic waste TOSCO 11 Spent shale
Sulfur Sulfur recovery Paraho Sell as by=-product
TOSCO II Sell as by-product
API separator sludge Oil/water separator Paraho Raturn to retort
TOSCO 11 Raturn to retort
Shale oil coke Refinery TOSCO II Sell as by-product
Spent catalysts Refinery TOSCO 11 Ship to manufacturer
for recovery
Arsenic Refinery TOSCO II Ship to hazardous
waste disposal
off-site

module. The o0il coke and sulfur are to be sold and therefore do not
constitute a waste product. The present plans also assume that the catalysts
will be shipped to the manufacturer for recovery. Even if they were to be
disposed of om site; the intermittent nature of their disposal makes 1t

impossible to model in this module.

6.5 0il éhale Module Description

The module assumes constant removal rates for each of the input trace
elements for each of the streams quantified. That is, a constant fraction of
the total input elements will be retained in the spent shale, etc. (these
constants will necessarily be different for each element and for each stream).

The input to the module is the quantity of raw oil shale and its
composition in terms of sulfur, carbon, and trace elements and an integer
value (1 to 4) to indicate which retorting process is to be employed (Paraho,

TOSCO II, or modified in situ using either Paraho or TOSCO II).
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Figure 6.3 gives an overall view of the module. For both processes the
sequence is the same but the coefficients vary. The module first computes the
amount of shale which is lost during crushing operations and appears as solid
waste. The 12mainder of the shale goes to retorting. Here the total
quantities of solid waste and product oil are calculated. The amounts of the
trace elements in the spent shale and o0il are computed. There are also gas
and condensate water streams in the retorting process, but since the module is
concerned with solid waste these are not included. To simply give the
approximate quantity of the elements in the initial gas stream would not be
very meaningful, since the gas undergoes a number of cleaning steps, and a
fraction is recycled to provide heat for the retorting process. Therefore,
the final composition of the gas vented to the atmosphere would be very
different. For the TOSCO II process the amount of recovered arsenic is also
given.

The module is called by the main program with the following érguments:

Total input quantity of oil shale

Input vector of oil shale characteristics

Output vector of raw shale waste composition

Output vector of spent shale composition

Output vector of crude oil composition

Output vector of recovered arsenic

Type of process to be employed. Integer number: 1 - Paraho;

2 - TOSCO II; 3 - modified in situ using Paraho; and 4 - modified
in situ using TOSCO II.

Grade of oil shale (gal/ton)
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The input and output vectors each contains 50 elements (Table 6.2).
Since these vectors are constructed to be conformable to any of the solid
waste modules which have been produced, there are presently some empty
elements (48 to 50, not shown) and some elements which are not applicable to
this module and as such are disregarded (set to Q) in the output vectors and
omitted in the output printout.

Tables 6.3 and 6.4 give the equations for the total quantities of waste
and product oil and their major components, for the TOSCO II and Paraho
processes respectively. The cgefficient for the total quantity of spent shale
is used to calculate the dry weight. The output vector elements give the
disposal weight, i.e., dry weight plus water,

Table 6.5 gives the coefficients which determine the amount of each trace
element in the spent shale and oil. In addition, for trace elements in the
raw shale waste stream the coefficients are the same as for the total waste,
i.e., 0,007 for TOSCO II and 0.05 for Paraho. The reduced amounts are then
used as input to the retorting process.

Because there are few good data available on the fate of the trace
elements during retorting, many of the figures are very rough estimates. They
will need to be revised when better data become available.

It should also be noted that in a number of cases less than a 100% of an
element is accounted for. This is because the remainder is found in the gas
and water condensate streams which are not considered in the module.

The appendices give more information on the source of the coefficients

and details of the computer code.
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Table 6.2

Elements
Number Type Number Type
1 Ash 24 Hydrocarbons
2 Sulfur (S) 25 Total solid waste
3 Antimony (Sb) 26 Unreacted limestone
4 Arsenic (As) 27 Calcium sulfite
5 Beryllium (Be) 28 Calcium sulfate
6 Cadmium (Cd) 29 Soda ash
7 Chromium (Cr) 30 Magnesium sulfite
8 Copper (Cun) 31 Magnesium oxide
9 Iron (Fe) 32 Sodium bisulfite
10 Lead (Pb) 33 Sodium sulfite
11 Magnesium (Mg) 34 Water
12 Manganese (Mn) 35 Sulfur dioxide
13 Mercury (Hg) 36 Nitrous oxides
14 Nickel (Ni) 37 Carbon monoxide
15 Selenium (Se) 38 Methane
16 Silver (Ag) 39 Pyritic sulfur
17 Thallium (T1) 40 Carbon
18 Zinc (Zn) 41 Btu
19 Uranium—-238 (U) 42 Carbon dioxide
20 Thorium-232 (Th) 43 Sodium bicarbonate
21 Radium-226 (Ra) - 44 Sodium carbonate
22 Radium~-228 (Ra) 45 Sodium sulfate
23 Lead-210 (Pb) 46 Calcium carbonate
47 Calcium oxide
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Table 6.3
Coefficlents for Total Output and Major Components for TOSCO IL

Components Raw Shale Waste Spent Shale oil Arsenic Waste
Total quantity (dry) 0.007 Ing 0.81 Ryg 0.004 Rygx0G 0.0075 Rgx 5.0
Sulfur 0.007 Ig 0.79 Rg 0.08 Rg

Carbon 0.007 I, 0.2 Re 0.7 Re

Water 0.14 Ogg

Arsenic 0.0075 Ry

I, = Total input amount of substance x.

Oy = Total output amount of substance x.

R, = Total amount of substance x into the retort (Ix - 0.007 Iy).
os = 0i1 shale.

s = Sulfur,

¢ = Carbon.

ss = Spent shale,

0G = Grade of oil shale (gal/ton raw oil shale).

a = Arsenic.
Table 6.4

Coefficients for Total Output and Major Components for Paraho
Components Raw Shale Waste Spent Shale oil
Total quantity (dry) 0.05 Lyg 0.8 Ryg 0.004 Byg x 0.92 0G
Sulfur 0.05 Ig 0.79 Rg 0.08 Rg
Carbon 0.05 L, 0.08 R, 0.7 R,
Water 0.05 Ogg

Iy = Total input amount of substance x.

0, = Total output amount of substance.

Ry = Total amount of substance x into retort (Iy - 0.05 Ix).
os = (0il shale.

s = Sulfur.

¢ = Carbon.

ss = Spent Shale.

0G = Grade of 0il shale (gal/ton raw oil shale).
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Table 6.5
Fractional Split of Trace Elements between Spent Shale and 0il

Element Spent Shale 0il
Antimony 99.9 0.1
Arsenic 85.0 5.0
Beryllium 100.0 0.0
Cadmiva 100.0 0.0
Chromium 99.8 0.2
Copper 99.9 0.1
Iron 99.9 0.1
Lead 99.9 0.1
Magnesium 99.9 0.1
Manganese 99.9 0.1
Mercury (Paraho) 4.8 5.2
Mercury (TOSCO II) l.4 6.7
Nickel 99.1 0.9
Selenium 89.9 0.1
Silver 99.9 0.1
Thallium : 99.9 0.1
Zinc 99.6 0.4
Uranium 99.9 0.1
Thorium 99.9 0.1
Radium 99.9 0.1
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APPENDIX 6A
CALCULATION OF MAJOR COMPONENTS OF OUTPUT STREAMS

6A.1 Raw Shale and Spent Shale Waste

The figures are based on the actual quantities of waste that are expected
from a commercial size plant as given in the present plant designslsz.

The waste from crushing is greater for the Paraho process because some
fines are included.

For both processes the spent shale from retorting includes particulate
matter collected from the retorting process and from the wetting of the spent

shale prior to disposal.

6A.2 Water
In both cases, the spent shale is moistened prior to disposal. Since the
waste from the two processes has differing characteristics, different amounts

of water are required. Again the quantities are based on plant designsl.

6A.3 Crude 0il Production

In order to be compatible with the rest of the output elements, the
quantity of oil product is given in tonms.

The grade of oil shale in terms of gallons of oil per ton of shale is
given as an input. It is determined with a Fisher Assay, which uses a bench
retorting system to determine the quantity of oil in a sample of shale. The
TOSCO I1 process should recover 100%Z of the Fisher Assay; however, in the
Paraho process the expected yield is only 92%. The oil production is

converted from gallons to tons using a density of 7.7 lb/gal3=4.
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6A.4 Sulfur

The distribution of sulfur comes from a Fisher Assay3. The distribution
may be different in commercial plants. Using this distribution does give

reasonable agreement with some figures given in References 1 and 2.

6A.5 Carbon

The module only considers the fate of the organic carbon. The only
complete data available are for the total kerogen. It is therefore assumed
that the carbon has the same distribution. The split again comes from a
Fisher Assay,3 which gives a large organic residue remaining in the shale
after pyrolysis. In commercial operations, depending on the process, this
residue may be partially burned after pyrolysis, e.g., the Paraho process. In
the TOSCO 1I process the organic residue is not burned; it was therefore
decided to use the split given by the Fisher Assay. This does give reasonable
results for the amount of carbon left in the spent shale for the TOSCO II
processz. In the Paraho process the residue is partially burned and the spent
shale contains only 2% carbon as opposed to 5% for the TOSCO II processz. It
was assun;ed that the same amount of carbon appeared in the oil as for TOSCO
II, but the amount in the spent shale was reduced. The remainder is assumed

to be in the gas as combustion products.

6A.6 Recovered Arsenic

In the TOSCO 1II ©process arsenic 1is recovered during wupgrading
procedures. The amount is from the plant design and it is assumed that

arsenic constitutes 20% of the total wastel.
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APPENDIX 6B
TRACE METAL COMPOSITION OF OUTPUT STREAMS

Very few data are available én the trace metals in oil shale and their
fate during retorting. 1In many cases the coefficients are little more than
conjectures.

The only reported results on the mass balance of elements around a retort

are for the following elements?:

As Cu Se
Be Pb Zn
Cd Mn
Cr Ni

These results were based on a Fisher Assay and concentrations were
measured only in the oil, spent shale, and condensate water. No measurements
were made of the gaseous phase., In most cases this does not appear to matter;
except for As and Se, mass balances close to unity were achieved and it would
appear that virtually all elements remain with the spent shale. This is also
the conclusion given in Referemce 1. From Reference 1 it is assumed that 10%
of the As aﬁd Se appear in the gas. This is in agreement with the unrecovered
portion shown in Reference 5. The mass balances given in Reference 5 were
therefore recalculated assuming tﬁat 10% of these elements escaped with the
gas.

The route of Hg in a commercial plant is highly speculative. Although it
is assumed that virtually all of the Hg initially appears in the gas, it may
later condense and appear in the spent shale, oil, recovered sulfur, and speat

catalystsl. The amount of Hg in the spent shale and gas could vary by 90%.1
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At present, in the module it is assumed that the majority of the Hg 1s in the

gas. However, if evidence becomes available that more Hg is found elsewhere

the figures will have to be revised.

There are no data for the remaining elements.

Sb Tl
Fe U
Mg Th
Ag Ra

Since these elements are not very volatile, it is assumed that they

remain with the spent shale.
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APPENDIX 6C
DESCRIPTION OF COMPUTER MODULE

The o0il shale solid waste module consists of one subroutine and a data

file containing the fraction of the input components that are removed to the

solid waste.

The module is set in motion by a call to SHALE:

CALL SHALE (QS, OILSH, RAWSH, SPENTS, OIL, ARSNC, OGRADE, IMETH),

where
Qs
OILSH
RAWSH
SPENTS
0IL
ARSNC
OGRADE

IMETH

total mass of input shale

input oil shale characteristic vector
raw shale output characteristic vector
spent shale output characteristic vector
0il output charac;eristic vector

arsenic output characteristic vector
input grade of oil shale (gal/ton)

process type:

1 = Paraho
2 = TOSCO II
3 = modified in situ + Paraho

4 = modified in situ + TOSCO II

The subroutine calculates the solid waste characteristics of each waste

stream and prints them out (see Appendix 6D for sample output). The data file

contains the coefficients of all elements that are removed at a constant rate

for both processes and can be calculated by a simple multiplication. All

elements in the input vector that are empty, are not applicable to this

module, are calculated differently for the two processes, or are calculated
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other than by a single multiplication (e.g., water and total solid wastes)
have corresponding coefficients of zero.

All calculations (including dummy calculations for empty and
nonapplicable elements) are done through DO loops in the module. The water,
sulfur, carbon, arsenic, and mercury elements are calculated separately for
each process.

The module prints out the input oil shale, output oil and waste vectors
(applicable elements only). If this printout is not desired at some future
time, the printout section can simply be removed with no effect on the solid
waste calculations, All vectors are returned to the calling program intact,
including the input oil shale characteristics.

The data file is presently read in as "TAPEL".
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APPENDIX 6D

COMPUTER CODE AND SAMPLE OUTPUT

This section sets out the computer code used for the oil shale module and

the data file of coefficients, with a sample input and the resulting output.

Table 6D.1 gives the oll shale -haracteristics used as input.

variables used were as follows:

Quantity of oil shale (QS) = 100,000 tons

Grade of oil shale (OGRADE) = 35 gal/ton

Process (IMETH) = 2 (TOSCO II)

The other input

At present the main program of the code 1s used only to set the input

variables.
Table 6D.1
Input Characteristics of 0il Shale
Element Input Quantity (tons)
Sulfur 700.00
Antimony 0.15
Arsenic 4.00
Beryllium 0.10
" Cadmium 0.10
Chromium 3.50
Copper 4,00
Iron 4720,00
Lead 2.50
Magnesium 1550.00
Manganese 25.00
Mercury 0.02
Nickel 2.50
Selenium 0.15
Silver 0.01
Thallium 0.01
Zine 7.00
Uranium 0.37
Thorium 1.20
Pyritic sulfur 400.00
Carbon 10465.00
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PROGRAM CLL (TAPE! ,QUTPUT, TAPER=0UTRUT)
DIMENSION OILSH(50)
REAL RAWSH(501},SPENTS(50),01IL (501 ,ARSNC (50)
QS=100000
OILSH(1)=0.
OILSH(2)=700.
OILSH(3)=.15
OILSH(W)I=4.0
OILSH(S)=.1
OILSH{B)=.1
OILSH(71=3.5
OILSH{BI=4.0
OILSH{S)=4720
OILSH(10)=2.5
OILSH(11)=1550
OILSH(12)=25.
OILSH(13)=.02
OliSH(IW)=2.5
OILSH(15)=.15
OILSH(1B8)=.01
OILSH(IT)=.01
OILSH(1B)=7.0
OILSH(181)=.37
OILSH(20)=1.2
D0 10 [=21,38
OILSH(T1=0.
CONTINUE
OILSH(33)=400.
OILSH(40) =t 04B5
OILSH(41)=0.
Do 20 I=42,50
OILSH({I=0.
CONT INUE
OGRADE=29.
IMETH=1

CALL SHALE (QS,0ILSH,RAWSH,SPENTS,0IL ,ARSNC,0GRADE, IMETH)

STOP
END
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SUBROUTINE SHALE (QS,0ILSH,RAWSH,SPENTS,0IL,ARSNC,OGRADE , IMETH)
DIMENSION QILSH(50) ,RAWSH(50) ,SPENTS(50) ,01L(50) ,ARSNC (501
REAL RAWSH,RAWSHC (50) ,SPENTSC(50) ,0ILC(50) ,ARSNCC(50)

COEFF ICENTS USED TO DETERMINE ELEMENTAL SPLIT BETWEEN

PRODUCT AND WASTE STREAMS READ IN

READ(1, 10003 (RAWSHC (1) ,SPENTSC(1),0ILCt{]) ,ARSNCC(]),1=1,5D)

1000 FORMAT(F9.5,3F10.5)

c

(e Xe]

(9]

oo

-

»

10

.=

»

»

»

101

CALCULATION OF INPUT RA-226,RA-228 8 PB-2!10 [F NOT GIVEN
IF(OILSH(21) .EQ. 0.)0ILSH(21)=3.38E-7*CILSH(13)
IF(OILSH(22) .EQ. 0.)0ILSH{22)=4%,01E-10*0ILSH(2D)
IF(OILSi(23) .EQ. G.)0ILSH{23)=4.37E-9*0ILSH(19)

DO 10 1=1,50

TOSCOIT PRUCESS .7X% CRUSHING LOSS AS SOLID WASTE
PARAHO PROCESE 5X CRUSHING LOSS AS SOLID WASTE
IFOIMETH .EQ. @ .OR. IMETH .EQ. 4)RAWSHC(I)=.,007
[F(IMETH .EQ. | .OR. IMETH .EQ. 3)RAWSHC!(!)=,085
CALCULATION OF ELEMENTAL SPLIT BETWEEN OQUTPUT STREAMS
RAWSH( [ }=RAWSHC (1) *OILSH( 1)

SPENTS ([)=SPENTSC([)* (OILSH(I)-RAWSH(I))
OIL(I)=0ILC (1) * (OILSH(I)-RAWSH(I1))

ARSNC (13=ARSNCC (1) *(OILSH(I}1-RAWSH(1))

CONT INUE

IFCIMETH .EQ. | .OR. IMETH .EQ. 3)G0O TO 101
FOLLOWING CALCULATIONS FOR TOSCOII PROCESS
CALCULATION OF TOTAL QUANTITY OF OQUTPUT STREAMS
RAWSH(25) =, 007+QS ’

SPENTS (25) =.B1* (QS-RAWSH(25))

OIL (25) =, 004 *OGRADE * (QS-RAWSH(25))

ARSNC (25)=5.*.0075* (OILSH(4)-RAWSH(4) )

CALCULATION OF SULFUR IN SPENT SHALE AND OIL
SPENTS(2)=.79% (OILSH(2)-RAWSH(2} }

OIL(2)=.08* (OILSH(2)-RAWSH(2))

CALCULATION OF PYRITIC SULFUR IN SPENT SHALE AND OIL
SPENTS(32)=,79* (QILSH(39)-RAWSH(39))

OIL (39)=.08*(QILSH(33) -RAWSH(39))

CALCULATION OF CARBON IN SPENT SHALE AND OIL

SPENTS (40)=.2* (QILSH{40) -RAWSH(401)

OIL (40)=.7+*(DILSH(%0) -RAWSH(40))

CALCULATION OF ARSENIC IN ARSENIC WASTE

ARSNC (41=.0075* (OILSH (4) -RAWSH (%))

CALCULATION OF MERCURY [N SPENT SHALE AND OIL
SPENTS(13)=.014# (QILSH(13)-RAWSH(13))
OIL(13)=.067*(OJLSH(]13}-RAWSH(13))

CALCULATION OF WATER CONTENT AND TOTAL QUANTITY OF SPENT SHALE
SPENTS(34)=. I4*SPENTS(25)

SPENTS (251 =GPENTS (25] +SPENTS (34

GO TO 12

FOLLOWING CALCULATIONS FOR PARAHO PROCESS
CALCULATION OF TOTAL QUANTITY OF OUTPUT STREAMS
RAWSH(25)=.05*QS

SPENTS (25)=.8* (QS-RAWSH(25) )
OIL(25)=.004*.92*0GRADE* (QS-RAWSH (25) )

CALCULATION OF SULFUR & PYRITIC SULFUR CONTENT OF SPENT
SHALE AND OIL

SPENTS (2)=.79* (OILSH(2) ~-RAWSH(2))

SPENTS (39)=.79* (OILSH(39)-RAWSH(39))
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OIL(2)=.08*(OILSH(2)-RAWSH{(21})
OIL(38)=.08*(OILSH(39)-RAWSH(39) )

CALCULATION OF CARBON CONTENT OF SPENT SHALE AND OIL
SPENTS (403 =,08+* (OILSH(40) -RAWSH(40} )

OIL (402 =.7*(OILSH{40) -RAWSH (401 )

CALCULATION OF WATER CONTENT AND TOTAL AMOUNT OF SPENT SHALE
SPENTS (34)=.05*SPENTS (25)

SPENTS (25) =SPENTS (25) +SPENTS (34)

CALCULATION OF MERCURY CONTENT OF SPENT SHALE AND OIL
SPENTS (13)=.048* (QILSH( 13} -RAWSH(13))

OIL(13)=.052* (OILSH(13)-RAWSH(13))

PRINT OQUT OF DATA

12 WRITE(2,2000)QS,QILSH{1} ,RAWSH(1) ,SPENTS(1),0IL(1),ARSNC(1),

-0ILSH(2) ,RAWSH(2) ,SPENTS(2) ,0IL (2) ;ARSNC(2),
-0ILSH(3) ,RAWSH(3) ,SPENTS(3) ,0IL (3) ,ARSNC(3),
~QILSH (4 ), RAWSH(4) , SPENTS (4) ,0IL (4) ,ARSNC(4)

2000 FORMAT (1H1,5X,*INPUT OILSH:*2X,E12.5/1X,*ELEMENT*,T16,

-*[NPUT OILSHALE~*,

=T31,*RAW SHALE®*,T4E, *SPENT SHALE*,T61,*01L*,T81,*ARSENIC*,/
=1X,105(¢=*)/

-{X,®ASH*,TI16,E12.5,4(3X,E12.5)/
-1X,*SULFUR*,T16,E12.5,4(3X,E12.5)/
~1X,*ANTIMONY*,T16,E12.5,4(3X,E12.5)/
-1X,*ARSENIC*,T16,E12.5,4(3X,E12.5))
WRITE(2,2001)0ILSH(5) ,RAWSH(5) ,SPENTS(5) ,01IL (5) ,ARSNC(5),
~0ILSH(8) ,RAWSH(B) ,SPENTS(6) ,QIL (6} ,ARSNC (6),

=QILSHU(7) ,RAWSH(7) ,SPENTS(7) ,0IL (7} ,ARSNC(T),

~0JLSH(8) ,RAWSH(8) ,SPENTS(8) ,0IL (8) ,ARSNC (8)

2001 FORMAT(1X,*BERYLLIUM*,T16,E12.5,4(3X,E12.5)/

-1X,*CADMIUM® ,T16,E12.5,4(3X,E12.5)/
=1X, *CHROMIUM* ,T16.E£12.5,4(3X,E12.5)/
-1X,*COPPER*,T16,E12.5,4(3X,E12.5))

WRITE(2,2002) OILSH(9) ,RAWSH(9) ,SPENTS(9) ,0IL(9) ,ARSNC (D),
~OILSH(10) ,RAWSH(1Q},SPENTS(10),01L(10) ,ARSNC(10),
~OILSH(11) ,RAWSH(11) ,SPENTS(11),0IL(11),ARSNC(11),
~OILSH(12) ,RAWSH(12) ,SPENTS(12),01L(12),ARSNC(12)

2002 FORMAT(1X,*IRON*,TI16,E12.5,4(3X,E12.5}/

-1X,*LEAD*,T16,E12.5,4(3X,E12.5)/
-1X,*MAGNESIUM* ,T16,E12.5,4(3X,E12.5)/
-1X, *MANGANESE*,T16,E12.5,4(3X,E12.5))

HRITE(E 2003)0[LSH(!3) RANSH(I3) SPENTS(13),0IL(13) ,ARSNC(13)
~,0ILSH(14) ,RAWSH(14), SPENTS(IH) OIL(IR) ARSNC(IR)
-OILSHIISJ.RAHSH(lSJ.SPENTS(lS).OlL(lS),ARSNC(lS).
-OILSH(1B6) ,RAWSH( 16) ,SPENTS(16) ,0IL (18) ,ARSNC (16)

2003 FORMAT(1X,*MERCURY* ,T16,E12.5,4(3X,E12.5)/

-1X,*NICKEL*,TI6,E12.5,4(3X,E12.5)/

-1X,*SELENIUM® ,T16,E12.5,4(3X,E12.5)/
-1X,*SILVER*,.T16,E12.5,4(3X,E12.5))

WRITE (2,2004)01LSH(17) ,RAWSH(17) ,SPENTS(17) ,0IL(17) ,ARSNC(17)
-,0ILSH(18) ,RAWSH(18) ,SPENTS(18) ,0IL(18) ,ARSNC(18),

~QILSH(19) ,RAWSH(19),SPENTS(19) ,0IL (197 ,ARSNC(19),

~0ILSH(20) ,RAWSH(20) ,SPENTS(20) ,0IL (20) ,ARSNC (20)
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2004 FORMAT(1X,*THALLIUM* T16,£12.5,4(3X,E(2.5)/
~1X,*ZINC*,T16,E12.5,4(3X,E12.5)/
=1X, *URANIUM#*,T16,E12.5,4(3X,E12.5)/
-1X,*THOR[UM-232*,T16,E12.5,4(3X,E12.5))

WRITE(2,2005)0[LSH(21) ,RAWSH (21} ,SPENTS(21),0[L(21),ARSNC(21)
-,0ILSH(22) ,RAWSH(22) ,SPENTS (22) ,0IL (22) ,ARSNC (22) ,

-0ILSH(23) ,RAWSH(23) ,SPENTS(23) ,0IL (23) ,ARSNC(23) ,

-01LSH(25) ,RAWSH(25) ,SPENTS(25) ,0IL (25),ARSNC(25)

2005 FORMAT(1X,*RADIUM-226%,T16,E!2.5,4(3X,E12.5)/
-1X,*RAOIUM-228*,T16,E12.5,4(3X,E12.5)/
-1X,*LEAD-210*,T16.E12.5,4(3X,E12.5)/

-1X,*TOTAL WASTE*.T16.E12.5,4(3X,E12.5))
WRITE(2,200610ILSH(34) ,RAWSH(34) ,SPENTS(34) ,01L (34) ,ARSNC (34)
-,OILSH(33) ,RAWSH(39) ,SPENTS(39) ,01L (39) ,ARSNC(39) ,

~OfLSH(40} ,RANSH(40) ,SPENTS (40) ,01L (40}, ARSNC (40)

2006 FORMAT(1X,*WATER*,T16,E12.5,4(3X,E12.5)/

-1X,*PYRITIC SULFUR*,T16,E12.5,4(3X,E12.5}/
-1X,*CARBON®*,T16,E12.5,4(3X,E12.5)/7]
END
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INPUT OILSH: . 10000E+06
ELEMENT INPUT OILSHALE RAW SHALE SPENT SHALE olIL ARSENIC
ASH 0. 0. 0. 0. 0.
SULFUR .70000E+03 .35000E+02 .528535E+03 .53200E+02 0.
ANTIMONY . 15000E+00 .75000E-02 - 14236E+00 . 14250E-03 0.
ARSENIC .40000E+01 .20000E+00 .32300E+01 . 19000E+00 0.
BERYLL IUM . |00D0E+00 .50000E-02 .85000E-01 0. 0.
CADMIUM .10000E+00 .50000E-02. .95000E-0! 0. 0.
CHROMIUM .35000E+01 . 17500E+00 .33184E+01 .66500E-02 0.
COPPER .40000E+0! .20000E+00 .37962E+01 .38000E-02 0.
[RON 47200E+04 .23600E+03 44 795E+04 .44840E+0! Q.
LEAD .25000E+01 . 12500E+00 .23726E+0! .23750E-02 0.
MAGNES [UM . 15500E+04 .77500E+02 - 14710E+04 . 14725E+01 0.
MANGANESE .25000E+02 . 12500E+01 .23726E+02 .23750E~01 Q.
MERCURY .20000E-01 . 10000E-02 .91200E-03 .98800E-03 0.
NICKEL .25000E+01 . 12500E+00 .23536E+01 .21375E-01 0.
SELENIUM . 15000E+00 .75000E-02 . 1281 1E+00 . 14250E-03 0.
SILVER .10000E-01 .50000E-03 .94905E-02 .95000E-05 0.
THALL IUM .10000E-01 .50000E-03 .G4905E-02 .S5000E-05 0.
ZINC .70000E+01 .35000E+00 .66234E+01 .26600E-01 0.
URANTUM .37000E+00 . 18500E-01 .35115E+00 .35150E-03 Q.
THORIUM-232 . 12000E+01 .60000E-01 .11389E+01 . 11400E-02 0.
RADIUM-226 . 12506E-06 .62530E-08 . 11869E-06 .11881E-09 0.
RAD[UM-228 .48120E-09 .24060E~10 .45668E-09 .45714E-12 0.
LEAD-210 .16169E-08 .B0845E-10 . 15345E-08 .153B1E-11 0.
TOTAL WASTE 0. .50000E+04 .79800E+05 .10138E+05 0.
WATER 0. 0. . 3B000E+04 0. 0.
PYRITIC SULFUR .4000CE+03 .20000E+02 .30020E+03 .30400E+02 0.
. 10465E+05 .52325e+03 . 79534E+03 .6Q592E +04 0.

CARBON
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7 RADIONUCLIDES

7.1 Radionuclides Included in the Solid Waste Modules
Radionuclides are important constituents of coal and oil shale and it was
decided that a number should be included in the solid waste modules. The

reasons for including the following radionuclides are given below.

Radionuclides Produced by Cosmic Rays. The longest-lived radionuclide,

Belo, has a half-life of only 2.5x106 years,l and can thus be ignored. clé is

discussed separately below.

Carbon-14, Cl% is a radionuclide produced in the upper atmosphere by

cosmic rays (and also in nuclear power plants). When plants die, their clé is

in equilibrium with that in air. However, since its half-life is 5730 years,

there is very little left in coal.

Primordial radionuclides. The most important of these radionuclides,

potassium-40, has a half-life of 1.26x109 years and 1is a significant
contributor to natural radiological dose.! Rubidium-87 1is also worth
consideration. However, because of the very long half-life of primordial
radionuclides and the fact that their concentration in coal is no greater than
in the earth's crust, there is no reason to treat them separately from the
element as a whole in the data base and transport equations. They can be

broken out at any time using the known amount per mass of the total element.

Radioactive isotopes of potassium and rubidium always occur as a constant -

fraction of the total element; there 1s no relative body buildup of the

radioactive isotopes and hence no changes in health effects.
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Since potassium and rubidium are not being considered as trace elements,
it was decided there was no reason to include theilr radioactive isotopes.

Naturally Occurring Decay Chains. There are three naturally occurring
decay chains: . (1) uranium series headed by U238, (2) actinium series headed
by 0235, and (3)>thoriun geries headed by Th232,  The main sequences of

nuclides for each of these are given in Tables 7.1 to 7.3.

Table 7.1
Uranium Series
Main Decay Chain
{(Minor Side Chains Excluded)

Branching

Nuclide Half-LIfe Decay Mode Ratio, %
p238 - 4.5x10% y a 100
Th234 24,10 d 8~ 100
Pa234 ] 1.175 w 8= 100
y234 2.5x10% y @ 100
Th230 8.0x10%4 y a 100
Ra226 1.6x103 y a 100
Rn222 3.82 d a 100
Po2l8 3.05 m a 99+
Pb2l4 26.8 n 8 - 100
B12l4 19.7 n B - 99+
Po2lé4 164.0 us a 100
Pp210 22.3 y g - 99+
B1210 5.00 d B - 99+
Po2l0 138.38 4 a 100
PbH206 stable

Source: Reference 2.
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Table 7.2
Actinium Series
Main Decay Chain
(Minor Side Chains Excluded)

Branching
Nuclide Half-LIfe Decay Mode Ratio, %
7235 7.0x108 y a 100
Th231 25.52 h g = 100
pa23l 3.3x10% y a 100
Ac227 21.773 ¥y B = 98.6
Th227 18.718 d a 100
Ra223 11.435 4 a 100
Rn219 3.96 s a 100
Po2l5 1.78 ms a 99+
pb2ll 36.1 n B~ 100
Bi2ll 2.15 o a 99.7
14207 477 m g~ 100
pb207 stable
Source: Reference 2.
Table 7.3
- Thorium Series
Main Decay Chain
(Minor Side Chains Excluded)
Branching

Nuclide Half-LIife Decay Mode Ratio, %

Th232 . 1.41x1010 y a 100

Ra228 5.76 y B~ 100

Ac228 6.13 h 8 ~ 100

Th228 1.91 y @ 100

Ra224 3.66 d a 100

Rn220 55.6 8 o 100

Po2l6 0.15 8 o 100

pb2l2 10.64 h B~ 100

B1212 60.60 n g8 = (1) 64

o 2 36

(1)po2l2 0.3 s a ) 100
(2)T1208 3.053 n 8 ~ 100

pb208 stable

Source: Reference 2.
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If the series is in secular equilibrium, the activities (divided by
branching fraction to that daughter) of all daughters are the same. Thus,
given the amount of any one nuclide, the amounts of the others can be

calculated knowing the half-life and atomic weight:

m(2) = m(1) .T_(..z.)_.&?-
T(1) A(L)
where
m = mass

A = atomic weight

T = half-life
In this case of the three decay chains, specifying the U (nmatural) and Th
contents would be sufficient information. (Natural uranium is 99.3% U238 and
0.7% U235). These are exactly the data given in the USGS coal data base.

Unfortunately, there are forces acting towards disequilibrium as the coal

lies in its bed, during combustion, and in solid waste piles. For example,
radium may be preferentially leached from waste piles. Thus, in theory, ome
must consider individually three dozen odd major nuclides and many wminor
ones. However, in practice, one may consider only those daughters with long
half-lives without compromising the accuracy of an assessment significantly.

A list of these radionuclides is given below.

U Uranium pb210 Lead

Th Thorium | Rn222 Radon

Ra228 Radium pa23l Protactinium
Ra226 Ac227 Actinium
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While release of radon may be important when the disposal of the waste is
considered, 1its release rate from waste piles can be calculated from the
amount of radium.

Inclusion of prot;ctinium and actinium are a refinement of U235 decay
chain effects which constitutes only 1X of the total uranium. Since data are

not readily available for these elements, they will not be considered.

7.2 Mass Calculations of Radium and Lead-210
The mass of radium-226 and lead-210 in the input coal, o0il shale and
limestone can be calculated from the uranium-238 and that of radium-238 from

the thocium~-232, using the following equations and assumptiomns.

7.2.1 When Assuming Secular Equilibrium
The relevant principle here is that the branching ratio-weighted activity
of any nuclide in a chain is equal to any other. Then, since the activity is

proportional to M/AT,

Mb -Ma ER-b-ﬁb-t_rh
BRy Aq Ta

where

M = mass

BR = branching ratio to the nuclide

A = atomic weight

3
]

half-life
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7.2.2 When Relative Activities Available

Mp = r(b/a) Mg 22 Tb |

Ta
where

L]

r(b/a) 1s the ratio of activity "d" to activit§ a”.

7.2.3 Special Case: BR, = 1

Since all of the decays flow through Ra225, P521°, and Ra228 in their

decay chains, BR=l. Thus we can use the equation

My = e(b/a) uy 2o
Ay Ty

with the understanding that r(b/a) = 1 in secular equilibrium.

Substituting in the following values results in the coefficients given

"below:
Nuclide A T (years) AT
u238 238 4.47x10° 1.06x1012
Ra226 226 1.60x103 3.62x10°
Pb210 210 22.3 4.68x103
Th232 232 1.41x1010 3.27x1012
Ra228 228 5.76 1.31x103 e,

Mp,226 = 3.38x1077 8(Ra226/y238) My—,..
Mpp210 = 4.37x1079 r(Pb210/y238) My-,,
Mpa228 = 4.01x10710 r(Ra228/Tn232) My

The conversions include the fact that 0238/U-natura1 ig 0.993 and

Th-natural is essentially all Th232.

Until further data become available, secular equilibrium and therefore a

ratio of activity of 1 is assumed.
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