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FOREWORD 

The purpose of the Pollution Control Technical Manuals (PCTMs) is to 
provide process, discharge, and pollution control data in summarized form 
for t.he use of permit writers, developers, and other interested parties. 
The PCTM ser'ies covers a range of alternate fuel sources, including coa1 
gasification, coal liquefaction by direct and indirect processing, and the 
reto~ting of cil shale. 

The series consists of a set of technical volumes directed at produc
:ion facilities based upon specific conversion processes. The entire series 
is supp1emented by an appendix volume which describes the operation and 
application of approximately 50 control processes. 

All PCTMs are prepared on a base plant concept (coal gasification and 
liquefaction) or developers 1 proposed designs (oil shale) which may rot 
fJ11y reflect plants to be built in the future. The PCTMs present examples 
of control applications, both as individual process units and as integrated 
control trains. Tnese examples are taken in part from app1icable permit 
applications and, therefore, are reflective of specific plants. None of the 
examples are intended to convey an Agency endorsement or recommendation, but 
rathe~ are presented for illustrative purposes. The selection of control 
technologies for application to specific plants is the exclusive function of 
the designers and permitters who have the flexibi1ity to utilize the lowest 
cos~ and/or most effective approaches. It is hoped that readers will be 
able to relate their waste streams and controls to those presented in these 
manuals to enable them to better understand the extent to which various 
technologies may control specific waste streams and utilize the information 
in makirg control technology selections for their specific needs. 

The reader should -be aware that the PCTMs contain no legally binding 
requirements or guidance, and that nothing contained in the PCTMs relieves a 
facili~y from compliance with existing or future environmental regulations 
or permit requirements. 

Herbert L- Wiser 
Acting Deputy Assistant Administrator 
Office of ~esearch and Development 

U.S. Environmental Protection Agency 
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ABSTRACT 

The Environmental Protection Agency (EPA), Office of Research and 
Development, has undertaken an extensive study to determine synthetic fuel 
plant waste stream characteristics and pollution control systems. The 
purpose of this and all other PCTMs is to convey this information in a manner 
that is readily useful to designers, permit writers and the public. 

The Lurgi oil shale PCTM addresses the Lurgi retorting technology, 
deve 1 oped by Lurgi Koh 1 e und Mi nera 1 otechni k GmbH, West Germany, in the 
manner in which this technology may be applied to the oil shales of tl"le 
western United States. This process has been proposed for use by both the 
Rio Blanco Oil Shale Company (a partnership of Gulf Oil Corporation and 
Standard Oil Company [Indiana]) and Cathedral Bluffs Shale Oil Company (a 
partnership of Occidental Oil Shale, Inc. and Tenneco Shale Oil Company) in 
the phased development of their Federal oil shale lease Tracts C-a and C-b in 
western Colorado. This document describes a commercial-scale Lurgi oil snale 
p1ant., coupled with an open pit mine, based on the design proposed by Rio 
Blanco Oi1 Shale Company. Plants proposed or built by other developers in 
the future can be expected to be similar in most aspects to the p 1 ant de
scribed in this document, but each can be expected to vary in some respects, 
such as mining methods, selection of particular control technologies, or 
methods for upgrading the raw shale oil. 

This manual proceeds through a description of the Lurgi oil shale plant 
proposed by Rio Blanco Oil Shale Company, characterizes the waste streams 
produced in each medium, and discusses the array of commercially available 
controls which can be applied to the Lurgi plant waste streams. From these 
generally characterized controls, several are examined in more detail for 
each medium in order to illustrate typical control technology operation. 
Control technology cost and performance estimates are presented, together 
with descriptions of the discharge streams, secondary waste streams and 
energy requirements. A summary of data limitations and needs for environ
mental and control technology considerations is presented. 
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0.3048 meters, m 

= 1,609.3440 meters, m 
1.6093 kilometers, km 

= 6.4516 square centimeters, cm2 

= 0.0929 square meters, m2 

= 2.5900 square kilometers, km2 

258.9988 hectares, ha 

= 4,046.8564 square meters, m2 
0.4047 hectares, ha 

= 16.3871 cubic centimeters, cm3 

= 28.3161 liters, 1 

= 3.7853 liters, 1 
0.0038 cubic meters, m3 

= 158.9828 liters, 1 
0.1590 cubic meters, m3 

= 1,233.4818 cubic meters. m3 

= 70.3070 grams/square centimeter, g/cm2 
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= 27.6799 ~rams/cubic centimeter. g/cm3 

27.6807 grams/milliliter, 9/ml 

.. 
'XlX 

'' 



CONVERSION FACTORS {cont.) 

1 pound/cubic foot, pcf, lb/ftl = 0.0160 grams/cubic centimeter, g/cm3 
16.0185 kilograms/cubic me~er, kg/m3 

1 gallon per to~. gpt = 4.1726 liter/tonne, 1/tonne 

1 barrel per day, BPD = 0.1590 cubic ~eters/day, m3 /d 

1 gallon per minute, gpm = 0.0631 liters/second, 1/s 

1 British thermal unit, Btc = 251.9958 gram-calories, g-cal 
l,D54.1800 joules, J t· . 

1 million British tr.ermal units, 
MMBtu = 292.8750 kilowatt-hours, kW-hr 

1 British ~herw.al unit/pound, 
B~u/lb = 0.5556 gram-calories/gram, g-cal/g 

1 British thermal unit/cubic 
foot, Btu/ft3 = 8.8994 gram-calories/liter, g-cal/1 
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SECTION 1 

INTRODUCTION 

1.1 PtJRPOSE 

Future U.S. energy production env1s1ons the development of an environ
mentally acceptable, commercial synthetic fuels industry. As part of this 
overall effort, the Environmental Protection Agency (EPA), Office of Research 
and Development, has for the past several years undertaken extensive studies 
to determine synthetic fuel plant waste stream characteristics and potential
ly appl~cable pollution control systems. 

The purpose of the Pollution Control Technical Manuals (PCTMs) is to 
convey, in a summarized and readily useful manner. information on synfuel 
waste stream characteristics and pollution control technology as obt.ained 
from studies by the EPA and others. The documents provide waste stream 
characterization data and describe a wide variety of pollution contro1s in 
ter~s of estimaLed performance, cost and reliability. The PCTMs contain no 
legally binding requirements. no regulatory guidance. and include no prefer
ence for process techno1ogies or controls. , Noth-ing within these documents 
l"elieves a facility from compliance with existing or future environmental 
regu1atiar.s or permits. 

The Pollution Control Technical Manuals consist of a set of seven dis
cret.e documents. There are six process specific PCTMs and a more general 
appendix vo1ume which describes over fifty pollution control technologies. 
Applica'tion of pollution controls to a particular synfuel process is de
scribed in each process specific manual. The seven manuals are: 

• Pollution Control Technical Manual for Lurgi Based Indirect Coal 
Liquefaction and SNG 

• Pollution Control Technical Manual for Koppers-Totzek Based 
Indirect Coal Liquefaction 

• 

• 

Pollution Control Technical Manual for Exxon Donor-Solvent Direct 
Coal Liquefaction 

Pollution Control T~lm.ical Manual fo:r Lu.rgi Oil Shale Retorting 
with Open Pit Mining 

Pollution cont:rol T~chn.i-cal l'fa:mial for Modified .In Situ Oil Shale 
Retorting Combined with Lurgi. SUrface Retorting 

l 
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• Pollution Control Technical Manual for TOSCO II 0~1 Shale Retorting 

• 
wi til Underground Mining ' 

Control Technology Appendices for Pollution Control Technical 
Manuals 

By focusing on specific process technologies, the PCTMs attempt to be as 
definitive as possible on waste stream characteristics and control technology 
applications. This focus does not imply any EPA recommendations for particu
lar process or control designs. Those described in the manuals are intended 
as representative examples of processes and control technologies that might 
be used. The design of the PCTMs. from process description through waste 
stream characterization and control technology evaluation, is intended to 
provide the user with a comprehensive understanding of the environmental 
factors inherent in operating synthetic fuel plants. 

Control technology discussions presented in the PCTMs reflect pollutant 
removal levels which are believed to be achievable with currently available 
contro1 technologies based upon existing data. Since there are no domestic 
commercia1~sca1e synfuels facilities, the data base supporting this document 
was derived from bench~ and pilot-scale synfuel facilities, developer•s esti
mates, engineering analyses and analogue industries. As commercial synthetic 
fuel plants are buiJt, the EPA will continue conducting research in order to 
develop a more comprehensive data base. Based on findings from these future 
studies, the Agency may update these documents or promulgate industry specif
ic standards. In the interim, the Agency encoura9es facility p 1 anners, 
permit officials, and other interested parties to take advantage of the in
formation contained in these documents. 

1.2 APPROACH 

The approach taken in developing this manual is to describe, in detail, 
an oil shale facility which has been proposed for development and to empha
size its pollution control aspects. This facility is the basis for the case 
study described in Section 2 11 Summary of Study Features, 11 Section 3 '1Process 
Flow Diagrams and Flow Rates," and Section 4 11 lnventory and Composition of 
Plant Process and Waste Streams. 11 The process descriptions and control 
technologies presented in this case study are based on documents (identified 
in Section 1.3) published by the proposed facility developers and parallel, 
as closely as possible, the current thinking of the developers. 

This manual examines Lurgi-Ruhrgas aboveground retorting with open pit 
mining and pit backfilling as proposed by Rio Blanco Oil Shale Company for 
development of Federal Lease Tract C-a in the Piceance Basin of Colorado. It 
should be noted, however, that effective August 1, 1982, Rio Blanco Oil Shale 
Company and the U.S. Department of the Interior (DOI) agreed to a suspension 
of operations and production for a period of 5 years or until DOI issues to 
Rio Blanco Oil Shale Company a lease for land other than Tract C-a (U.S. DOI, 
July 29, 1982). The company is seeking this additional land for purposes 
connected with operations on Tract C-a. including the disposal of processing 
wastes. 
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In order to enhance the flexibility of this manual, and since oil shale 
'development plans are continually changing, Section 5 "Pollution Control 
Tecnnology" expands beyond the case study description to examine other 
pollution control technologies and approaches that may be applicable to the 
waste sources identified in the case study. While controls applied to major 
gaseous 1• Hquid, and solid streams described in the case study are tnose 
which have been proposed by the developer, Section 5 also examines alterna
tive ;::ollu"t.ion control technologies on a stream-by-stream basis. For each 
stream receiving control, all major control technologies are discussed, while 
some example technologies are analyzed in considerable depth. Stream flow 
~ates ard pollutant characteristics are used in estimating the size, perform
ance, ana cost of the controls, and secondary streams resulting from the 
pol:ution control activities are identified. 

:t should be noted that the case study, as described in Sections 2, 3 
and 4 of this manual, would begin approximately 30 years after the initial 
start of development operations on Tract C-a. Due to the space requiremen~s 
for simultaneous production and backfilling operations, the first 30 years 
are spent developing the mine to a point when waste backfilling can commence 
w'ithcut interfering with production. Also, water management and treatment 
a:tivi:.ies would have reached a steady-state condition by this time. By 
axaf'llining the mining, backfilling, and water management/treatment operations 
urc.e1~ steady-state conditions, a more useful analysis can be made for these 
ope;ra·cions. This does not impair the usefulness of examining control tech
rclogies for the Lurgi retorting process since it would be operating under 
stabie cond~tions from the outset. 

1.3 DATA, SOURCES 

Tni s manual focuses on the p 1 ans that have emerged over the past few 
years for the development of Federal Lease Tract C-a. The operation of the 
tract is monitored under the Federal Prototype Oil Shale Leasing Program 
throug~ the U.S. Department of Interior•s Minerals Management·Service. Under 
this ~rog~'>am. a Detailed Development Plan (DDP), modifications to the DDP, 
and extens'~Ve environmental information must be submitted on a regular basis 
to, t:~s M:in'erals Management Service by the lease operators. The DDP and 
subsa~~ent modifications to the DOP submitted by the developers of Tract C-a 
were the iPH nci pa 1 data sources used to prepare the case study described in 
Sl!;cti'ons 2, 3 and. 4 of this manu a 1. 

I ' ' 

The first commercial development p1an, or OOP, for Tract C-a was pub-
1isheo in 1976 (Gulf Oil Corp. and Standard Oil Co. [Indiana], March 1976). 
This plan caned for open pit mining of 119,000 tons per stream day (TPSD) of 
ra~r~ ,e ·~o produce approximately 56,000 barrels per stream day (BPSD) of 
hydrotreated shale oiL According to the DOP, the proc-essing facilities and 
\llaste disposal site were to be located Qff tr~t; howev-er, the Department of 
Inter-ror,, bas-ed on acreage restrictions tn the Minerals leasing Act, denied 
the r.eque-st fot" additional federal land. As a result, the developers submit
ted a re\•ised DDP to the Area Oil Shale Offi.:e' (now part o,f the Minerals 
Managerne:n't,sirvice) in 1977 (Gulf-Oil Corp. ahd Standard Oil' Co. [IndianaJ. 
~!ay :s77). This .1110dift.ed :plan was bas-ed on prOducing 16,.00:0 BPSD of shale 
o~ t' ,by,, tnring · ~ combination of the Modified In ,S~tu' tMlS) and .TOSCO 1I 
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retorting technologies. The MIS develop~en~ was pJann~q to take place in a 
modular fashion, consisting of burning .. several sman- aria' 1'arge-sized retorts 
over a period of ten years. In 1981~ another modular program was incorpora
ted into the DDP to demonstrate the feasibility of open pit mining and Lurgi
Ruhrgas aboveground retorting (Rio Blanco Oil Shale Co., February 1981). 

The case study described in this manual is based on a combination of 
open pit mining from the original 1976 DOP and Lurgi surface retorting as 
described in the 1981 modification to the DDP. In addition, the 1977 revised 
DDP provided the basic site description and hydrologic data. Although these 
three documents were the major sources used in deriving the process, pollu
tion control, and other information presented in Sections 2, 3 and 4 of this 
manual, several supplemental sources were also used and they are cited 
throughout the document. 

Where available, actual data from the various scale operations in oil 
shale processing were used. It is believed that these data accurat<:ly 
reflect the major technical features which will be encountered in a commer
cial oil shale industry. In addition, technologies from analogue industries 
are transferred, when appropriate. When necessary, engineering analysis and 
judgment provided by the authors of this manual (Denver Research Institute, 
Stone and Webster Engineering Corporation and Water Purification Associates) 
and vendor information were used. In each case, all assumptions required to 
carry out the analyses are listed. and areas lacking hard data are ident1fi~c 
(see Sections 1.5 and 7 for more detailed discussions). 

1.4 STATE OF TECHNOLOGY DEVELOPMENT 
' " " 

As state~ above, the processing·piant considered in this manual is based 
on a combination of information from the three different OOPs submitted for 
Tract C-a. Approximately 119,000 TPSD of raw shale will be mined using op~r 
pit mining. In addition. 62,100 TPSO of overburden and 11,900 TPSD of 
subgrade shale (subore} will be removed. The raw shale on Tract C-a has an 
average oil yield of 23 gallons per ton (gpt) based on the modified Fiscner 
assay. This shale will be processed in 13 Lurgi-Ruhrgas aboveground retorts, 
at an efficiency equa 1 to 100% of Fischer assay, to eventually produce 
63,140 BPSD of crude shale oil (The stream-day rates are the maximum, 
24-hr/day rates that can be achieved; however, occasional equipment failure 
and required maintenance result in a reduced production efficiency. Norma1-
1y, the plant can be expected to operate at 90% of its capacity on a long
term basis, or for 328.5 calendar days per year. Thus, the calendar-day 
production rates would be 90% of the stream-day rates.) The current status 
of the mining and retorting technologies is reviewed below. 

1.4.1 Open Pit Mining 

The open pit mine considered in this manual would be the largest of 
its type in the world. This mining method is used in other industries, such 
as copper ore mining, but the scale used is considerably smaller than that 
required in thi~.study. Some preliminary design work for a commercial-scale 
open pit on Tract C-a was published in the original ODP, while the second, 
or revised, DDP did not consider the method at a11. An experimenta1 
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(small-size) open pit was subsequently described in the modification to the 
JDP, but this plan, which also included a full-scale Lurgi retort demonstra
tion p~ogram, was suspended in late 1981 due to rising cost estimates for the 
demonstration program. Thus, only a limited amount of desig~_r_engj
neering data fo~ an open pit mine on Tract C-a is available. --------------- -----

A~though open pit mining is commonly used in other industries, the 
design for any pit should be evaluated on an individual basis, since its 
design and ~otential environmental impacts would be site dependent. For 
exampie, on Tract C-a the pit would intercept the upper and lower aquifers of 
t-he Piceance Creek Basin andL-conseguently,~j_~r~tie ___ !jydrolQ.QY_ of thea:rea. 
Dewatering the st~a-rn the vicinity of the pit would reduce the problems 
associated with its development, but several legal, engineering, and environ
mental issues may be raised and wou1d need to be resolved. The e;icess 

rot..ndwa ·n ·ected, discharged, or dis osed of innsomt 
manner. , The processing and di sposa es, 1 oca e on e rae , 
·~.-~uld ':'.ake up a, significaht portion of the available land and this would 
severely hamper the development of the pit. Backfilling of the pit with the 
wastes couid ease the space problem to some extent, but the logistics of 
having simultaneous mining and backfilling operations require an extensive 
effort. It was estimated in the original DOP that approximately 30 years of 
commercial-scale pit development would be necessary before the backfilling 
could .Je' initiated. 

1.4.2 Lurgi-Ruhrgas Technology 

Small Lurgi-Ruhrgas pilot plants have been operated by Lurgi Kohle und 
Mir.eraHitechni k GmbH in West Germany. , The necessity :to ship ore to West 
Germar.y has 'limited the amount of available test data. To'date, the experi
e~ce ~elevant to this manual is limited to three tests: one in 1976 on shale 
from t~e Colony mine in Colorado, and two in 1980 on shales from Tracts C-a 
and c~b. The earlier (1976) test was run in a 5-ton/day pilot plant, while 
-che 1980 tests were performed in a 25-ton/day pl'ant. Data from the 1980 test 
on Tract C-a shal~. published in the modified DOP for the Lurgi demonstration 
modu~s, were used in this manual (Rio Bianco Oil Shale Co., February 1981). 
Tests have been run on other shales and reported in the literature (Marnell, 
Septa:71ber 1Q76; Schmalfeld, July 1975), but substantially different results 
were. ob;:.ai ned. 

The Lurgi-Ruhrgas demonstration plant processing 4,400 TPSD of shale on 
Trac~ C-a (as proposed in the modified OOP) was to be operational by early 
1983, but these plans were suspended indefinitely during the summe~ of 1981 
in "favor of building and operating a 5-ton/day pilot plant at Gulf Oil 1 s 
researc:1 faci 1 i ty in Pennsylvania. 

1.5 ASSUMPTIONS 

In performtng a d!!!tailed ana-lysis of the lurgi-Ruhrga.s retorting process 
~sed with open pit mining, a number of specific assumptions which influence 
the results of the analysi$ and their interpretatian were made. The under-
1yir.1;, major assumptions ·r~Hiting· to _pollutit>n "C.Ontro~ performance and cost, 
as v1~H as the bases·.b-ehfnd the assumptiuns, are summarized in· this section. 
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1.5.1 Pollution Control and Performance Estimates ·. 
In the process of preparing this manual, applicable pollution control 

technologies for different waste streams were reviewed, and controls proposed 
by industry were evaluated to the point that performance and cost could be 
estimated. Equipment vendors l estimates and guarantees 'Wl'!re used whenever 
available. Other performance levels were estimated using laboratory testing 
data. These performance estimates should be viewed tentatively because very 
1 ittle data based on actual source testing exist. The major pollution 
controls evaluated in this manual are presented in Table 1.5-1, along with 
the performance levels estimated as a result of the analysis. 

The major air pollution control technologies evaluated (electrostatic 
precipitator, Stretford) are commercially available and are used in other 
industries at a scale similar to that involved in this manual; therefore, 
operational difficulties in adapting these technologies to oi1 shale proc
essing are not expected to be great and may primarily involve adapting these 
technologies to oil shale off-gas characteristics. 

In the area of water pollution control, it has been proposed by the 
developer that the plant will achieve zero-discharge of the process generated 
waters, but that excess mine water will need to be discharged. The process 
waters are treated to the degree necessary for reuse. The technoloqies 
considered (ammonia recovery, aeration pond) have been used in analogue 
industries and can be expected to be employed successfully in the oil shale 
industry. Waters used in auxiliary plant operations are also treated since 
the wastes produced from these operations may be used in processed shale 
moistening and thus may become a source of pollution. Reuse of some waters 
may negate a need for pollution control; in such cases, no pollution controls 
in a conventional sense are applied. 

Solid wastes are managed by backfilling the open pit. This approach was 
mentioned in the ori gina l DDP for Tract C- a and was to commence after 
30 years of pit development and off-site disposal of the wastes, but detailed 
plans were not presented. The pollution control technologies that are judged 
appropriate for open pit backfilling include surface hydrology technologies, 
such as a runoff co 11 ect ion system and pumps during the project 1 i fe, sub
surface hydrology technologies primarily involving the monitoring of the 
groundwater, and surface stabilization technologies for dust suppression, 
revegetation, etc. These technologies are traditional practices associated 
with solid waste management in other industries. 

1.5.2 Components of Pollution Control Cost Estimates 

Fixed capital and direct annual operating costs were estimated for each 
piece of pollution control equipment and each control activity. These 
figures were then used, along with economic assumptions, to calculate total 
annual control costs which include an annual charge for capital. The total 
annual capital charge provides for a required after-tax return on investment 
of 12 percent. The approach used to estimate the capital and operating costs 
and the economic analysis techniques applied to these data are summarized in 
Tables 1.5-2 through 1.5-4. 

6 



TABLE 1.5-l. PERFORMANCE LEVELS ESTIMATED FOR MAJOR POLLUTION CONT~OLS 

Cortro1 ~escr,ption 

AI~ PC_LUIION C0~7RCL 

Baghcuses 

Water Sprays 

Foam Sprays 

~o1nes-Stretfa~d Gas T~eating 
Precess 

WATErt POLLUTION CONTROL 

A~mo~1c Recovery Un1t 

Aeration Pond 

SO~lD W~S7E MANAGE~ENT 

i"'ne Backf1ll 

Sou~ces 

Pollutant Controlled 

Raw and Processed Shale Oust 

Raw and Processed Shale Dust 

Raw and Processed Shale Oust 

Processed Shale Oust 

NH3 

Organ1c Matter 

coo 

Processed Shale, S1udges, 
Slowdowns, Concentrates, etc. 

a vender estimates assum1ng 10 gra1ns/ACF 1nlet loading. 

Control Level Est1Mated 

99 7%a 

50%b 

85%b 

99 9~ 

30 ppmvd 

99%e 

25% reductione 

25%f 

NIP. 

b SWEC estimates. Eff1c1ency 1s based on the quantity of a1rborne material. The efficiency may be higher 
·n te~s of the ma~er1al contacted by the sprays. 

c R1o Bia~co C;l Shale Co , February 1981 

d Based or Peabody Process Systems, Inc , February 1981. 

e Est;mates from treatability studies on sim11ar waters conducted by Water Purificat1on Associates, 
unp..:::J 11 s l>ed. 

f ~~A est1~ates. 
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Fixed capital and direct annual operating cost estimates were developeo 
on a component bash, ·using current cost' data from the ··actual installation 
and operation' of simi·lar faci1ities and using vendor quotes for major equip
ment items. Capital cost estimates are expected to have an average accuracy 
of ±30 percent. This level of accuracy can only be verified by actual 
equipment installation. Experience in using the cost estimating procedures 
for units which actually have been constructed and operated indicate that 
this 1evel of accuracy shou14 be achievable if the unit installed is exactly 
as described in determining the cost estimate.· Any design changes could 
cause the actual installed capital cost to fall outside the range. 

Table 1.5-2 lists the components estimated in determining the installed 
fixed capital cost of pollution control equipment. For simple equipment, all 
components may not be present. For large and complex equipment, estimating 
the cost of each component may be a major effort. A description of the major 
equipment included in each capital cost estimate is provided in Section 5 of 
this document. 

TABLE 1.5-2. COMPONENTS OF FIXED CAPITAL COST ESTIMATES 

Source: ORI. 

Components 

Major Equipment (vendor quotes) 
Site Preparation, Excavation and Foundations 
Concrete and Rebar 
Support Structures 

Piping, Ductwork, Joints, Valves, Dampers, etc. 
Duct and Pipe Insulation 

Pumps and Blowers 

Electrical 
Instrumentation and Controls 
Monitoring Equipment 

Erection and Commissioning 
Painting 
Buildings 

Engineering and Other Indirect Costs 
Contractor•s Fee 
Contingency Allowances 

8 
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Jable 1.5-3 shows the components comprising direct annual operating 
costs. Operating supplies include such items as baghouse bags. Maintenance 
includes the cost of parts used, but the needed inventory of replacement 
parts is included in fixed capital cost. The cost of water consumed is no~ 
included due to uncertainties in estimating the value of water. Direct 
annua1 operating costs do not include by-product credits; however, by-product 
credits are included in total annual operating costs. The operating costs 
(direct, indirect and total) for each pollution control, along with a de
ta~1e~ discussion of how the costs were determined, are presented on a 
com?oren~ basis in Section 6. 

TABLE 1.5-3. COMPONENTS OF DIRECT ANNUAL OPERATING COST ESTIMATES 

Components 

Maintenance and Maintenance Supplies 

Operating Supplies 

Operating Labor 

Cooling Water 

Steam 

Electricity 

Fuel 

Indirect Costs (e.g., supervision, laboratory, etc.)* 

* Indirect costs are included in the labor rate. 

Source: DRL 

Table 1.5-4 presents the major economic assumptions used in the cost 
evaluations. Most economic assumptions have been standardized so that the 
results foun~ in all of the oil shale PCTMs may be compared. A sensitivity 
analysis was performed (see Section 6 upo~luti-on Control Costs11

) to determine 
the effects of changes in some of the s.tandard economic assumptions. These 
changes include delayed start-up, changing capital and operating costs, 
fina'1cil"o considerations and others. All of the oil shale PCTMs use a 
discou~ted cash flow approach {OCF) and ~onstant dollars (mid-1980) . 

. " . 
9 



TABLE 1.5-4. SUMMARY OF MAJOR STANDARD ECONOMIC ASSUMPTIONS 
USED IN CONTROL COST EVALUATIONS . . 

Assumptionsa 

• Approach: Discounted Cash Flow Evaluation (OCF) 

• Method: RevenuebRequirement determined from capital charge plus 
operating cost 

• Required DCF ROR: 12% (100% equity basis) 

• Cost Base: Mid-1980 constant dollars 

• Income Tax: In accordance with current regulations (48% combined tax 
rate, 20% investment tax credit); tax credits and allowances can be 
passed through to a parent company that can benefit from them 
immediately, without waiting for the project to become profitable 

• Project Timing: 4 years construction, 20 years life 

• Normal Plant Output: 63,140 barrels per stream day (net, after in-
j:;lant use) 

• Operating factors: Year 1 - 50% 
Year 2 - 75% 
Years 3-20 - 90% 

a A more detailed list of assumptions is presented in Section 6, Table 6.2-1. 

b This method permits accurate costs to be determined separately for each 
control using the OCF approach, without the need for an estimate of total 
plant cost. 

Source: DR!. 

1.6 UNIQUE FEATURES 

Three oi1 shale retorting processes were selected for the oil shale 
PCTMs to allow consideration of different types of retorting processes, 
mining and disposal techniques, and pollution control technologies. Some 
features are found in more than one manua 1 , but each process ex ami ned has 
important unique features which are listed in Table 1.6-1. 

Table 1.6-2 lists the pollution control technologies examined in the 
three PCTMs. The table is designed to assist the reader in locating detailed 
information on any specific control technology. 

10 

.. 



TABLE 1. 6-1. MAJOR FEATURES OF THE OIL SHALE PCTMs 

"' PCTMs 

eeature TOSCO II MIS-Lurgi !..urgi-Open Pit 

M:::tHNG 

Jr:cerground 
Room-and-Pillar X 

l!nde;oground r~IS X 

Opert Pit X 

RETOR:ING 

Aboveground X X X 

U;,dar~round X 

Dircect-heated X 

Indirect-heated X X X 

Solid- to-So 1 i d 
Hee.t Transfer X X X 

Gas-to-Solid 
rlear. Transfer X 

Resource Recovery 
frcm Processed Shale X X 

Hig~ Carbon Processed Shale X 

Lo* Carbon Processed Shale X X 

Raw Shale Preheating X 

PROCESSING ,-
High Stu Cff-gas X X X 

L.ow Stu Off-gas X 

.. Oii Fractionation X X X 
'--

"• . . .. _ {Continued) 
~ " "'"' 
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' ' ' TABLE 1.6-1 (cont.) ,_ 

~' "'" .. 
~ " 

" ' ,; 

Feature TOSCO II MIS-lurgi Lurgi-Open Pit 

PROCESSING (cont.) ,_ 

Oil Upgrading X 

Gas Upgrading (for sale) X X 

In-Plant Fuel Use X X 

Excess Electricity X 

POLLUTION CONTROL 

Retort Gas Cleanup X X X 

Process Water Cleanup X X X 

Excess Water Discharge X 

By-product Recovery X X X 

WASTE DISPOSAL 

Surface Landfill X X 

Permitted Design ){ 

Open Pit Backfill X 

Groundwater Contamination 
Potential (subsurface 
disposal or retort abandonment) X X 

Surface Water Contamination 
Potential (valley fill) X X 

Source: DR I. 
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TABLE 1.6-2. POLLUTION CONTROL TECHNOLOGIES EXAMINED 
IN THE OIL SHALE PCTMs 

PCTMs 

Control Technology TOSCO II MIS-Lurgi Lurgi-Open Pit 

AIR PO:..UTION 

Oiethanolamine (DEA) X 

Methyldiethanolamine (MDEA) X 

Claus X 

Wellman-Lord X 

Sttetford X X X 

Snei1 Claus Off-gas 
Treating (SCOT) X 

Limestone Scrubber (FGD} X 

Absorber/Cooler X 

low F1 are X 

High Energy Venturi Wet Scrubber X 

Venturi Wet Scrubber X X 

E1ectrostat~c Precipitator X X 

Thermal Oxidizer X 

Fabric Filter (baghouse) X X X 

Foam Sprays X X X 

Hate11' Sprays X X X 

Double Seal Oil Storage X X X 

Refrigerated Ammonia Storage X X X 

Catalytic Converter X _x X 

Maintenance )( X X 
'~ "} ... M 

"(Conti.nu-ed) ~ w .. ~ '. 
< • -
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TABLE 1.6-2 {cont.} 

Control Technology T~SCO II MIS-Lurgi Lurgi-Open Pit 

WATER MANAGEMENT ,,.. 

Ammonia Recovery X X X 

Biological Oxidation X 

Steam Stripper X X 

Kettle Evaporator X 

Reverse Osmosis )( X )( 

Carbon Adsorption X X X 

Wet Air Oxidation X X 

Vapor Compression 
Evaporation X 

Reinjection X 

Multimedja Gravity 
Filtration X 

Clarifier X X X 

Process Oil/Water 
Separator X X X 

Runoff Oil/Water 
Separator X X X 

Boiler Feedwater 
Treatment X X X 

Cooling Tower 
Makeup Treatment X X X 

Equalization Pond X X X 

Aerated Pond X 

Solar Pond X X X 

(Continued) 
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Contro~ 7echno1ogy 

SOLID WASTE MANAGEMENT 

R~~off Collection System 

Uoper EmbanKments 

Lcwer Emba~kments 

RLr.on Co11ection System 

Sti11 i ng Basin 

Water Iupcundment 

Leac~ate Collection System 

Spr'rg Collection/Underdrains 

Covers and Bottom Liners 

MIS Snent Retort Treatment 

Dus-;:. Supressi on 

Surface Reclamation 

Piezometers 

So.Jrca: DIU. 

TABLE 1.6-2 (cont.) 

TOSCO II 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

7 ORGANIZATION AND USE OF THE MANUAL 

PCTMs 
MIS-Lurgi 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Lurgi-Open Pit 

X 

X 

X 

X 

X 

Fo11owing this 11 Introduction11 to the PCTM are six major sections which 
presePt material ranging from basic backgr~und information to detailed pollu
tion control data and costs. In addtti~~ a comp1~te listing of all informa
tion sources used to develop the manual is provided in Section B 11 Refer
ences. u A brief description -of each of tile major sectioo.s is presented 

Section 2 prowides .art "OVervi-ew of the -lurgi retod~·ng process and tM 
case s-tudy examined- in the 1'!lailua1¥ . It gives background information on the 



proposed project development, 'including the site involved, retorting and 
mining processes~ and the po1lution controls proposed"'by the developers- of 
Tract C-a. 

Section 3 expands upon the case stuqy outlined in Section 2. Detailed 
process flow diagrams and· de-scriptions .are .given for each unit process. 
Individual streams. their mass flow rates. and other characteristics are 
generated during the unit p.rocess analyses, and this information is the basis 
for detailed stream discussions presented in Section 4. 

Section 4 provides the detailed compositions for the major process 
streams identified in Section 3. These parameters are then used in designing 
and costing the pollution control technologies discussed in Section 5. All 
streams identified in Section 3 are inventoried by media (gas, liquid, solid) 
and important features of each stream are noted (Tables 4.1-1, 4.1-3 and 
4.1-5, respectively). Also, the detailed stream compositions are summarized 
by media {Table 4.1-2, 4.1-4 and 4.1-6). 

Section 5 presents concise inventories of the available control tech
nologies and approaches for air, water and solid wastes. _Key features of 
each techno 1 ogy are briefly described and many 1 eadi ng techno 1 ogi es are 
analyzed in greater depth. The fixed capital and direct annual operating 
costs and design details for the leading technologies are also presented. 

SectiorJ 6 presents the total annual and per-barrel cost of pollution 
control based upon the cost data developed for the control technologies in 
Section 5 and the standard economic assumptions used in all oil shale PCTMs. 
This section also analyzes the sensitivity of the control costs to variations 
in the standard economic assumptions and capital and operating cost parame
ters. 

Section 7 discusses the limitations of the data base used in the prepar
ation of the manual. It also identifies important areas that may require 
more research. 

Table 1. 7-1 provides a composite list of the major process and waste 
streams generated by the facility described in Section 3. A11 streams are 
identified with a unique name and number. An asterisk (*) is placed next to 
the stream number if the stream comes into contact with the environment at 
any point in the process, and a descriptive letter is given to identify the 
state of the stream, i.e., gaseous (G), liquid (L) or solid (S). Also, 
cross-references are included for the flow diagrams in which the stream is 
produced and/or processed (Section 3), detailed composition tables 
(Section 4), and applicable control technologies (Section 5) to allow track
ing of the stream from its origin to its final disposition. 

For example, stream 34 in Table 1. 7-1 is the retort gas--a gaseous 
stream that does not contact the environment. It is produced by processing 
of the retort vapors (stream 26) from the Lurgi retorts, as i 11 ustrated in 
Figure 3.3-4, Section 3. Table 4.2-12 (Section 4) provides the detailed 
composition of the gas, and Section 5.1. 3 ( 11 Nitrogen Oxides Contro1 11

) briefly 
discusses approaches to lower the ammonia content of the gas in order to 
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TABLE 1 7 1 COMPOSITE LIST 0~ ~TREAMS 

StreaRl Type of ~ 1 ow lfidgram- · - -------~ 
Cross-References 

Composltton Table rontrol Technology _____ --
Number Oescriptlon of Stream Stre<llll Numbers Numb.:ns Sections 

1* Raw Shale feed s 3 3-2, 3.3·3 4 2-2 

2" Subore s 3 3-2, 3. 3-10 5 3 1, !i 3 2, 5 ~ 3, 5 3.4 
3t overburden s 3 3-2, 3 3-10 5.3 1, 5 3 2, 5 3.3, 5 3 4 

4"' Mine Water l 3 3-2, 3. 3-U 4 2·22 5 2 1, 5.2.3 

5"' Primary Crusher (ore), G 3 3-2 5.1 1 
Baghouse Emission 

6* Pr1mary Crusher (subore), G 3 3-2 5 1.1 
Baghouse Emission 

7* Primary Crusher (overburden), G 3.3-2 5.1 1 
Baghouse Emission 

8'" Raw Shale Conveyor Transfer 6 3 3-2 5 1.1 
Po1nt, Baghouse Em1ssion 

9* Swinging Boom Stacker, G 3 3-2 5 1 1 
Baghouse Emission 

10" Coarse Ore Conveyor Transfer G 3 3-2 5 1 1 
Point, Baghouse Emiss1on 

1-1 11~ Secondary Crusher, Baghouse G 3.,3-2 5.1 1 ..... Emission 
12" Secondary Crushing to Screening G 3. 3~2 5.1.1 

Conveyor Transfer Point, 
Baghouse Emission 

13'" Secondary Screen 1 ng, Baghouse G 3 3-2 5.1.1 
Emission 

14" Secondary Screening Conveyor G 3.3-2 5.1.1 
Transfer Point, Baghouse 
£nnssion 

lS"' Tertiary Crusher, BaghOuse G 3.3-2 5 1.1 
Emission 

16" Tertiary Crushing to Tert1ary G 3.3-2 5 1.1 
Streenlng Conveyor Transfer 
Point, Baghouse Emiss1on 

17"' Tertiary Screening, Baghouse G 3 3-2 5 1.1 
Emission 

18* Tertiary Screening to F1ne Ore G 3.3-2 !>.1.1 
Storage Conveyor Transfer 
Point, Baghouse EmJss1on 

19* F1ne Ore Storage, Baghouse G 1. 3-2 5.1 1 
Em1>~1on 

(Continued) 



Stream 
Number Descript1on of Stream 

20" Retort re<>d llopp<'r Conv~yor 
Transfer Po1nt, Baghou;e 
Emiss1on 

21• Retort Feed Hopper, Baghouse 

22~ 

23* 

24* 

25 
26 

27 

28* 

29* 

30 
31. 

32" 

33 

34 

35 

3b 

37 

38 

39 

40 

41 

42 

43 

44* 

45 

£mission 
Baghouse Ousts 
Proce~sed Shale load-out 

Hopper, llaghouse Emission 
On!sel Emissions 

Combustion Air to lift Pipes 
Retort Vapors 

High Pressure Steam 
Blowdown from Waste Heat Boiler 

Processed Shale 

Steam to llumidifier 

turgi Flue Gas 
Raw Shale Retort Feed Conveyor, 

Baghouse Emission 

Raw Retort Gas 
Retort Gas 
Retort Gas to Lift Pipes 

t1ght Oils to Storage 

L1 ght 011 Makeup to Naphtha 
~ecovery 

M1ddle Oils to Storage 

D1esel Fuel - Min1ng 
EqUJpment 

01esel Fuel - Disposal 
EqUJpment 

Gas l1quor 
Heavy 01ls to Storage 

01ly Dust 

fug1tive llydrocarbon Em•ss1ons 
from ~torage Tanks 

Naphtha-free Retort Gas 

Type of 
Stream 

G 

G 

s 
G 

G 

G 

G 

G 

l 

s 
G 

G 

G 

G 

G 

G 

l 

L 

l 

t 

L 

s 
G 

G 

!ABLE 1 7-1 (cont.) 

Cross~References 
ffow51~~--~Compos!tl0il Table Control Technoloqy 

Number' Numbers Sect 1ons 

J3·2 !:>11 

3 3-2 "' 1 1 

3-2, 3 3·1 

3-2, 3 3-lU 

3 3-2, 3 3-10 

3 3-3 

3. 3-3, 3. 3-4 

3 3-3, 3.3-6 

3 3-3, 3 3-11 

3 3-2, 3.3-3, 3 3-10 

3 3-3 
3 3~3 

3.3-3 

3.3~4 

3 3-4, 3 3-5 

3. :l-3, 3 3-4 

3 3-4 

3 3-4, 3 3-5 

3 3-4 

3 3-2. 3 3·4, 3 3-10 

3 3-4, 3-10 

3 3-4,3 3·9 

3 3-4 

3 3-3, 3.3-4 

3 3-4 

3 3-S, 3 3-6 

4.2-2 

4 2-9 

4 2-5, 4.2-G, 4.2-7 

4 Z-19 

4 2-11 

4 2-12 

4 2-10 

4 2-10 

4 2-20 

4 2-10 

4 2-13 

5 1.1 

5 1 4, 5 1 5 

5 2.1 

5. 3 1' 5 3 2' 5 3 3' 5 3 4 

5 1 1 

5.1 1 

5 L3 

5 2 1, 5.2 2, 52 3 

5 1 4 

5 1 2' 5.1. 3 

(Cont1nued) 



TARLE: 1 1-1 (coot ) 

--~----- .,_.,. __ ----~---~- ~ ---~~-~-~----~ -------- -------------- ~ --~~ 

Cros;-Reference5 
~ - ---~~------~ 

Strean, fype of r low 01aq1 aM Compos1t ton Trlble --Control Technology 
Humber Oescrfpt1on of Stream Stredln Number> !'lumbers ';ectlom. 

-------
46 !'!aphtha Product to S toraqe 3 3 5 4 2-14 

47:1' Hydrocarbon tm1ss1ons from G 3 3 b ~ 1 4 
Naphtha Stordge 

46 Compressed Naphtha- free Gas G 3 3-6, 3-7 4 2-15 5 ?, 5 1 3 

49 Compressor Condensate l 3 3-6, 3 3-9 4 2-20 5 2 1, 5 7 2, ~.2 3 

50 Steam to Naphtha Recovery G 3 3-5, 3 3·6 

51 Steam to OEA Un1t G 3 3-6, 3 3-7 

52 Steam to Stretford Unit G 3 3-6, 3 3-8 

53 Steam to Ammon1a Recovery Unit G 3 3-6. 3 3-9 

~4 Amine Makeup l 3 3-7 

S5 TEG Makeup l 3 3-7 

li6 Sweet Gas from OEA Un1t G 3 3-7 4 2-16 5.1.2 
51 Dried Fuel Gas to Pipeline G 3 3-7 4 2-17 

51l Acid Gases from DEA G 3 3-7, 3 3-8 4 2-18 5.1 2 
Regenerat 1 on 

:b !i9~ Spent Amine l 3 3-7. 3 3·10 5 3.1 

60"' TEG Regenerat1on Vent Emission G 3 3-7 

lil Stripping Air to Strettord G 3 3·8 4 2-18 

~~ 5tretford Chem1cals l 3 3-8 

63" Stretford Treated Acid Gases G J 3-B 4.2-18 !:>.1 2 

64 $tretford Oxidizer Vent Gas G 3. 3-3, 3 3-8 4 2"18 

65* Stretford Spent liquor to 3-8 
Reclaim 

66 liQUid Sulfur Product to 3-8 4 2·18 
Storage 

61 t>hosphori c Acid 3 3-9 

i8 Eiaustic (NaOH) s 3.3-9 

6~ Steam Condensate from 3 3·9, 3 3-11 
Ammonia Recovery 

70" Stripped Gas liquor L 3 3-9, 3 3-11 4 2-21 5.2 3 

11 Anhydrous Ammonia to Storage l 3 3-9 4 2-21 5 1 3 
72 Ammon1a Overhead Vapors G 3 3-3, 3 3-9 4 2-21 ~. 1 2, ~ 2 2 
n~ ProLessed Shale Conveyor (, 3 3-10 5 1 1 

Transfer Powt, Baghou~e 
Em1ss1on 

(C.ont1nucd) 
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TABLE 1. 7-1 (tont ) 

Str~am rype of ~low Ut->grdm 
Cross-R~ferPnces 

Composition Table Control Technology 
l'lu!llbPr Descrtptlon of Str<>am Stt·eam Jjumbers Numbe1s Sections 

74* fug1 t l VP Ousts G 3 3• 2' 3 3-10 5.1 1 
/5* Excess M1ne Water to Aeration l 3 3Lll 4 2-23 5 2.3, 5 2 4 

Pond 

76* Aerated Water to 01scharge L 3 3-11 4.2-23 
71 Feedwater to Waste Heat l 3.3-3, 3 3·11 

Boller 
78* Total Processed Shale 3 3-3, 3 3-11 5.2.1 'II 

Moistening Water 

79 Cooling Water to lurgi Oil 3.3-4, J 3-Il 5.2.3 
Recovery 

80 Cooling Water to Naphtha L 3 3-5, 3 3-11 5.1' 3 
Recovery 

Bl Steam Condensate from Naphtha L 3 3~5, 3 3-11 
stripper 

82 Cooling Water to Compression L 3 H\, 3 3-11 5.2.3 
Cooling 

1\) 
83 Cool1ng Water to DEA-TEG 3 3·7, J 3-11 5.2 3 

0 Treatment 

84 Steam Condensate from DEA-TEG L 3 3-7, 1 3-11 _, 
Treatment 

85 Steam Condensate from 3.3-8, J 3-11 
Stretford 

86 Coo 1 i ng Water Mal<.eup to l 3 3-8, ;I 3-11 5 2 3 
Stretford 

87 Process Water Makeup to 3. 3-8, 3 3·11 5 2.1, s 2.3 
Stretford 

sa• Humid1f1ed A1r Cooler 3 3-4, 3. 3-8, 3 3-11 5.2 l 
Slowdown 

89 Cool1ng Water to Ammoma l 3. 3·9, 3 3-11 5 2 3 
Recovery 

90"' Water for Oust Palliatives l 3 3·2, J 3·10, 3 3-11 5 2 1, 5. 3 4 

91* Processed Shale Revegetat1nn L 3.3-10, 3 3-11 5.2 1, 5.3.4 
Water 

n• Raw Shale leachate 3 3-2, 3 3-11 4 2-3, 4.2-4 5.2 1, 5.3 3 

93* Storm Runoff 3 3·11 5 2 l, 5 3 2 

94 Bo1ler Feedwater Makeup l 3 3-11 5.2 3 

95* SPrvlce and fire Water l 3 3-U 5 2 1 

96* M1ne Water Clarifier Sludqe 3 3-11 5 2 1 

(Cont1~ued) 



TABLE 1 7·1 (cont.) 

~--- --
Cross-References 

Streaa1 Type of flow OHgram Compo<iltion Tal>le C-ontrol rectu)ol{){jy---~-

Number Descr1pt1on of Stream ~tream Numbers Numbers Sect 1ons 
--------

97 Water to Cool1nq Tower l 3 3-11 5 2.3 
Makeup Treatment 

98 treated Water to Coolinq Tower 3. 3-11 5 2.3 

99" Potable/Sanitary Wdter l 3 3-11 5 2.1 

lOQ"' Water Evaporation from Mine G 3 3-11 b 2 3 
Water Clarifier 

101* Used Sanitary Water to l 3, 3-ll 5 2 1 
Municipal Treatment 

1D2" Treated Sanitary Water l 3 3-11 5.2.1 

lW' San1tary Water Treatment l 3 3-10. 3 3-11 5 3 4 
Sludge 

104* Boiler Feedwater Treatment l 3 3-11 5 2 1, 5 2 3 
Cone en tl'ate 

10!1* Cooling Tower Slowdown l 3 3-11 5 2.1, !) 2 3 

l!Jfi" Cool1ng Tower Drift l 3 3-11 5 2.3 

107" Cooling Tower Evaporation G 3 3-11 5 2 3 

100* Equalization Pond Discharge l 3 3·11 5 3.3, 5 3 4 
to Processed Shale Mo1sten1ng 

109" Clarified H1ne Water to L 3 3·11 5.2 1, 5.3 3, 5 3 4 
Processed Shale Moistening 

·uo~< Water Evaporat1on from G 3.3-11 5.2.1 
Equal1zat1on Pond 

lli* ~tated Pond Sludge l 3·10, 3. 3·11 5, 2.3 

uz~ Mise a 11 aneous HC EmisSIOn G 5 1.4 

• Indicates streams that come into contact with the environment 

'. 



control _ the nitrogen oxides emiss.t<?.ns .• 
Figure 3.3-5 is the destination for the gas. 

Figure ,3.3-4 ,incticates that 
' -· 

Figure 3.3-5 exemplifies the processing of the retort gas to produce the 
naphtha-free retort gas (stream 45) for which the detailed <:omposition is 
given in Tab1e 4,.2-13. The naphtha-free .gas can be followed sequentially 
through Figures 3.3-6 (stream 48}, 3.3-7 (stream 58) and 3.3-8 (stream 63) to 
illustrate the compression of the gas, removal of the acidic components from 
the gas, and release of the treated acid gases (after the removal and 
recovery of H2 S} into the atmosphere, respectively. Other process and waste 
streams can be followed in a similar manner. 
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SECTION 2 

SUMMARY OF STUDY FEATURES 

The Federal Prototype Oil Shale Leasing Program was initiated by the 
U.S. Departme"t of the Interior (OOI) in 1974. The purpose of the program 
'Ill' as to encourage commercia 1 deve 1 opment of the energy resource in the Green 
River Oil Shale Formation. Six lease tracts, two each in the star.es of 
Co 1 or ado, Utah and Wyoming, were created and offered to the pub 1 i c on the 
basis of hign bid. The first of these tracts, Fedev-al Lease Tract C-a in 
Colorado, was subsequently awarded to Gulf Oil Corporation and Standard Oil 
Company (Indiana) after submission of a joint bonus· bid of approximately 
$2:.0 :"1i11ion. The two companies then formed a general partnership in 1978 
and created the Rio Blanco Oil Shale Company (RBOSC) to operate the tract. 

Under the requirements of the Leasing Program; Gulf and Standard 
submhted a Detailed Development Plan (DDP) to develop the tract using opep 
pi~ ~ining and a combination of TOSCO II and gas combustion type aboveground 
retor~'ng, with the understanding that off-tract disposal of the overburcen 
and processed shale w~uld be allowed so that the tract could be explored to 
its f..Jl1 potential (Gulf Oil Corp. and Stand~nd Oil' :c.o. [Indiana], March 
1976). However, due to acreage restrictions in the Mine~als leasing Act, ihe 
DOI rafused to grant additiona1 federal land for disposal purposes. 
Subsequently, a revised DOP was submitted emphasizing Modified In Situ {MIS) 
retorti11g with a supporting TOSCO II aboveground retorti'ng facility (Gulf Oil 
Corp. and Standard Oil Co. [Indiana], May 1977). This·plan did not require 
open t ~ining or off-site disposal of the solid wastes. 

I~ 1981, a modification was added to the DDP to demonstrate the 
feas"bi1ity of open pit mining with Lurgi-Ruhrgas aboveground retorting. 
Specifically, tre plan called for an experimental open pit to support a Lurgi 
demonstration plant that would process approximately 4,400 TPSD of shale (Rio 
Blanco Oil Shale Co., February 1981). The retort was scheduled for operation 
in ea'~'ly 1983; however, due to rising cost estimates for the p1ant, the 
demo11stration project was suspended in the summer of· 1981. Recently, OOI 
approve:d a suspension of development operations on Tract C-a (U.S. DOI, 
July 29, 1982). 

Currently, RBOSC is planning to build a Lurgi pilot plant (1 to 5 TPSD) 
at Gu1f 1 s research facility in Pennsylvania~ The objective of the study is 
to obtain essential technical details on the Lurgf retortiRg technology. 

This manual examines open pit ~ining as proposed in the original OOP of 
March 1976;, combined with lurgi retorting as pro.po6-ed in the February 1981 
~odifica~ion to the OOP. 
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2.1 PROCESS OVERVIEW. 

The starting. point for the analy~is is some 30 years after the operation 
has reached full production capacity. This amount of time was estimated to 
be necessary to create enough world.ng space in the pit so that mine 
backfilling could commence (Gulf .Oil Corp. and· Standard ·Oil Cc. [Itldiana], 
March 1975). The overburden and processed shale generated during these 
30 years wi 11 be disposed of permanently on an off-tract location. In order 
to be consistent with_ other oil shale Pollution Control Technical Manuals, a 
projeCt life of 20 years, following the initial 30 years, has been assumed 
for costing purposes. The wastes generated during this 20-year period are 
placed back in the pit. The dewatering of the aquifers is continued 
throughout the project, and the excess aquifer water is treated for surface 
dischal"ge. The shale oil is not upgraded on site, but the l"etort gas is 
cleaned to pipeline quality so that it can be sold. Also, ,there is a 
potential for generating some electricity from the excess steam. 

Open pit mining of 119,000 TPSD of raw oil shale with 62,100 TPSD of 
overburden and 11,900 TPSD of subgrade ore will be requirea for the 
commercial operation. The mining of approximately 193,000 TPSD of solids 
wi11 be the largest open pit operation in the world; by comparison, the 
1 argest open pit at present is the Kennecott copper mine in Utah, which 
produces 110,000 TPSD of copper ore. 

A full-sized Lurgi retort can process about 4,500 TPSD of oil shale. 
However, some of, the noncritical, units of the module, such as the feed 
hopper, collecting bin, and surge vessel, can be increased in size to 
accommodate· two each of the critical units, such as the screw mixer, lift 
pipe, etc. ' As a result; approximately 9,150 TPSO ,. of the shale can be 
processed in a single train on a 24-hr/day basis. Thirteen larger capacity 
trains would be required to process 119,000 TPSD of oil shale for the 
commercial operation. 

A gross oil production rate of 65,167 BPSD (including naphtha) may be 
expected; this is based on a yi e 1 d of 23 ga 11 ons of crude oi 1 per ton of 
shale and a retorting efficiency of 100% of the modified Fischer assay. 
However, approximately 2,000 BPSD of naphtha are calculated to be consumed 
with the retort gas, which is used as supplemental fuel to balance the energy 
needs of the lift pipes; thus, the net oil production rate is 63,140 BPSO. 
The net retort gas production is at 149 x 103 lb/hr before naphtha removal 
and 122 x 103 1 b/hr after recovering the naphtha. The gas rate to the 
pipeline is 62 x 103 lb/hr after cleanup. Approximately 600 gpm of process 
water, or gas liquor, are also produced, from whjch 22.6 TPSO of ammonia at'e 
recovered. The processed sha 1 e is produced and disposed of at a rate of 
95,000 TPSD (dry basis). 

The quantities defining the dimensions of the plant complex are listed 
in Table 2.1-1. Process related quantities have been estimated primar>i ly 
from the data published by the developer (Gulf Oil Corp. and Standard Oil Co. 
[Indiana], March 1976; Rio Blanco Oil Shale Co., February 1981). These 
quantities form the basis for the technical analyses and discussions 
presented in this document. 

24 



TABLE 2.1-1. MAJOR PARAMETERS DEFINING THE SIZE OF 
THE COMMERCIAL PLANT COMPLEX 

Parameter, Unit 

Net Oil Produced, BPSD 

Retorting Oil Yield, %Fischer Assay 

Net Retort Gas Produced, 103 lb/hr 

Treated Gas to Pipeline, 103 lb/hr (109 Btu/hr) 

Tota1 Solids Mined, TPSD 
Raw Oil Shale, TPSD 
Raw Shale Grade, gpt 
Overburden, TPSD 
Subore, TPSO 

Processed Shale Disposed (dry basis), TPSD 
Precessed Shale Moistening Water, gpm 

riue Gas Produced, 103 lb/hr 

Gas Liquor Produced, gpm 
,, 

S~1fur Pr.oduced, MTPSD 
Ammonia Produced, TPSD 

Mine' \-later Produced, ·gpm 

Mine Water Consumed, gpm (bbl/bbl of oil) 
Mine Water Discharged, gpm 

Quantity 

63,140* 

100 

149 

62 (l. 2) 

193,000 

119,000 
23 

62,100 
11,900 

94,956 

3,644 

7,195 

586 

7.6 

22.6 

16,500 

8,170 (4.4) 
8,330 

Number of Retort Trains 13 

On-streart Factor, % 90 

Project Duration, years 20 

Total Lard Area, acres 5,100 

Ope11 P~t Area, acres 1,150 

Ope~ Pit Surface Diameter, feet 7,900 

Mine Depth, fe~ 1,350 

Processed Shale Disposal Area, acres 1,150 

* The gross oil production rate is 65,167 BPSO. Approximately 2,000 BPSD of 
ths naphtha oil are used in the lift pipes. 

Source: ORI estimates based on data from Gulf Oil Corp. aAd Standard Oil 
Co. (Indiana), March 1976~ and Rio Blanco Oil Shale Co., 
~eb'ruary 1981. . . 

. ' 



2.1.1 Site Description 

Tract C-a covers approximately 5,100 acres in Rio Blanco County, 
Colorado. It is located on the west flank of the Piceance Creek Basin, about 
5 miles east of Cathedral Bluffs between Yellow Creek and Big Duck Creek, as 
illustrated in Figure 2.1-1. 

Valleys and ridges crossing Tract C-a originate to the southwest in the 
vicinity of Cathedral Bluffs. Most of the tract is drained by Corral and Box 
Elder Gulches, which eventually join Stake Springs Draw to form Yellow Creek. 
Yellow Creek initially flows northeast, but curves to the northwest before 
emptying into the White River, about 20 miles north of the tract at an 
elevation of some 5,500 feet. The first principal drainage north of the 
tract is Big Duck Creek, which flows into Yellow Creek about 7 miles 
northeast of the tract. On the south, Ryan Gulch passes within about 
2.5 miles of the t~"act's southern boundary before converging with Piceance 
Creek, about 10 miles due east of the tract where the elevation is about 
6,100 feet. Tract C-a is located approximately 20 miles southeast of 
Rangely, 35 miles southwest of Meeker, and some 75 miles due north of Grand 
Junction (Gulf Oil Corp. and Standard Oil Co. [Indiana], March 1976). 

Two basic weather systems affect precipitation on Tract C-a. Frontal 
systems generally result in widespread, uniform precipitation. Convection 
systems or thunderstorms result in erratic patterns of precipitation over an 
area of a few square miles. Annual precipitation on the tract (measured at 
Stake Springs Draw) for the years 1975 and 1976 measured 13.25 and 11.83 
inches, respectively. Ambient temperatures are moderate during the spring, 
summer and fall; winter minimum temperatures are ~ow. Gradient ~inds are the 
prevailing westerlies which occur all year~ interrupted only occasionally by 
the passage of frontal systems. In the absence of strong gradient winds, the 
terrain produces local meteorological conditions (Gulf Oil Corp. and Standard 
Oil Co. [Indiana], May 1977). 

Peak stream flows usually occur after spring snowmelt (March-April) and 
lows occur in late summer or early fall (August-November). Records kept from 
1974 to 1976 indicated that both Corral Gulch (east) and Yellow Creek 
sustained baseflow, with Yellow Creek having higher discharges (averaging 
approximately 1,150 acre-feet annually). Corral Gulch (east) had an average 
annual discharge of 450 acre-feet over this period. Box Elder Gulch and 
Corral Gulch (west) do not sustain baseflows; however, both showed effects of 
snowmelt. A water analysis of Yellow Creek near the White River, conducted 
over an 8-month period in 1976, showed an average of 2, 650 mg/1 TDS and 
1,475 mg/1 bicarbonate. A similar analysis of the water in Corral Gulch 
(east) indicated a TDS content of 795 mg/1 with 455 mg/1 bicarbonate. Among 
the stream reaches on Tract C-a, iron, pH, and total dissolved solids (TDS) 
exceed suggested drinking water 1 imits. Along the lower section of Corral 
Gulch on the tract, and in Yellow Creek, groundwater inflows cause increases 
in hardness, fluoride and sodium (Gulf Oil Corp. and Standard Oi1 Co. 
[Indiana], May 1977). 

It is probable that some of the springs in the area supplying perennial 
water flow are fed by the alluvial aquifers. Along the main fork of Corrai 
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Gulch,. -B.ox Elder Gulch, and ~take Sp-r:-~ngs D-rawt _the t,hickness of saturated 
alluvium r·anges from 12 to 54 feet and averages 27 feet. Comparison of 
aquifer water level and stream flow indicates that the alluvial aquifers ?re 
very closely related to regional surface water. Springtime rises in alluvial 
aquifer water levels result from infiltration of snowmelt. 

An extensive deep aquifer system also exists in the. Piceance Creek 
Basin. The system mainly consists of two artesian bedroc-k aquifers--the 
upper aquifer and the lower aquifer. Although the impermeable Mahogany oil 
shale zone separates the two aquifers, they are interconnected in some places 
via natural faults and fracturing; however, there is little interconnection 
under Tract C-a except for the northeast corner. The aquifer thickness 
varies from 100 to 400 feet, with 220 feet being the average for both 
aquifers, and together they contain 25 mil1ion acre-feet of water. 

Some significant differences can be observed in the lower and upper 
aquifers. For example, the gradient of the lower aquifer is much flatter 
than the gradient of the upper aquifer. One cause of this difference may be 
the much higher transmissivity of the lower aquifer. Another major 
difference is that the upper aquifer discharges directly into Yellow and 
Piceance Creeks, while the lower aquifer must discharge by upward leakage to 
the upper aquifer. This slow, diffuse discharge over a large area should 
result in a region near the center of the basin over which the gradient is 
nearly flat. The middle of Tract C-a appears to be the border of this 
discharge area (Slawson, April 1980). 

2.1.2 Description of the Plant Complex 

Fiaure 2.1-2, 'shows the 'location of · the off-tract disposal area, 
processing facilities, and open pit mine, with respect to Tract C-a. The 
disposal area located to the northeast of the tract is reserved for the 
wastes generatE.>d during the initial 30 years of tract development. The 
wastes produced during the 20-year project life will be placed back in the 
pit. 

The processing facilities· will be situated off of the tract, to the 
north. Figure 2.1-3 depicts a plot plan for the facilities, which will 
include 13 Lurgi processing trains with the same number of product recovery 
sections. The secondary and tertiary crushers will-be located at the plant 
site; however, the primary crushers will be placed in the pit itself. 
Overland conveyors will transport the raw shale to the plant and carry the 
processed shale from the plant back to the pit. The raw shale stockpile 
(open) and fine shale storage bin (enclosed) will also be suitably located at 
the plart site. Other pertinent processing facilities on the plant plot will 
include gas and water (process as well as mine) treatment, product tankage 
and pipelines, utility area, shop and warehouse, etc. 

The open pit will begin in the northwest quadrant of the ~ract. 
Figure 2.1-4 presents a detailed schematic of the pit at the beginning of the 
project (after the initial 30-year development). A partial geologic cross 
section of the pit is shown in Figure 2.1-5; as the figure illustrates, the 
pit will intercept the upper and lower aquifers located under the tract. 
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2.1.3 Description of the Retorting Process 

A detailed description of the Lurgi retorting process is presented 
below. Unit flow diagrams describing the operation of other processing units 
in ~he integrated plant complex are presented in Section 3. 

lurgi-Ruhrgas Retorting Process--

A schematic for the Lurgi retorting process is shown in Figure 2.::;,-s. 
Initial crushing in the pit reduces the size of the run-of-mine shale to 
mirus 8 inches. Secondary and tertiary crushing further reduce the shale 
size to minus 1/4 to 1/3 inches. The crushed oil shale is fed through a feed 
hopper to a double screw mixer, where four to eight times its weight of a hot 
(1,200-1,300°F) circulating heat carrier, such as sand or processed shale 
from the collecting bin, is thoroughly mixed in, thus heating the entire 
mixture to approximately 950-1,000°F within a few seconds. At this 
tempera~ure, pyrolysis of the kerogen in the oil shale occurs, resulting in 
the production of retort gas, shale oil vapor and water vapor. The 
circulating heat carrier and the partially retorted shale are the!l dropped 
from ~he screw mixer into the surge vessel, where residual oil components are 
distilled off. The mixture of heat carrier and retorted shale residue is 
passed to the lower ~ection o·f the lift pipe, where combustion air (preheated 
tc 450-930°F) is introduced, raising the mixture pneumatically to the 
collecting bin (TRW, and· DRI, 1975-1978; York, June 13, 1980). Essem:ially 
a11 avai~aole organic· carbon ,contained in the, retorted shale residue is 
burned in the 1ift p)pe.; Supplemental fue.l .may be added to the bottom of the 
lift pipe to sus~ain tae combustion pf the organic residue w~en processing 
leane1· oil shales. Also, at the :high lift pipe ~ernperature, a moderate 
amo~r~ of carbonate :decomposition occurs in the processed shale. At the top 
of tne lift pipe, the hot, burned shale is separated from the flue gases in" 
tr;e collecting bin. Fi>nes are carried out of the collecting bin with the 
f1~e gas stream. The coarse-grained ,shale residue accumulates in the 1ower 
sec~ion of the collecti~g bin and flows continuously to the mixer. Partial 
re1Tiova1 of the solids to prevent accumulation in the collecting bin may be 
reauired if the fines carry-over is not sufficient. If the shale 
disbtegrates to the extent that more' fines are produced tlian expected, an 
add1tional coarse-grained heat carri:er, such as sand or low-grade shale, may 
be needed. The combustion air sl.lpp1ied to the lift pipe is preheated by 
counter-current heat ex9hange with the flue gas stream in the preheat section 
of ~he waste heat boiler. The calcined minerals in the burned shale combine 
w~~r. the sulfur dioxidel1 produced by combustion of the organic su1fur t.o form 
ca'tcium and. magnesium sulfites and sulfates (Rio Blanco Oil Shale Co., 
February 198:). · 

The pyrolysis products stream containing shale fines is withdrawn at the 
end of the screw mixer and passed through two series-connected cyclones to a 
product recovery section. The fines are separated in these eye 1 ones and 
returned to the recycle system. The vapor stream then passes through a 
seque'lce of tliree scrl.\bbing coole·rs (not shown; see Figure 3. 3-4 in 
Section 3). The first scrubbing cooler is designed to operate at a high 
temperature (-350°F) and to re~ve dust from the gas stream by condensa~ion 
of ~eavier oil fractions. Circulation ~f the condensed heavy oi1 through the 
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scr~bber aids in removal of the dust. A dusty heavy oil is obtained a~ this 
point. The operating temperature of this scrubber is controlled by 
in~rod~c~ng and evaporating the gas liquor through the scrubber. The amount 
of heavy oil and its properties can be varied in this fashion. In the next 
scrubJ'rg ccoler, further condensation of the oil takes place at a 
te~~era~u~e above the dew point of water to produce a water-free middle oil 
(Sc~malfeld, July 1975). Final cooling of the gas produces an aqueous gas 
cor.densate and a 1 ight oil fraction. The light oi1 is separated f~"om the 
cordensate or gas liquor in an oil/water separator. Partial amounts of 
smmon'a and sulfur dioxide in the gas stream are absorbed in the gas liquor. 
If nEcessary, further removal of these species from the gas can be achieved 
oy ci~c~1ating more of the gas condensate through the third scruober. 
F~nally, the gas is scrubbed with a lean oi1 in the naphtha scrubber to 
recOIJ!FJ"' naphtha and noncondensable gases, as deemed desirable. Residual H~S 
iTJO.Y ba remo•.!ed from the remaining gas by one of several methods. The gas 
liquor ~ay also be cleaned before reuse or discharge. 

-re flue gas stream in the lift pipe is dedusted in a cyclone afte~~" 
leaving t~1e collecting bin; it is then routed through a heat exchanger for 
orehea~ing of combustion air, a waste heat boiler to produce process steam, 
arc:he"' cyc:one, and a., humidifier or flue gas conditioner. The flue gas 
::;,ream is cooled somewhat and conditioned in the humidifier by adding steam 
genented during processed shale quenching. After humidification and 
coo·~r.~, resiaual dust is .removed from the flue gas stream using an 

ectrostatic precipitator and discharged · into ·a processed shale 
cuenche>r/mo'stt,rizer·where mo·re water is added to coo1 'the'solids. The 
;:.recessed shale re·sidue, cooied to ~200°F, is moisturized 1:0 a suitable 
moistJre ~or-tent and di~carded. 

-re dus:.y heavy ci'l obtained from the first scrubbing cooler is thinnea 
wftr an available ljghter oil from the process and subjected to 
certrifugatior to remove the dust., The clean oil is stabilized by vaporizing 
the iight cil components and, then sent for storage. The recovered light oil 
is ~ecyc;e~ ~o the process and the dust is fed to the bottom of the 1ift pipe 
and r:urrs:C:. 

l.Z FOlLUTION CONTROL CASE STUDY 

T!ie case sL.udy examined in this manual is based primarily on informat~on 
published by the developers (Gulf Oil Corp. and Standard Oil Co. (Indiana], 
Mar,:1 1976; Rio Blanco Oil Shale Co., February 1981). The pollution control 
approaches analyzed for :the. commer1=ial plant activities, such as mining and 
crusring, L~rgi flue gas discharge, retort gas treatment, gas liquor 
trea::,ments excess mine water di:scharge, and solid waste disposal, a,·e 
intended tc serve as i11ustrai;i•ve examples only and should not Hmit 
cons f derat ~on of ot~.er:, a1 tetnatli1le$. 

' :' 
Since staooard industry p.r:actice$ are -ado.pted, for various minor 

t:"'eatments, these technologies ane not discussed in detail (e.g., boiler 
f~ec'!~ater 1nakeLp treatment). 'The impact oo the cost of treatment as a result 
cf vadati·ons in the -pollution control strat~ in other- processing areas is 

35 



assessed~ but a detailed analys·is: of the, .treatment tec.h:.nology its-elf is not 
presented. 

2.2.1 Key Features of Pollution ContrGl 

The primary featu~e of this manual is that it p~ovides an opportunity to 
analyze the impacts resulting from open pit mining. This mining technique 
was selected by the Tract C·a developer beca-use the oil shale deposits are 
technologically and economically amenable to this type of recovery and, 
furthermore, it affords nearly complete mining of the resource. As a 
disadvantage, however, large amounts of overburden and subgrade ore also must 
be removed along with the retortable oil shale, making it the largest mining 
operation of its kind in the world. 

A 11 of the mined materia 1 s are crushed in the pit and transported for 
disposal or processing. The transportation is achieved by an extensive 
network of overland enclosed conveyors equipped with dust control systems 
such as baghouses and water and foam sprays. Further crushing of the oil 
shale takes place at the plant located off site, to the north of the tract. 
Because of the size and extent of this materials handling system, the plant 
uses an unusually high number of baghouses and dust suppression devices. 

The commercial open pit will intercept two extensive deep aquifer 
systems which 1 ie under the tract. These aquifers slope gently to the 
northeast toward the center of the hydrologic basin of Piceance Creek; the 
waters are mostly stagnant,' as the aquifer recharge occurs primarily from 
precipitation along the basin margins, and discharge is by release to 
Piceance Creek. The effec~ of intersecting the aquifers in the pit wi11 be 
the tendency of the waters to flow from all directions into the pit. Thus, 
the aquifers would need to be dewatered throughout the project life to avoid 
infiltration of water into the pit. The transmissivity, storage coefficient, 
and thickness data for the two aquifers suggest a dewatering rate of 
approximately 16,500 gpm (Gulf Oil Corp. and Standard Oil Co. [Indiana], 
March 1976). About 70 dewatering wells around the periphery of the pit may 
be required for dewatering (these wells are assumed to be in place before the 
process analysis in this case study begins). Although the process will have 
zero water discharge in terms of process waters. the result of dewatering is 
that an excess of mine water will remain after the process needs have been 
satisfied. Since this will necessitate disposal of the excess mine water, 
the overall plant will no longer be a zero discharge facility. 

The plant complex considered h~re will not burn any fuels for power or 
steam generation. Electricity will be obtained from outside sources, and 
sufficient steam will be generated by the Lurgi process. Thus, there wi11 
not be any major flue gas sources besides the stack in the processed shale 
discharge system. Since the retort gas is prepared for selling purposes, its 
cleanup does not qualify as pollution control. If the gas were being cleaned 
for on-site use, the cleaning process would have qualified as a pollution 
control measure. Nonetheless, any treatment of the tail streams before 
discharge into the environment is considered as pollution control. 
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Another unusual feature of this study is that it assumes full-scale 
development of the open pit, with this operation occurring during the 
30 years prior to the starting point of this analysis. In such a case, the 
curre'1t plant will be the second oil shale processing facility and many of 
~he pollution controls and other equipment, such as baghouses, dust 
suppressicn system, water management system, storage tanks, etc., will 
already be in place. For the economic analysis, however, this study assumes 
:hat all pol1utior. control measures are newly installed during the start-up 
per:od for the second, or current, plant. Furthermore, the wastes ge~erated 
duritlg the initial 30 years have already been disposed of on a remote 
locaticr,, and the environmental and cost issues associated with the off-si~e 
disposal are not addressed. 

2.2.2 Pollution Control Case Study 

A block flow diagram for the basic processing and pollution control 
system for the case study analyzed in this manual is presented in Figure 
2.2-1. ;he pollution control areas are highlighted in the diagram by heavy 
~ines. A brief ove:"'view of the entire process follows. 

Mining of the oil shale is performed by the open pit method. Tne 
fugil.ive dust generated during this operation is controlled with water and 
foam sprays. The run-of-mine oil shale, subore, and overburden are crushed 
~o a size of 6 to 8 inches in individual crushers located in the pit itself. 
The crushing operation al s'o generates particulates which are controlled by 
baghouses installed on the crushers. The crushed subore and overburden are 
sent for disposal in the back of the pit, while the oil shale is transported 
to t-he surface using .enclosed co'nveyors. These conveyors are equipped with 
bag~ouses and dust suppression devices to control the particulates generated 
at transfer points. The diesel-powered machinery used in mining ard disposal 
act~v1t1es is equipped with catalytic converters to control the carbon 
monoxide and unburned hydrocarbons in the exhaust gases. 

"":""he primary crushed sha 1 e is further reduced in size by secondary and 
tert~ary crushing and then fed to the retorts. The crushing, screening, 
tra~sporting, storage, and feeding operations generate airborne particulates 
wr.icr are a1so co~trolled by baghouses. 

In the Lurgi' retorts, the raw shale is pyrolyzed by mixing it wit.h a 
portion of pt·eviously processed hot shale. The vaporized oil and gas 
products from the pyrolysis are sent to the oil and gas recovery section of 
-c.he plant, while the retorted shale is sent to the lift pipes where the 
residua1 organic matter on the retorted shale is incinerated to generate the 
heat necessary for retorting the raw shale. A flue gas is also produced as a 
resu1t of incineration. As mentioned previously, a portion of the processed 
shale is recycled to the retorts, while tha remainder is passed along with 
the f!,ue gas through the discharge system. 

In the discharge system, the flue gas and entrained processed shale 
particles are separa~ed from each other via a series of cyclones, waste heat 
recovery system, humidifier, etc. The flue gas is then passed through an 
electrostatic precipitator to remove the res1dua1 particulates and is 
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eventually vented to the atmosphere. The processed shale separated along 
these steps is sent to the processed shale mixer for quenching and proper 
moisturizing before final disposal. 

In the oil and gas recovery unit, the products of pyrolysis are 
seoarateo into heavy, middle and light oils, naphtha, gas liquor and 
~o~cordensable retort gas. The oils and naphtha are sent for storage, while 
tr~e gas 1 iquor and retort gas are treated further. Fugitive hydrocarbons 
emanate from the product storage and these are contra l1 ed primarily by 
em:J1e:,Ying f1oati!'g roof storage ~anks. 

The retort gas is cleaned for the purpose of se 1l i ng it. The gas is 
firs~ compressed to remove much of the moisture and ammonia, then subjected 
tc treatment by diethanolamine and triethy1ene glycol, which remove the 
acidic components and the residual moisture, respectively, from the 
cc!llp-ressed gas. The clean, dry gas is then sent to the pipeline. Since 
these are processing steps, they are not considered as pollution control 
measures. 

acid gas obtained from the diethano;amine regeneration is treated by 
the Stre~ford process, which converts the H2 S in the gas to elemental su1fur. 
The :lean gas is then vented to the atmosphere. Since a direct release of 
~he acid gas (before treatment by the Stretford process) would create 
po·l~tion, the acid gas treatment is considered a pollution control measure. 

' ' ' 

The gas liquor from the oil and gas recovery section is subjened to 
o~:;.,,at:er separation, but it still contains dissolved ammonia ard sulfur 
cor.:counds a:rd its direct di'scharge 'Or use may ·a 1 so create po 1l uti on. 
Therefore,: the ammonia and dissolved volatile compounds from the liquor are 
remcved by an ammcnia recovery process. The treated water is then used for 
processed shale moisturizing. 

Dewatering of the two aquifers under Tract C-a is necessary in order to 
keep ~he pit dry. The water thus obtained is used to satisfy the processing 
require~ents, but the total amount of water is in excess of that·needed. As 
a resu1t, the excess water must be discarded. The excess water is retained 
in ~~ aeration pond for a period of one week to oxidize the organic matter; 
it ~s tren discharged into natural surface water streams. 

The wastes generated from mining and processing of the oil shale are 
backfilled into the pit. During the active backfilling operation, the 
fugitive dust generated due to the vehicular traffic is controlled by the 
application of water and foam sprays. After establishing the final contours, 
the surface of the backfilled wastes is covered with topsoil and revegetated. 

Overall water management activities consist .of satisfying the process 
steam and cooling water needs, as well as efficient management of the aqueous 
'#aste eff1u€nts. Properly treated mine water is used as the boiler feedwater 
to produce the steam in the Lurgi wa$te heat recov~ry boiler. Treated mine 
'll:'ater is also usea as cooling water,. proce.ss makeup water~ cooling tower 
makeun water, etc. Mi.nor wast-es generated: from :the wate-r treatments are 
equa1ized 'in a· ho1'ding pond ·and··then us-ed fo-r processe"d sha1C2 moisturizi11g. 
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The mine water is also' used for dttst_.control. revegetat~on, sanitary .u-ses, 
and as service and fire water. 

Proper maintenance practices are used to reduce the fugitive 
hydrocarbons emanating from valves~ pumps. etc. 

2.3 SUMMARY OF POLLUTION CONTROL TECHNOlOGJES AND COST 

The control technologies examined in the case study are summarized in 
Table 2.3-l. As a means of organizing the presentation. the plant complex is 
divided into different areas of processing activities and pollution control. 
It should be noted that the control technologies examined here are not the 
only choices available, nor are they necessarily sufficient for pollution 
control; rather, they are merely examples from broad classes of technologies. 
These examples have been examined on the basis that they have been proposed 
at one time or another by oi 1 shale developers. Additionally, good vendor 
guarantees and cost data on these technologies were available for the 
economic analysis. 

Throughout this analysis of the Lurgi-Open Pit project, the distinction 
between process and pollution control is not always clear. For example, the 
diethanolamine treatment of the retort gas could be considered a pollution 
control measure because it affords removal of H2S. However, since the main 
purpose behind the treatment is to sell the gas and not to use it on site, 
the treatment is considered a processing step. Similarly, boiler feedwater 
treatment, cooling water treatment, source water clarification, etc., are 
listed as pollution control measures, when they may also be classified as 
process related activities. In some such instances--for example, the cooling 
water treatment--only the cost increase due to the pollution control 
activities is included, but this distinction is not always possible. 
Consideration of an activity as a pollution control or as a process related 
activity becomes important when calculating the total cost of pollution 
control. Because all of the borderline activities are classified as 
pollution control, the user of this manual should be made aware that the 
total pollution control costs are conservatively stat~d due to the inclusion 
of activities which could also be considered process related. 

Table 2.3-2 lists the control t:echnologies examined in the case study, 
along with information describing location, control function and size. More 
detailed design information for the technologies is presented in Section 5. 
A discussion of other possible control choices is also given in that section. 

Table 2.3-3 summarizes the costs of air pollution control and water 
management and po 11 uti on contra 1 for the case study analyzed for the 
Lurgi -Open Pit faci 1 ity. The costs for so 1 i d waste management are not 
included in the table because of insufficient information regarding the 
developer•s plans for solid waste disposal. Detailed engineering costs for 
the technologies analyzed and the cost computation methodology are presented 
in Section 6. 
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TABLE 2.3-1. SUMMARY OF POLLUTION CONTROL TECHNOLOGIES 

Mining, Crushing and Retorting Retort Gas Mine Water Gas Liquor Steam, Power Solid Waste 
Materials Handling Treatment Treatment Treatment rreatment Generation Management 

Sag houses Electrostatic Stratford for Aerated Pond Ammonia Steam Generation Open Pit 
Precipitator the Acid Gases Recovery inherent to the Backfilling 

Water and Foam for Flue Gas from DEA Unit Process retorting process; 
Sprays no control necessary 

Source: ORI based on informat1on from Gulf Oil Corp. and Standard Oil Co. (Indiana), March 1976, and Rio Blanco Oil 
Shale Co., February 1981. 



TABLE 2.3-2. INVENTORY OF MAJOR POLLUTION CONTROL TECHNOlOGIES 

lype of Control Flow Rate Processing 
(Nu~Jer of Un1ts) Origin of Material Controlled Material Controlled Each Unit Activity Area 

Water and Forun Sprays Hi ne, Open Stockpiles Raw and Processed Shale Dust Mining, etc 

Fabric ri Iter (2) Primary Crushers {ore} Raw Shale Oust 61,100 ACFM Mining, etc. 

Fabric F11ter (1) Primary Crushers (subore) Subore Shal~ Oust 12,200 ACFM Mining, etc. 

Fabric Fi Iter (1) Primary Crushers (overburden) Overburden IJust 63,800 ACFM Mining, etc. 

Fabric Filter (2} Conveyor to Stockpile Raw Shale Oust 36,300 ACfM Mining, etc. 

Fabric Filter (3) Raw Shale Conveyor Transfer Raw Shale Oust 40,500 ACFM Mining, etc. 
Points 

Fabric F1lter (2) Conveyor to Secondary Crushers Raw Shale Oust 20,200 ACFM Mining, etc. 

Fabric Filter (8) Secondary Crushers Raw Shale Oust 69,800 ACFM Mining, etc. 

Fabric F1lter (2) Conveyor to Secondary Screens Raw Shale Dust 20,200 ACFM Mining, etc. 

fabric Filter (8) Secondary Screens Raw Shale Oust 69,800 ACFM Mining, etc • 

.t::> Fabric Filter (2) Conveyor to Tertiary Crushers Raw Shale Oust 20,200 ACFM Mining, etc. 1\) 

Fabric Filter (9) Tertiary Crushers Raw Shale Dust 69,800 ACFM Mining, etc. 

Fabric Filter (4) Conveyor to Tertiary Screens Raw Shale Oust 20,200 ACFM Mining, etc. 

Fabric Filter (9) Tertiary Screens, Both Sets Raw Shale Oust 69,800 ACFM Mining, etc 

Fabric Filter (2) Conveyor to F1ne Ore Storage Raw Shale Dust 20,200 ACF'M Mining, etc. 

Fabric Filter (1) Fine Ore Storage Raw Shale Dust 28,800 ACFM M1n1ng, etc. 

Fabric Filter (2) Conveyor to Retort Feed Hoppers Raw Shale Oust 20,200 ACFM Mining, etc. 

Fabric F1lter (4) Retort Feed Hoppers Raw Shale Dust 53,100 ACrM M1ning, ate. 

Fabric Filter (13) Conveyor to Retorts Raw Shale Dust 18,400 ACFM Mining, etc. 

Electrostatic Flue Gas Discharge System Processed Shale Oust 293,700 ACFM Processed Shale Removal 
Precipitator (13) (pyrolysis) 

Fabr1c Filter (2) Processed Shale Conveyor Processed Shale Dust 32,300 1\CFM Processed Shale Disposal 
Transfer Points 

fabr1c F11ter (3) Processed Shale load-out Pro~essed Shale Dust 21,500 ACFM Processed Shale Disposal 
lloppers 

(Continued) 



Type of Control 
(Number of Units) 

Stretfo~d (1} 

Otl/Water Separator (1) 

Ammon1a Recovery (l) 

Mine Water Clarffier (1)* 

Aeration Pond (1) 

rtoating Roof Storage 
Tanks (:1) 

Ammonia Storage Tank (1) 

ratalytic £onverters 

Proper Maintenance of 
Valve$, Pumps, etc. 

Or1gln of Mater1al Controlled 

DEA Unit 

Lurg1 Product Recovery 

Oil/Water Separator 

Underground Aqu1fers 

M1ne Water Clarif1er 

lurgi Product Storage 

Ammonia Recovery Un1t 

Diesel Equlptuent 

Valves, Pumps, etc 

Boiler Feedwater Treatment• Mine Water 

tool!~ Water Treatment~ Mine Water 

-E~uallzation Pond Water Treatments 

Oil/Water Separator Plant Site Storm Sewer 

~unoff Colle~t1on Sumps 

Runoff Colle~tion ~umps 

Oust Suppr·ess ian 

G~ubbing, Strtpping, 
and Cl~aring 

Reclamation and 
Revegetation 

Waste l.andf1ll 

Runoff Collect1on Sumps 

Waste Landf11l 

Waste Landfill 

Waste Landflll 

TAB IE 2. 3-2 (cnnt.) 

Mater1al Controlled 

Oil Emulsion 111 Water 

H2 S, NH~ and Volat1le 
Organ1cs in Water 

Suspended Matter 

Dissolved Organics 

Hydrocarbons 

Ammoma 

CO, HC 

Hydroca r•bons 

Ui sso 1 ved So l1 ds 

Dissolved Solids 

Slowdowns, Runoff, 
Concentrates, etc. 
Plant Runoff 

leachable Compounds 

lea~hed Compounds 

Parti~ulates 

So1l (eros10n) 

~tll] (tll'OSHlO) 

rlow Rate 
Cach Umt 

10,500 ACrt~ 

586 gpm 

586 gpm 

16,500 gpm 

8, 330 Qptn 

63,140 BPSD 

22 6 TPSD 

43 gpm 

2,676 gpm 

2,525 gpm 

l69 gpm 

"The il!t.hnologles marked with an asterisk (")could be co11Sidered par•t of the process as well as pollut1on control 

Procc~'•tng 
Ad tv1 ty 1\t ea 

Retort Gas TrAatment 

Gas Liquor treatment 

Gas L1quor Treatment 

Mine Water Treatment 

~xcess Mine Water 
Treatment 

Ht~~ellaneous Air 
Treatment 

Miscellaneous Air 
Treatment 

Miscellaneous Air 
Treatment 

Miscellaneous A1r 
Treatment 

Mlscellaneous Water 
Treatment 
Miscellaneous Water 
Treatment 
Miscellaneous Water 
Treatment 
Miscellaneous Water 
Treatment 

Surface Hydrology 

Surface Hydrology 

Surface Stabilizatlon 

Sur face Stab1l1Zat10n 

Surface Stab1l1zat1on 

Source ORI based on 1ntormat10n from Gulf 011 Corp and Standdrd 011 Co (Ind1ana), March 1976, and Rro Blanco 011 Shale Co , February 1981 



TABLE 2.3-3. POLLUTION CONTROL COST SUMMARYa 

Fixed Total Annual Total Annual Total Annual Per-barrel 
Capital Cost Capital Charge Operating Cost Control Cost Control Cost 

Control Medium ($000 1 s) ($000 1 s) ($000's) ($OOO's) (cents) 

Air Pollution 91,042 14,747 9,013 23,760 115 

Water Management and 
-+>- Pollution Control 7,122 1,412 2,446 3,858 19 .., 

Solid Waste Managementb N.D. N.D. N.D. N.D. N.D. 

a See Section 6 for details. 

b The solid waste management costs have not been determined (N.D.) in an integrated fashion. 
See Section 6 for details on individual solid waste management items. 

Source: DR!. 
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SECTION 3 

PROCESS FLOW DIAGRAMS AND FLOW RATES 

F1ow diagrams illustrating all operations in the lurgi-Open Pit plant 
como 1 ex are presented in this sect 1 on. The integrated designs shown are 
consistent with proposed development plans. 

3.1 STRUCTURE OF THE DIAGRAMS 

In order to understand the interactions throughout the plant complex, an 
ove~a11 flow diagram is presented first, followed by flow diagra~s for each 
unit process. Flow rates for all major process and waste streams are 
indicated on each of the more detailed diagrams; flow rates for streams cf an 
auxiliary nature, such as cooling water and steam, are included only ~hen 
relevant to pol1ution control activities. The following symbols are used to 
indicate the phys cal state of each stream: 

o Gases--Circles 

• Liquids--Squares 

@ Soli~s--Hexagons. 

A unique stream number is placed within each symbol. In addition, an 
asterisK (*) is placed next to the symbol for a stream if it comes into 
cor.tact with the environment at any point in the process. The stream 
numbering system established in this section is used throughout this manual. 

3.2 OVERALL PLANT COMPLEX 

A f1ow diagram of the complete plant complex, emphasizing the waste 
streams produced, is presented in Figure 3.2-1. Production-scale mining of 
the oil shale will be accomplished utilizing the concept of a migrating open 
pit, In1tial excavation will have begun in the northwest quadrant of 
Tract C-a (see Figure 2.1-2) and continued for 30 years. The waste materia1 
produced during these years wi 11 have been removed to an off-site disposal 
area. After the 30-year development, the pit would be sufficient1y la~ge to 
accommodate the simultaneous waste backfilling and mining operations. The 
Lurgi-Open Pit case study examines activities that occur after simultaneous 
oackfilling and mining operation~ commence. 

The pit boundaries at the end of the 20-year project life (following the 
initial 30 years) will extend south across Corral Gulch anrl east to near the 
confluence of Dry Fork and Corral Gulch. The working pit will have a depth 
of approximately 1,350 feet and a, diameter of 7,900 feet at the surface. The, 
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slope of the pit wall wil1 be 45°, which will be sufficient to avoid 
subs:dence. The benches will be placed 50 feet apart. 

-~he mined raw shale is first crushed in movable primary crushers 1ocated 
ir the pit and then transferred to the surface by covered conveyors. ?roper 
retor: feed is then prepared by secondary and tertiary crushing and 
screening. The crushed shale is fed to the lurgi retorts where it is mixed 
wi:.h hot, burned, processed sha1e, raising it to a sufficent temperature 
(950-l,OOG°F) to release a mixture of oil and high-Btu gas which moves ~o a 
recovery ~ection of the plant. After retorting, the processed sha1e contains 
a ca~bo, residue which is burned in a lift pipe, thereby further raising the 
tem?erature of the processed shale (1,200-1,300°F) before it is mixed "'Hh 
t'"le ; ncomi ng ra'w shale. Part of the burned, processed sha1e that is net 
recycled exits with the flue gas and is separated, quenched with wa~er, anG 
~ois~ened t~ 19% water content before disposal. 

I~ the ~urgi oi1 recovery section of the plant, three oil fractior.s and 
a high-B~u gas are recovered. A gas liquor, or condensate, with dissolved 
arnmon-:a and organics is also recovered in the product recovery section. 

A~ter the stripping of naphtha, the retort gas is compressed and sent to 
~re diethanolam~ne {DEA) scrubbers for removal of acid gases. The clea~ gas 
i5 s~~sequently dried in the triethylene glycol (TEG) dehydration ~ystem and 
s~nt to the pipeline. The acid gas overhead from the amine absorption system 
is treated in a Stretford unit to produce a sulfur by-product and a tail gas 
~hie~ ~s reie~sed to'the atmosohere. 

T~e gas }iquor is Sent tO the ammonia reCOVery Unit to produce ar.hydrOUS 
arr"'oria and then the stri'pped liquor is used for processed shale moistening. 

S~:ce tr.e pit wili intercept two underground water bodies, the upper and 
lowe':' aquifers, dewatering of the mine will be necessary during the active 
Hfe of the project. The amount of mine water obtained by dewaterir.g, 
hov,eve~, w~ll be in excess of that needed in the plant and this excess water 
wll 1eec to be discharged. Aeration of the excess water to oxidize the 
orgaric material and to settle out oxidizable inorganic compour.ds wi11 be 
carri~d out prior to the discharge. 

:he overall processing steps outlined above comprise the case study 
~xam~ned i~ :his manual. 

3.3 UNIT PROC£SS FLOW DIAGRAMS 

This section describes the operation of the Lurgi-Open Pit plant complex 
"l"' J'I1C':'e detai1 using flow diagrams for each unit process in the p1ant. 
Figure 3.3-1 is intended to be used as a road map showing the relationship 
between tne unit process flow diagrams. Each box (except the product storage 
boxes) in the figure represents an individual flow diagram, and the 
app'~'ooriate figure number for each diagram is indicated. All ·streams are 
~umb~~ed as we11. A complete list of all the streams, iR numerica1 order, is 
1nc1~ded in Section 1.7~ Table 1.7-1. 
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The individual, unit process flow diagrams are presented throughout this 
sec~ion (see Figures 3.3-2 through 3.3-11); also, Figure 3.3-12 provides 
detai1s on ~he water management system for the entire plant complex. In each 
diagram, streams enter on the left and exit on the right, and mass flows are 
given at the bottom. Composition data on major process and waste streams can 
be fo~nd in Sectio~ 4. 

3.3.: Mining, Crushing and Transport of Raw Shale 

A flow diagram illustrating mining and crushing processes for the Lurgi
Open Pit oil shale complex is presented in Figure 3.3-2. 

Run-of-mine oil shale, overburden, and subore will be reduced to 6 to 
8 inches in size in separate 72-inch gyratory crushers located in the pit. 
These pr1 mary crushers wi 11 have the capability of being moved as the pit 
migrates. Airborne particulate matter from the primary crushing operations 
will bs controlled with baghouses and the uncontrolled particulates will be 
emitted to the atmosphere (streams 5, 6 and 7). The baghouse dust collec~ed 
from tre overbu~den and subore crushing operations will be combined with the 
crushed ~aterials 1 while the shale dust (stream 22) will be added into the 
feed to the Lurgi- Ruhrgas retorts. The primary crushed sha 1 e wi l1 be con
veyed to the coarse ore stockpile located on the surface and subsequently 
reduced in size by secondary and tertiary crushing. All crushing, screening, 
and transfer operations will use baghouses to control dust emissions. 
Fugitive dust assQciated with, :the mining and crushing operations will be 
contro]:ea with wa'ter sprays arid other dust palliatives (stream 90). The 
fine :ru?hed shale will be stockpiled in an ~nc1osed storage bin and conveyed 
to the re:ott feed· hopper. The·airborne part1culates from the storage bin, 
conveynr, and feed'hopper will be,controlled with baghcuses and then emitted 
to the atmosphere (streams 19; 20 and 21, res~ectively). Indiv1dual co~vey
ors wfll tn.en :.ransport the sha 1 e from the feed hopper to each of the re
torts. Fugitive dust from these conveyors will also be controlled with 
baghcuses. (A1ternately, the shale can be distributed to the retorts direct
~Y from 'the stora'ge bin. In such a case, the feed hopper depicted in the 
figure:would not be included; therefore, stream 21 would not exist. Instead, 
each ;-etort w6uld use an individUal feed hopper, which would be controlled 
v<'i th the baghouse i nsta 1 ~ ed on :the feed conveyor. ) The crushed overburden 
and subore (streams 2 anq 3) and processed shale (stream 29) will be trans
ferred by covered conveyqr to 150-ton truck load-out hoppers for redistribu
tion ih t~e back' of the p~t. 

Oue to the interruption of the existing aquifers during development 
of the pit, a considerable amount of water wi 11 need to be pumped through 
the dewatering we11s. Shown as stream 4 on the flow diagram, this water 
w~ll be sent to the water management system (see Section 3.3.10) for c1arifi
catio~ and subsequent treatment before being used throughout the plant 
comp7-eiX. · ' 

Leachate from the raw shale pile, if present, and storm runoff will 
oe pt,rnped ~o an oi 1 /water separator and then used for processed sha 1 e 
mo'!stU,rizing. The vari·ous mining and disposal equipment (e.g .• power 
shove-ls, trucks, -Grushers) operates on di ese 1 fue 1. The exhaust gases 
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(stream 24) from this equipment will be controlled through the use of 
cataiytic converters. 

3.3.2 Lurgi-Ruhrgas Aboveground Retorting 

The Lurgi-Ruhrgas aboveground retorting process is shown in 
Figure 3. 3-3. Raw shale (stream 1) from the crushers and collected dust 
(stream 22) from the baghouses provide the feed to the screw mixer where 
pyrolysis occurs. Vapors containing retort gases, oil mist, water vapor. and 
some P'"ocessed shale particulates exit the screw mixer and pass through two 
cyc1o:1es. Processed shale particulates are removed in the cyclones and the 
vapors (stream 26) continue on to the oil recovery system. 

Processed shale exits the screw mixer into a surge vessel where it 
combines with particulates captured by the gas stream cyclones. The 
processed shale is then forced up a lift pipe by injection of preheated air 
(stream 25). A portion of the retort gas (stream 35) is a necessary addition 
to ~he 1ift pipe to sustain combustion of the residual organic matter on ~he 
processed shale. Oily dust from the oil/dust centrifuge (stream A3) is also 
injected into the bottom of the lift pipe. Combustion of residual organic 
matter on processed shale particles and oil from oily dust produce flue gas 
and h.eat. 

The processed shale particles then enter a co1lecting bin which recycles 
a preaetermined amount of hot processed shale into the screw mixer to provide 
~eat r:ecessary to raise the raw shale feed to pyrolysis temperature. The 
~rocessed shale is mixed with ~aw shale in the screw mixer in a mass ratio of 
a9proximateiy 6:1 (Marnell, September 1976; Schmalfeld, July 1975). 

Hot flue gas and entrained processed shale particles exit the co1~ecting 
oin and enter a cyclone where most particulates are removed and fed to a 
processed shale quencher/moisturizer. The flue gas then enters a waste heat 
reccvsry boi 1 er where high pressure steam (stream 27) is produced through 
hea~ transfer to the entering waste heat boiler feedwater (stream 77). The 
higr pressure stear:1 is utilized as the prime mover for the turbine-driven 
cc:npr·essors in the gas c.omptession section (Figure 3. 3-6). 

T~e flue gas continues through another cyclone for further particulate 
remcval and then enters a humidifier and an electrostatic precipitator and is 
vented to the atmosphere as stream 31. Processed shale quenching and 
mo~stening water (stream 78) enters the quencher/moisturizer where the 
p~ocessed shale is cpoled to below 200°F and is wetted to contain 
approximately 19% water by weight. The moisturized processed shale 
(stream 29) is then sent for disposal. The steam produced by the quenching 
cpera:.ion is added to the flue gas via the humidifier. This aids in the 
~1ect~ostatic precipitation of the particulates. 

3.3.3 lurgi-Ruh!Q!s 011 Recovety 

The Lurgi-R~hrgas oi1 r~covery system, shown in Figure 3.3-4, has three 
st.ages inv.o1ving two-hot oil scrubbers and one cool water scrubber. The oil, 
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recovery system primarily removes oil mists and water vapor from the enter1ng 
retort vapors (stream 26). 

The first oil scrubber removes heavy oils and particulate material from 
~he gas stream but retains water in the vapor phase due to the high 
temperature involved. Gas liquor, which is obtained in the latter part of 
the oil recovery system, is recycled to the heavy oi 1 scrubber to decrease 
the '.:.emperature of the vapors through water evaporation. Dusty heavy oils 
ex.:t at the bottom of the scrubber at approximately 350°F and enter a 
centrifuge for dust/oil separation. A small stream of light oils ~s a 
necessary addition to the centrifugation process in order to thin the higniy 
viscous heavy oils, thereby enabling a more effective separation. 
Centrifugation can be a two-stage process, coupled with solids drying and 
light oil stabi1ization processes (Rio Blanco Oil Shale Co .• February 1981). 
Oily dust (stream 43) recovered through centrifugation is recycled to the 
Lurgi retort 1ift pipe. The dust-free heavy oils (stream 42) recovered 
tbrough centrifugation are pumped to storage. Retort gas exits the first 
scrubber and passes through a cyclone for removal of oil droplets and 
pa~ticJ1ates before entering the second oil scrubber for middle oils removal. 

~he second oil scrubber opera~es similar to the first, affording removal 
of middle oils from the retort gas. This scrubber operates at a temperature 
lower than the first, yet above the dew point of the gas so that moisture 
condensation dces not occur; therefore, the middle oils (stream 38) recovered 
from ,this unit are free of water and may be pumped directly to storage. 'fne 
operating temperature for the ·scrubber is about 150°f, and it is controlled 
wit, hu~idified,air, coolers .. 

The third , scrubber operates at a temperature' low enough to promote 
conaensation of light oil vapors and moisture. This unit recirculates a 
por-cion of the condensed oi.1/water mixture to aid in scrubbing of oil and to 
promote removal of ammonia. The exit temperature of this scrubber is 
approximately 90°f. Light oils (stream 36) and gas liquor (stream 41) 
condsr,seri from this scrubber undergo separation, with light oils being pumped 
to s·:;orage and gas liquor continuing on to the ammonia recovery unit (see 
Sec~ion 3.3.8). The oi1 storage tanks wi11 be a source of fugitive 
hydrocarbol e~issions (stream 44). 

' 

3.3.4 Lurgi Lean Oil Absorber and Naphtha Stripper 

The lean oil ,absorber and naphtha stripper unit, shown in Figure 3. 3-5, 
fract-ionates the retort gas (stream 34) after oil recovery into naphtha 
(st.ream 46) and noncondensable hydrocarbons such as C1 's, C2 's and C3 's. 
This unit is used to absorb the naphtha from the gas into a naphtha- free or 
lean oil. Noncondensab1e hydrocarbons are not absorbed in the lean oil and 
ex;t the absorber overhead as naphtha-free ret~rt gas (stream 45) for further 
cl-earup and use. Naphtha is then stripped from the naphtha-rich oi1 and 
co'ndensed for co11;ect"ion and storage, while the stripped lean oil is recycled 
to the absorber .. Makeup lean oil (stream 37) is obtained, as required, from 
1 i~ght oi1 s orcduced i 11 th~ oi 1 recovery unit. 
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3.3.5 Retort Gas Cgmpresston and Cooling . 

Ftgure 3.3-6 shows a flow diagram for retort ~s compression and 
cooling. T'his operation consists of three·stage compression of the retort 
gas from ambient pressure to about 1,.000 psig. This step also serves to 
eliminate a considarable amount of moisture and ammonia from the retort gas. 

The naphtha-free retort gas (stream 45) from the naphtha stripper enters 
the first of four flash drums. This flash drum operates at ambient pressure 
and a 1 so recei v1:s the compressed condensate streams from the other three 
drums. The dissolved gases in the compressed condensates are flashed in the 
first drum and combined with the retort gas. The condensate (stream 49) is 
recovered at the bottom and sent to the ammonia recovery unit (Section 3.3.8) 
along with the gas liquor. The combined gas stream from the first flash drum 
then enters the first stage of compression. The compressor discharge is 
water cooled and fed to the second flash drum, then to the second compression 
stage, and so on. Eventually, the compressed retort gas (stream 48) is 
obtained from the last of the flash drums and transported to the 
diethanolamine (DEA) absorber for the removal of acid gases (Figure 3.3-7). 

The compressors are driven by steam turbines using high pressure steam 
(stream 27) from the waste heat boiler. The turbines are of a noncondensing 
type, discharging low pressure steam (streams 50, 51, 52 and 53) to be used 
in other plant operations. 

3.3.6 Amine Treatment/Triethylene Glycol Dehydration 

The amine treatment and dehydrati.on for the CGmpressed retort gas are 
shown in Figure 3.3-7. The compressed naphtha-free gas (stream 48) enters 
the gas treating column and is scrubbed with 30% by weight DEA 
(diethanolamine/water solution) to remove H2 S. The C02 level in the gas 
stream is also reduced to a low level by the amine solution. The rich amine 
solution leaving the absorber is regenerated by steam stripping, which 
produces the acid gases (stream 58) from the top of the amine regenerator. 
This stream is sent to the Stretford unit where the hydrogen sulfide is 
converted and recovered as elemental sulfur. The retort gas (stream 56) 
emerging from the top of the DEA absorber is virtually free of acid gases and 
enters the triethylene glycol (TEG) dehydrating system. The retort gas is 
scrubbed with the glycol, which picks up the residual moisture in the gas. 
The dry gas (stream 57) is sent to the pipeline, and the glycol solution is 
regenerated by steam stripping and then recycled. The TEG regenerator 
overhead vapor (stream 60), containing mostly steam with a slight amount of 
glycol, is emitted to the atmosphere. 

3.3.7 Stretford Sulfur Process 

A flow diagram for the Stretford process is shown in Figure 3.3-8. This 
orocess affords simultaneous removal and recovery of hydrogen sulfide from 
the gaseous feeds containing low amounts of H2 S. High concentrations of H2S 
as well as C02 are detrimental to the efficiency of the process. 
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The-Stretford proeess consists of H2S absorption, solution regeneration 
and sulfur recovery· systems. The Stretford soluUtm consi·sts of a buffel"ed 
solution of·· sodium carbonates, anthra.quinone disu1fonic acid (ADA}, and 
sodium vanadate wh·ich, in effect, oxidize H2 S to elemental sulfur. The 
reactants are regenerated by stripping. and oxidizing with air, then are 
recycled. 

The acid g.as-es from the amine regenerator (stream SS) are introduced 
into the absorber thro:ugh venturi inlets under the solution level. By 
reacting with vanadate in the presence 9f ADA~ .H2S is converted to e 1 ementa 1 
sulfur, which then floats to the surface and is skimmed off in the oxidizer. 
After filtering and melting, the sulfur product (stream 66) is taken to 
storage. The treated acid gases (stream 63) are released to the atmosphere 
without further treatment. 

Stripping air is purged through the Stretford solution in the oxidizer 
tank to regenerate the ADA. The oxidizer vent gas, containing the stripping 
air witP some desorbed materials (stream 64), is then used as a combustion 
air source for the lift pipes. The regenerated solution is recycled to the 
absorbers. Some nonregenerable compounds like thiosulfates form during the 
solution regeneration. These are removed periodically as part of the spent 
liquor (stream 65), which is sent for reclaim. 

3.3.8 ~~onia Recovery Process 

A schematic flow diagram for an ammonia recovery process is presented in 
Figure 3.3-9. This unit treats combined ammoniacal gas liquors (streams 41 
and 49) from the oil recovery and gas compression units, respectively, for 
recovery of anhydrous ammonia. 

The ammonia recovery process illustrated consists of a water stripper, 
an ammonia absorber, an ammonia stripper, and an ammonia concentrator or 
boiler. The gas liquor feed is introduced to the water stripper in which the 
dissolved ammonia and other volatile matter are evolved by steam stripping 
the water. Sodium hydroxide may be added to the aqueous charge to facilitate 
release of fixed .ammonia. The stripped water . (stream 70) is used in 
processed shale moisturizing. 

In the ammonia absorber, the ammonia released from the gas liquor is 
absoroed out of the vapor phase in a phosphoric acid solution. A solution 
stoichiometry between monoammonium phosphate and diammonium phosphate is 
maintained for efficient absorption of ammonia. Unabsorbed gases such as H2S 
and C02 continue on, as the ammonia recovery unit overhead vapors 
(stream 72), to the Lurgi retort lift pipes for incineration of H2 S. 

Desorption of the ammonia from the ammonium phosphate sol uti on takes 
place in the ammonia stripper section. Both temperature and pressure are 
increased and steam is passed through the solution. An aqueous solution of 
10-20% ammonia is condensed overhead. while the stripped or lean solution is 
recycled to the absorption section. Ammonia is then obtained in an anhydrous 
state (stream 71) in the distillation section by steam stripping the aqueous 
ammonia sol~tion and fractionating the vapors. 
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3.3.9 Solid Waste Oispgsal 

Figure 3.3-10 presents a conceptua1 design for solid waste disposal via 
backfilling the open pit. This disp~sal approach, which was mentioned in the 
original DDP for Tract C-a, was to commence after 30 years of pit 
development, but details were not presented. 

The subgrade ore, overburden, an~ processed shale (streams 2, 3 and 29) 
constitute the majority of the wastes. Several wastewaters, such as stripped 
liquor (stream 70), cooling tower blowdown (stream 105). boiler blowdown 
(stream 28), boiler feedwater treatment concentrate (stream 104), mine water 
clarifier sludge (stream 96), storm runoff (stream 93), and service and fire 
water (stream 95), are used to moisturize the processed shale to a 19% 
mo1sture content before disposal. The water management diagrams (see 
Figures 3.3-11 and 3.3-12) indicate the makeup of the moisturizing water 
(sneam 78). 

The waste transfer to the pit will be carried out in two phases. First, 
the waste materia 1 from the processing facility will be transported to the 
site using covered conveyors. Then, it will be loaded into 150-ton trucks 
and hauled into the pit. The backfilling operation will begin at the back of 
the pit, away from the mining operation. The pile will be constructed in 
25-foot benches at 50-foot vertical intervals, using a slope of 2:1 (2 un~ts 
horizontal: 1 unit vertical). The runoff will be collected (during the back
fiiling 0peration only) using runoff collection sumps located at the junction 
of the pile and the pit walls. As the pile reaches surface level, 
revegetation of the area will be carried out. 

Transport of the processed shale to the, pit will generate some 
particulate emissions at the conveyor transfer points (stream 73) and at the 
load-out hoppers (stream 23). These emissions are controlled with baghouses. 
The backfilling operation wil~ also create fugitive dust (stream 74) which is 
controlled by the use of dust palliatives (stream 90). The diesel fuel used 
to operate the disposal equipment will create diesel emissions (stream 24). 

3.3.10 Water Management 

The water management plan for the Lurgi-Open Pit plant complex is 
presented in Figures 3.3-11 and 3.3-12. Groundwater (stream 4) collected 
from the mine dewatering operation is clarified prior to use or further 
trea~ment. A portion of the clarified mine water is used as sanitary/potable 
water (stream 99), fire and service water (stream 95), process makeup water 
(stream 87), etc., while the remainder is aerated and then discharged 
(stream 76). Before use in the cooling tower (stream 86), water is treated 
to retard biological growth and minimize scaling. Treated process waters 
from the plant, blowdowns, and concentrates are recycled to appropriate uses. 
The equalization pond serves as a source of water for processed shale 
moisterJing (stream 78). Sanitary wastes are treated by conventional 
biological processes; the water (stream 102) is then used for processed shale 
moisturizing and the sludge (stream 103) is used in revegetation. 
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SECTION 4 

INVENTORY AND COMPOSITION OF PLANT PROCESS AND WASTE STREAMS 

The stream compositions presented in this section were derived, to ~he 
extent possible, from pilot plant test data. In the absence of data from 
actual source testing, engineering analyses (by Denver Research Institute, 
Stone and Webster Engineering Corporation and Water Purification Associates) 
were performed on the technology and raw stream information from proposed 
industrial developments. The sources of these data, whether actual, esti
mated, or derived from published or unpublished information, are indicated. 

The data presented are internally consistent for the overall plant 
ccw.plex; i.e., the principal chemical elements involved in emissions, efflu
ents, and wastes are balanced throughout the plant. Trace elements generally 
a'~'e n<Jt considered because of the lack of consistent data available as a 
starting point. Tne stream compositions derived by engineering analysis 
gerera11y agree with the available data from published sources. Therefore, 
the data presented 1n this section, even though partlg derived bg engineering 
analys2s, are believed to be both representative of the actual operations of 
such a plant and accurate enough to lead to relevant conclusions in analyses 
of various pollution con~rols. 

4.: I~VENTORY OF STREP~S 

A11 but the most minor streams in the' plant complex are inventoried in 
t~is section, and quantitative data are presented to define important char
ac:.eristics of the streams. Section 4. 2 presents detailed compositions of 
ths major streams and shows changes in composition, from one point to the 
r.ext, throughout the plant. 

The streams encountered during the analysis of pollution control tech
nologies for the plant are listed, along with their flow rates and components 
of concerl'l, in Tables 4.1-1 {gases}, 4.1-3 (liquids) and 4.1-5 (solids). 
Whether or not a stream must be contra 11 ed will depend upon its size, the 
quanti~ies and characteristics of components, their allowable limits if 
released into the 'environment, and the disposition of the stream in an 
ir,tegrated plant design. 

Tables 4.1-2, 4.1-4, and 4.1-6 list the major constituents in the 
strea!l"s. The stre-ams a,re likewise divided iAto gas.es, liquids, and solids 
based on their physical characteristics. These tables summarize the data 
preserted in Section 4.2, allowing for a quick comparison of the streams. 

Preceding page. btank 67 
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TIIBI.E 4.1~1. INVENTORY OF GASEOUS STREAMS 

Stream Mass rlow, 
Numll!!r 103 lb/hr Components Mass Flow of 

(Table No Oescrtption of Stre~m (103 1\CFM) ot Concern Component, lb/hr Rem~rksa 
--------

SJ: Primary Crusher (ore), Baghouse (122.2) Part tculates 15 7 Bagbouse controlled. 
[mission 

6* Primary Crusfler (subore), Baghouse (12. 2) l'arilculates 1 6 Baghouse controlled, 
E.mfssion 

7* Primary Crusher (overburden), (63.8) Parttculatus 8.2 Baghouse ~ontroli~Q. 
Baghouse Emission 

8"' Raw Shale Conveyor Transfer (72. 6) Particlllates 0 4 Baghouse controlled. 
Point, Bagflouse £mission 

9"' Swtnging Boom Stacker, Baghouse (121. 5) Particulates 0 6 Baghouse controlled. 
Emission 

10* Coarse Ore Conveyor Transfer ( 40.4) Particulates 0 2 Bagflouse controlled. 
Point, Bagflouse Emission 

11* Secondary Crusher, Baghouse (558.4) Particulates 71.9 Baghouse controlled. 

en Emission 
()) 

12" Secondary Crushing to Screening (40.4) Particulates 0.2 Baghouse controlled. 
Conveyor Transfer Point, Baghouse 
Emus ion 

13" SecondarY Screenrng, Baghouse (558.4) Particulates 71.9 Baghouse controlled. 
Emission 

14* Secondary Screening Conveyor (40 4) Particulates 0 2 Baghouse controlled. 
Transfer Point, Bagflouse Emission 

15" Tertiary Crusher, Baghouse Emission (621!.2) Particulates 80.8 Baghouse controlled. 

16* Terttary Crushing to Terttary {80.8) Particulal!'s 0 4 Baghouse controlled. 
Screening Conveyor Transfer 
Point, Baghouse Emission 

17* Tertiary Screening, Baghouse (628 2} Particulates 80 8 Baghouse controlled. 
Emission 

1(1" Tert1ary Screening to Fine Ore (40.4) Particulates 0.2 Baghouse controlled. 
Storage Conveyor Transfer Po1nt, 
Baghouse Emiss1on 

19* fme Ore Storage, Baghouso;, Emission (28 8} Particulat~~ 3.7 Baghouse controlled 

(Continued} 



Stream 
Number 

(Tablr. No 

rABL~ 4.1-1 {cont.} 

Mass !-low, 
loa lb/hr 

Oescr1pt1on of Stream (10~ ACFM) 
Components 
of C.om·ern 

t4ass Flow of 
Component, lb/hr 

--------·------------·~~- -------------------------------------
20"' 

21" 

23" 

24"' 

25 

26 
(4. 2-9) 

27 

30 

31* 
(4 2-19) 

Retort Feed llopJ>er Conveyor Transfer (40 4) 
Po1nt, Baqhouse Em1ssion 

Retort Feed Hopper, Baghouse (212.4) 
Emiss10n 

Pro~essed Shale Load-out Hopper, (64 5) 
Baghouse Em1ss1on 

D1esel Emissions (151 3) 

Combust1on Air- L1ft P1pes 5,439 

Retort Vapors 1,425 2 

High Pressure Steam 1,060 

Steam to Humidifier 992 

lurgl Flue Gas 7,202 6 

Par·ticulates 

Parttculates 

Particulates 

co 
NOx 
502 
Hydrocarbons 
Particulates 
__ b 

Processed Shale Dust 
NH.l 
H2S 
so2 
cos 

N.O. c 

co 
NOx 
so, 
Hydrocarbons 
Part 1cu 1 ates 

0 2 

27 3 

8.3 

34.8 
469 9 

3S.6 
12.7 
33.0 

78,600 
1,924 
1,197 

256 
N.D. 

N D. 

657 
2,440 

500 
6,262 
1,107 

Baghouse controlled 

Baghouse controlled 

Baghouse contro 11 ed 

Catalyt1c converters are installed 
on the diesel-operated equipment 

The a1r is preheated in the waste 
heat boiler and then used in the 
lift pipes for processed shale 
1 nci nerat ion 

011 products are dedusted before 
blending. Ammon1a and sulfur 
dioxide are re~oved by subsequent 
gas liquor condensation 

The steam is raised from the treated 
m1ne water and should be pure. 
Approximately 194 x 103 lb/hr of 
the steam are used for generating 
electrical power. 

The steam is produced during 
processed shale quenching and 1t 
may conta1n some entra1ned dust 
It is added to the flue gas. 

Approximately 93% of the S02 15 

lrreversibly adsorb~d on the 
processed shale The part1culat~s 
are controlled by an electrostatic 
precip1tato1' RBOSC's modified OOP 
1nd1cates rm1ssion of a large amount 
of hydrocarbons, measured dS 
methane. 

(Continued) 
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Streilm 
Number 

(lall le fll) 

3?* 

33 
(4 2-11) 

34 
(4 2-l2) 

35 

44* 

45 
(4 2-13) 

47"' 

48 
(4 2-15} 

50 

llestrJption of Stream 

R~w Shale Retort reed Conveyor•, 
Baghouse Enn ss ion 

Raw Retort Gas 

Retort Gas 

Retort Gas to lift Pipes 

Fug1t1ve Hydrocarbon Emissions 
from Storage Tanks 

Naphtha-free Retort Gas 

Hydrocarbon Em1ss1ons from 
f'laphtha Storage 

Compressed Naphtha-free Gas 

Ste'lm to Naphtha Recovery 

TABII: 4.1-1 (cont.) 

Mass Flow, 
10·' lb/hr 

(103 ACrM) 

(219.2) 

738,8 

149 0 

1070 

N D. 

121 7 

N D. 

118.0 

10 

(O•ipOilf'llt 5 

of Concern 

Par ticulat"s 

Nll:1 
H2S 
$02 

Hydrocarbons 

Nlis 
H25 
so2 
C02 
H20 

Hydrocarbons 

NH~ 
H2 S 
C02 
H20 

Mass Flow of 
Componerrt, !b/hr 

1 2 

1,924 
1,197 

256 

29 
691 

19 

21 
501 
14 

65.5 

29 
697 
19 

55,981 
3,832 

N.D. 

2 
697 

55,964 
97 

Remarks 11 

llaghouse controlled 

Ammon1a and sulfur dlmnde are 
removed fr·om the retBrt !)as by 
subsequent water scrubbing 

Condensation of water vapor along 
with light oils results in removal 
of substantial quant1ties of ammonia 
and sul.fur dloxlde. The mass flows 
given are for the net rPiPtt gas 
after subtracting the amount sent to 
the l1ft pipes as supplem~ntal fuel. 

The gas is supplied to the lift 
p1pes as auxiliary fuel to support 
combustion NOx and S02 ~missions 
from the lift pipes m~ be somewhat 
1ncreased, but S02 is controlled to 
93% by adsorption on the processed 
shale. 

Proper storage tanks are used to 
prev~nt excessive hydrocarbon 
emissions Includes &tream 47. 

The acid gases and A~isture must be 
removed to achi~ve pipelinP quality 
for the retort gas. 

Included in stream 44. 

Ammon1a and water are reducQd 
signif1cantly by co~press1on and 
cooling. further drying is still 
necessary. Hydrogen sulfide and 
carbon dioxide also must b~ 
removed 

The steam 1 s produced from the 
softened and deminerl)ltzed mtne 
water· 

(Continued) 



Stream 
I-! umber 

(Table No 

51 

b3 

56 
{4.2-16) 

'i7 
(4. 2-17) 

58 
(4.2-18} 

60"' 

61 
(4.2·18) 

63* 
(4.2-18} 

. 64 
(4 2-18) 

12 
(4. 2-21) 

73* 

Description of Stri'am 

Steam to DEA Unit 

Steam to Stretford Unit 

Steam to Ammonia Recovery Unit 

Sweet Gas from OEA Unit 

Dried Fuel Gas to P1peline 

Acid Gases from DEA Regeneration 

iEG Regeneration Vent Emission 

Stripping Air to Stretford 

Stretford Treated Acid Gases 

Stratford Ox1dizer Vent Gas 

Ammonia Overhead Vapors 

Processed Shule Conveyor Transfer 
Po1nt, Baghouse fmission 

fAilLE 4.1·1 {cont.) 

t4as~ now, 
103 lb/hr 

(103 ACFM) 

130 

1 

61.9 

61.8 

57.1 

N D. 

20.9 

53.0 

24 3 

20 2 

(64 6) 

Components 
of Concern 

N D 

NH3 
Drgan1cs 

Pat•i iculates 

Mass flow of 
Component, lb/hr 

2 
0.3 

620 
86 

2 
0.3 

620 
9 

696 

N.D 

1.3 

14 
66 

0 3 

See stream 50 

See s trea111 50. 

S!'e stream 50 

A majority of carbon dtoxlde and 
hydrogen sulfide is removed by 
absorption ln OLA The treated gas 
should be dried before p1pel1ning 

Trtethylene glyrol (TEG) is used 
for absorb1ng most of the moisture 
in the gas. The dry gas may contain 
a small amount of TEG 

The ac1d gasas are treated by the 
Stretford process before being 
released to the atmosphere. 

The em1 ss ion 1 s water vapor w1 th a 
small amount of TEG 

A majority of the hydrogen sulf1de 
has been removed from the acid 
gases The amount of H2 S emitted is 
negligible . 

The vent gas is primarily air, with 
some carbon d1oxide and water vapor 
It 1s used as a source of combustion 
a1r for the lift p1pes. 

The overhead vapors are added to the 
lift pipes for the combust1on of 
organic& As a result, the NOx 
~m1ss1on from the l1ft p1pes may be 
sllghtly increased 

Bag house con tro 11 ed. 

(Continued) 



Stre~m 
Humber 

(lab](' No.) 

74* 

100* 

107* 

110* 

112~ 

TABLE 4.1~1 (cont.) 

Mass Flow, , 
103 lb/hr Components 

Oescr1ption of Stream (103 ACfM) of Concern 
-------------------· fugitive busts 19,650 Particulates 

Water Evaporation from Mine Water 44 
Clarifier 

Cooling Tower Evaporation 442 

Water Evaporation from 7 
E~ualizat1on Pond 

Miscellaneous HC Emission N.D. Hydroc;arbons 

Mass now of 
Component, lb/hr 

52 0 

36 5 

Fugitive dusts emanate fr11111 mining, 
hauhng, open storag..,, d1,sposal, 
etc. These are controll'!d by wahr 
and foam spr~s. 

The evaporation is essentially pur
water vapor, as clarltied mfn~ wat•r 
is used. · 

See stream 100. 

See stream 100. 

This emission represents 
from valves, pumps, etc. 
maintenance practices are 
control the leakagv. 

the leakage 
Proper 
us~!~ to 

~ * Indicates streams that come into contact with the environment. 
N 

a 1he remarks 1ndicate the stream disposition. The control technologies applied to the streams are those proposed for the lurgi~Open Pit 
technologies 

b Dashes (-~) indicate no known components of concern. 

c N D. = Not determined. 

Source DRI estimates based on information from Gulf Oil Corp. and Standard Oil Co. (Indiana), March 1976, and Rio Blanco Oil S~ale Co. I 

February 1981 



fABlE 4 1-2 CO~IPOS!TlONS or GASEOUS STREAMS 

-----~-~--~~---
--~--- --~--------~--------

Stredlll Mass Flo1:1, 
Number Stream 103 11>/hr 

(Table No.) Oescript 1 on (103 ACrM) 
-A;-···- __ c_o ____ co,-

C2H1 C,H&-- Gtl~ C 1Ha r:;H~-

5" Pr1mary Crusher (ore), (122 2) o•• 0 0 N 0 h 0 0 N D. 0 0 0 0 0 
Bag house Emission 

6* Primary Crusher (subore), (12.2) 0 0 0 li 0 0 0 N D. 0 0 0 0 0 
Baghouse tmission 

t• Pnmary Crusher (overburden), (63 8) 0 0 0 N D 0 0 N 0 0 0 0 0 0 
8aghouse Ennssion 

8* Raw Shale Conveyor Transfer (12. 6) 0 0 0 II D. 0 0 N.D 0 0 0 0 0 
l'o1nt, Baghouse Em1ss1on 

g• Swinging Boom Stacker, (121.5) 0 0 0 N 0. ll 0 N.O 0 0 0 0 0 
Baghoose Emission 

10* Coarse Ore Conveyor Transfer (40 4) 0 0 0 N D 0 0 N.O. 0 0 0 0 0 
Point, Baghouse Emi ss l on 

n• - Seco11dary CrushE>r, (558 4) 0 0 0 N 0 0 0 N 0 0 0 0 0 0 
Bagflouse Emission 

12• Secondary Crushing to (40.4) 0 0 0 II 0 0 0 N.O. 0 0 0 0 0 ..... Screening Conveyor Transfer w Point, Baghouse Emission 

13* Secondary ScreenHlg, (5S8 4) 0 0 0 N 0 0 0 N 0 0 0 0 0 0 
Baghouse Emission 

14* Secondary Screening Conveyor (40.4) 0 0 0 N.O 0 0 ~.0. 0 0 0 0 0 
Transfer Po1nt, Bagllouse 
Emiuilln 

15" Tertiary Crusher, {628.2) 0 0 0 N.O 0 0 II.D. 0 0 0 0 0 
Baghouse Emission 

16"' Tertiuy Crushing to Tertiary (80 8) 0 0 0 N 0. 0 0 NO 0 0 0 0 0 
Screening Conveyor Transfer 
Point, Baghouse Em1Sslon 

17* Tertiary Screemng, (628.2) 0 0 0 N.O 0 0 110 0 0 0 0 0 
Bag!'IOuse Emiss1on 

18~ Terti lirll Screening to Fine (40. 4) 0 0 0 N 0 0 0 N 0 () 0 0 0 0 
Ore Storage Conveyor 
Transfer Po1nt, !laghouse 
lmbs1on 

(Cont lnued) 



Stt·ea'l! 
tlumller 

(Table No 
Strt>ant 
Description 

Mass flow, 
J03 lb/hr 

(103 ACrM) 

TABLE 4.1·2 (cont ) 

Components, 10~ lb/hr 

llgflt 
Oil 

Middle !Ieavy 
Otl Oil 

NOx SP2 TP:H 
cos CS2 CII3SH 1120 02 lb/flr lb/hr !b/li,r 

---------------------~---------------~~--·------------------------~------------------------·----

6* 

7* 

8* 

9* 

10* 

11* 

12* 

13* 

14* 

15* 

16* 

l7* 

Pnmary Crusher {ot·e), (122 2) 
Baghouse Em1 ssion 

Pnmary Crusher (subore), (12 2) 
Baghouse Emission 

Primary Crusher (overburden), (63 8) 
Baghouse Emission 

Raw Shale Conveyor Transfer (72 6) 
Point, Baghouse Emission 

~•nnglng Boom Stacker, (121. 5) 
Baghouse Emission 

Coar~e Ore Con,eyor Transfer ( 40.4) 
Point, Bagh,use E•nsslon 

Secondary Crusher, {558. 4) 
Baghouse Emtssion 

Secondary Crushtng to 
Screen1ng Conveyor Transfer 
J>ol nt, Baghouse Emission 

(40.4) 

Secondary screening, (558.4) 
Bag house Emission 

Secondary Screening Conveyor ( 40.4} 
Transfer Point, Baghouse 
Emission 

Tertiary Crusher, (628.2} 
8aghouse Emission 

Terttary Crushing to Tertiary (80.8) 
Screening Conveyor Transfer 
Pol nt, Bag house Emission 

lerttary Screentng, (628.2) 
Baghouse Emtssion 

Terttary Scr!lenwg to F1ne (40 4) 
Ore Storage Conveyor 
Transfer Polllt, Baghouse 
Emission 

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 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 (I 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 N.O N.O 0 0 1!> 1 

0 0 0 ti.D N.O 0 0 1 6 

0 0 0 N D N.O 0 0 

0 0 0 NO tl 0. 0 0 

0 0 0 N.D N.O 0 0 0 6 

0 0 0 NO NO 0 0 0.2 

0 0 0 N.D. N D. 0 0 719 

0 0 0 N.O. ND 0 0 

·. 
0 0 0 N.O N D 0 tLS 

0 0 0 N !I No () (l 0.2 

0 0 0 N D. N D. 0 80.8 

0 0 0 tl D N 0 0 0 

0 0 0 N.O N 0 0 0 80.8 

0 0 0 N 0 N.O 0 0 0 2 

(Continued} 



TJ\RU: 4 1 l. (~ont.) 

----~-- ----~------- --------~----------------- ------------~ ------ -------------·---------------
St.o·emn Mas> flow, 
Number Stream lO" lb/hr ----- -·---- -----------· __ _I~[l_oncnts, ws 11>/tlr 

(Tdble No ll<'scnptH>n (10-' 1\CFM) H2 to co< Hz NI!J H2S CH4 c·2H~ -·c:;r. 
---------~- --- -. 

191' F1ne Ore Storage, Rag~ou•c (28 8) 0 0 0 N 0 0 0 N 0 0 0 0 0 0 
Emiss10n 

zo• Retort feed Hopper Conveyor (40 4) 0 0 0 H D 0 0 N 0 0 0 0 0 0 
Trans fer Point, Bag house 
Emission 

21* !letart reed Hopper, (212. 4) 0 0 N D 0 0 N ll 0 0 0 0 0 
Bag house Em1 ss 1 on 

23• Pro~e$sed Shale Load-out (64 5) 0 0 () I'll} 0 0 N.ll 0 0 0 0 0 
Hopper, Baghouse Emiss1oo 

24~ 0 lese 1 EmlSs i oos (151 3) 0 34 8 N 0 N D 0 0 0 0 () 0 0 0 
lb/hr 

25 Combustion A1r - L 1ft P1pes 5,439 0 0 0 4,146 0 0 0 0 0 0 0 0 

26 Retort Vapors 1,42S 2 4 97 7 14 98 46 7 14 92 1 20 18.95 12 24 12 57 15.68 8.42 13.77 
(4.2•9) 

.....a 27 HIgh Pressure Steam 1,060 0 0 0 0 0 0 0 0 0 0 0 
(11 

30 Steam to Humidifier 992 0 0 0 0 0 0 0 0 0 0 0 0 

Jl" lurgi flue Gas 7,206 6 0 0 66 1,443 63 4,170 9 0 0 0 0 0 0 0 0 
'(4.2-19) 

32• Raw Shale Retort Feed (239 2) 0 0 0 N 0. () 0 N.O 0 0 0 0 0 
Conveyol', Baghouse EmlSs ion 

l3 Raw Retort Gas 738 8 4 97 7 14 98 46 7 14 l 92 1 20 lB 95 12.24 12.57 15 68 B 42 1377 
(4.2-11) 

34 Retort Gas 149 0 2 89 4 16 55 91J 4 16 0 03 0.70 11.03 713 7 32 9.13 4 90 8 01 
(4 2.-12) 

l5 Retort Gas ta Lift Pipes 107.0 2 08 2 99 40 2 2 99 0 02 050 7 92 5 12 5. 26 6.56 3 52 5.75 

44-' Fugitive Hydrocarbon N.ll 0 0 0 () 0 0 0 0 0 0 0 
Emissions from Storage Tanks 
(stream 47 lnclutled) 

45 Naphtha- free Retort Gas 121 7 2 89 4 l6 55 98 4 16 0 03 0 70 11 ()3 713 7 32 9 13 4 90 8 01 
(4 2-13) 

(Continued) 



stream 
Number 

(lal>l<! No 

19* 

lO* 

2.4* 

26 
(4 2-9) 

27 

30 

31• 
(4 2-19) 

32* 

33 
(4 2-11) 

34 
(4.2-12) 

35 

44* 

45 
(4 2·13) 

TAIILF 4 1·2 (cont.) 

components, 103 lb/hr 
Mass Flow, ------""--------------

Str<>am 
Description 

103 Jb/hr f•llSC L1ght M1ddle fleavy 
(103 ACFM) C1 !110 HC C1 + 0 !1 Oi 1 011 

ri ne Ore Storage, Baghouse 
Emission 

Retort Feed Hoppel' Canveyor 
Transfer Point, llaghouse 
Emission 

Retort feed Hopper, 
Daghouse Emission 

Proc~>ssed Shale Load·out 
Hopper, Baghouse Eml ssi on 

Diesel Emlssi9ns 

Combustion 1\lr - Lift Pipes 

Retort Vapors 

High Pressure Steam 

Steam to Hum1d1 fler 

Lurgi Flue Gas 

(28 8) 

(40 4) 

(212.4) 

(64 5) 

(151 3) 

5,439 

1,425 2 

1,060 

992 

7,202.6 

Raw Shale Retort Feed (239.2) 
Conveyor, llaghouse Ernlss1on 

Raw Retort Gas 736 8 

Retort Gas 149 0 

Reto1·t Gas to lift Pip.!s 107 0 

Fugitive Hydrocarbon tl. 0 
Em1Ssions from Storage Tanks 
(stream 47 included) 

Naphtha·free Retort Gas 121 7 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.013 

0 

0 

0 

0 

0 

0 

0 

0 . 

0 

0 

Q 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 23 0 24 23 87 205 77 4l3 24 196 51 

0 

0 

0 

0 

0 

0 

6.26 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 23 0 24 23 8,7 205.77 

2 45 13.10 13.89 

1 77 9 41 9 97 

0 0 066 0 

2 46 0 0 

0 

0 

0 

0 

0 

0 

0 

0 

91 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

cos 

0 

0 

0 

0 

0 

0 

N.O 

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 

0 

0 

0 

0 

0 

0 

0 

N 0. N.U. 

N,O NV 

N.D. N.l}. 

N.O. N 0. 

NOx S02 TI'M 
Tb/hr lb/llr lbthr 

0 0 ~ 1 

e o 0.2 

0. 0 

ll '.1) 

H 0 N.&. 469 9 . 35. s· ~l 

35 

300.05 

1,060 

992 

l,259 

0 

D 

2$6 78,600 

0 

~ o. 
1,224 353.n <! .uo . soo 1 joi 

N.D. 

300 05 

4.10 

2 94 

0 

3.83 

N.O 

0 

0 

0 

0 

(Continued) 
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TABLE 4 1·2 (cont.) 

~-- -~--- *~--------~~---~- ............... -~~-~ --- ~--~- -----
----~- ___......._ ----- ----- ------~---

~tre•m Mass Flow, 
Number Stream 103 lb/hr 

'(Table No Ui!sci'lpt 10!1 (103 AtiM) 
----....-----~ --------

47• Hydroc~rboo Em1SS1ons from N [), 0 0 0 0 0 0 0 0 0 0 0 0 
Naphtha Storage 
( 1 nc H1ded 1 n stream 44) 

48 Compressed Naphtha-free Gas 118 0 2 89 4 16 55 96 4 16 0 002 0. 70 11 03 7 13 7 32 g 13 4 90 8 01 
(4 2-15) 

50 Steam to Naphtha Recovery 10 0 0 0 0 0 0 0 0 0 0 0 0 

51 Steam to DEA Unit 130 0 0 0 0 0 0 0 0 0 0 0 0 

52 Steam to Stretford Un1 t 1 0 0 0 0 0 0 0 0 0 0 0 0 

53 Steam to 1\mmom a llecove ry 53 0 0 0 0 0 0 0 0 0 0 0 0 
Unlt 

56 Sweet Gas from DEA Unit 61.9 2 89 4 16 0 62 4 15 0 Oll2 0 0003 11.03 7 13 7.32 9 13 4 90 8.01 
(4 2-16) 

57 Dned fuel Gas to Pipeline 61.8 2.89 4 16 0 62 4 16 0 002 () 0003 11 03 713 7 32 9 13 4.90 6 01 
(4 2-17) 

-.J 
-..I 58 Ac1d Gases froM DEA 57.1 0 0 55 34 N 0 0 0 70 0 0 0 0 0 0 

(4 2-lB) Regeneration 

60* TEG Regeneration Vent II 0. 0 0 0 0 0 0 0 0 0 0 0 0 
Emi$sioll 

61 Stripp'ing Air to Stretford 20 9 0 0 0 16 12 0 0 0 0 0 0 0 0 
(4 2-18) 

63"' Stretfor<l Treated Acid 53.0 0 0 52 0 0 0.0013 0 0 0 0 0 0 
(4. 2-18) Gases 

G4 Stratford Oxidizer Vent Gas 24.3 0 0 3 32 16 12 0 0 0 0 0 0 0 0 
(4. 2-HI) 

72 
(4 2-21) 

Atl1!11onla overhead Vapors 20.2 0 0 2 30 0 0 014 0 0 0 0 0 0 0 

73* Processed Sha 1 e Conveyor (64 6) 0 0 0 0 0 0 0 0 0 0 0 0 
lra~sfer Point, Baghouse 
I:BJlsSlOO 

74* Fugitive Dusts 19,&50 0 0 0 0 0 0 0 0 0 0 0 0 

(Cont1nued) 



Stream Mass r!ow ---
Nmnb~r Stream 101 1 b/hr' Mi sc 

(fnble t-lo.) i)escription (103 ACFM) C1 !1 10 IIC 

47* 

48 
{4 2·15) 

50 

51 

52 

53 

56 
(4.2-16) 

57 
(4 2-17) 

58 
(4 2-18) 

60* 

61 
(4 2·18) 

63* 
(4 Z-18) 

64 
(4 2-18) 

72 
(4. 2-21) 

73* 

Hydrornrbo11 Em1ss 1ons from 
Naphtha Storage 
{included in stream 44) 

Compr·~ssed Naphtha-free Gas 

Ste&m to Naphtha Recovery 

Steam to OEA Unit 

Steam to Stretford Um t 

Steam to Ammoma Recovery 
tlr11 t 

Sweet Gas from DEA Um t 

llrled fuel Gas to Pipeline 

Acid Gases from DEA 
Regl!nerat ion 

N 0. 

118 

10 

130 

1 

53 

62 

62 

57 

lEG Regeneration Vent N 0. 
Em1ssfon 

Strlpp1nq /nr to Strettord 20 9 

Stretford Treated Acid 53 
Gases 

Stretford Oxidizer Vent Gas 24.3 

Ammonia Overhead Vapors 20 2 

Processed Shale Conveyor ((;4 6) 
Transfer Point, 9aghouse 
Emission 

F!lQltlve Ousts 19,650 

0 

? 46 

0 

0 

0 

0 

2.46 

2 46 

() 

0 

0 

0 

0 

0 

0 

0 

N 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.07 

0 

0 

TAOLE 4 1-2 (cont.) 

Components, 101 lb/hr 
------------- ---------------

0 

0 

Q 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

light M•ddle 11envy 
01l 01l 01l 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

() 

0 

0 

0 

[1 

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 

cos 

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 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

() 

0 

0 

0 ]0 

10 

130 

53 

0 09 

9 
lb/hr 

1.03 

0 

0 

0 

0 

iJ 

0 

0 

N.D 0 

0.13 4 63 

o 96 o· 

0.60 4 29 

17 79 0 

N 0 0 

N D. 0 

(Continued) 

tlO>< St:l2 TPM 
Jb/hr lb/ln lb/l)r 

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 

0 

0 

0 

0 

(j 

0 

0 

() 

0 

0 

0 

0 

0.3 

52 



TABU 4.1~2 ( cont ) 

----- --------~--~--~-----------
~--~ 

~trea-t Mass f lo•v, 
Number Stream 103 lb/hr C.om[!onents, 10' lb/hr 

{Table No Oescr1pt 1 on (10 3 ACI-M} IT;· Io -·---co; ---N, -~-Nil:;-- -H,> - ~- --·-c
2
tt, c2 !l~ ·c".,fl~ -~--C4H; 

------~~--~-------- -- ---~-----------
100" Water Ev<)porat ion from M1 ne 44 (! 0 0 0 0 0 0 0 0 0 0 0 

Water Clarifier 

107* Cooling Tower fvaporation 442 0 0 () 0 0 0 0 0 0 0 0 

llO* Wat~r Evllporat 100 from 7 0 0 0 0 0 0 0 0 0 0 0 
Equalization Pond 

112* Miscellaneous HC Emission 
" 0 

0 0 0 0 0 0 0 0 0 0 0 0 

(Continued} 



I 
,• 

lABl[ 4 1-2 (cont } 

Components, 10' lb/hr 
Stream Mass Flow, 
Number Stream 1[)3 lb/hr Mlsc L iqht Middle Heavy NOx so, 

(Table No ) tlescript ion ( 101 ACFM) c,u,. HC c4 • Otl Oil Ot1 cos cs. m_,sn H.o Oz lb/hr lblhr 

100* Wate•· Evaporation from Mine 44 0 0 0 0 0 0 0 0 0 114 0 0 0 
Water Clarifier 

107"' Cooli!lg lower Evaporation 442 0 0 0 0 0 0 0 0 0 1142 0 0 0 ~, 

no• Water Evaporatlon from 7 0 0 'o 0 0 0 0 0 0 0 0 0 II 
l:qualilallon Pond ' > .. 

112" Miscellaneous HC Emlss1on ri 0 0 0.037 0 0 0 (j 0 0 0 N.D 0 0 'o ,0 

* Indicates streams that come into contact with the environment 

"*0 = Estimated to be insignificant; N.O = Not determined 

Source ORI estimates based on Information from Gulf Oil Corp and Standard 011 Co (lnd1ana), March 1976, and Rio Blanco Oil Shale Co , february 1981. 

~ 

: 
():) .., 
0 

' ; 

-· 



Stl'eo!tm 
Number 

{Table No.) 

4* 
(4 2-l!2) 

28" 

36 
(4.2-10) 

37 

l9 

40 

41 
(4.2•20} 

42 
(4 2-10) 

46 
{4.2-14) 

49 
(4 2-20) 

Description of StreffiD 

Mine Water 

Slowdown- Waste Heat Boiler 

Light Oils to Storage 

light Oil Makeup to Naphtha 
Recovery 

Middle 01ls to Storage 

Diesel Fuel • Hin1ng Equipment 

Diesel Fuel - D1sposal Equipment 

Gas liquor 

Heavy Oils to Storage 

Naphtha Product to Storage 

Compressor Condensate 

TABtE 4.1-3 Uii/HlTORY Of LIQUID STRF.J\11$ 

Mas6 Flow, gpm 
(10~ lb/hr) 

Components 
of Concern , _____ _ 

16,500 

21 

406 
(185.2) 

N.D c 

937 
(4ll. 3) 

N.D. 

N.D. 

586 
(297. 7) 

416 
(196 5) 

{27.3} 

8 
(3 8) 

TOS 
Boron 
Phenol 
__ b 

Orgarnc 
-Nitrogen 
-Sulfur 

N.O 

Organic 
·N1trogen 
-Sulfur 

Free NH 3 
F1xed NH3 
f1xed S02 

Organic 
·Nitrogen 
-Sulfur 

Free Nll 1 
F1xed NH3 
Fixed so2 

Ma;s Flow of 
Component, lb/hr 

8,266 
5 
0 02 

16,000 
7,000 

N 0. 

1,758 
117 
221 

17 
9 

16 

The water lS clarifled and properly 
treated before use 1n the plant 

Clar1fied mine water is softened and 
demineral12ed before use in the bo1ler 
Tne blowdown is used for processed 
shale moisturiz1ng. 

The compos1tion of 1nd1Vidual oil 
fract1ons 1s not known. The quantities 
of nitrogen and sulfur indicated are 
for combined heavy oils, middle oils 
and light oils Treatment may be 
required if on-site use as a fuel or 
upgrading is cons1dered. 

This is an internal recycle stream. 
Treatment is not necessary 

See stream 36. 

lurgi middle oils are used as the 
d1esel fuel. 

See strearA 39. 

The volatile components are removed by 
steam str1pp1ng in the ammonia recovery 
unit. The nonvolatile components are 
eventually mixed with the processed 
shale. 

See stream 36. 

The amount indicated is the net 
product after usage 1n the lift 
p1pes. The naphtha 1s made up of 
C5 + hydrocarbons 

The remarks for gas l1quor (stredm 41) 
also apply The condensate is added 
to the gas liquor for furth~r 
treatment 

( Cont 1 nued) 



~tream 
Number 

(Table No.) 

54 

59* 

62 

65 

66 
(4 2·18) 

67 

69 

70* 
(4 2-21) 

71 
(4 2-21) 

75"' 
(4 2-23) 

76* 
(4 2-23) 

Description of Stream 

Amine Mak<!up 

lEG Makeup 

Sp!!nt Amine 

Stratford Chemicals 

Strl!tford Spent L1quor to 
Reclaim 

Liquid Sulfur Product to 
Storage 

Phosphoric Acid 

Steam Condensate from 
Ammonia Recovery 

Stripped Gas Liquor 

Anhydrous Ammon1a to Storage 

Excess Mine Water to 
Aeration Pond 

Aerated Water to Discharge 

Mass Flow, gpm 
(103 1b/hr) 

H D 

N.D. 

N D. 

(0 03) 

N.D. 

(0.70) 
7 6 LTPSD 

(D.Ol) 

106 

558 
(279. 7) 

(1. 9) 
22 6 TPSD 

8,330 

8,330 

TABlE 4.1·3 (cont ) 

Component~ 
of (.oncern 

N.D. 

N D 

TDS 
Nil a 
Dissolved Organ1cs 

Nfl3 vapors 

TDS 
Boron 
Phenol 

TOS 
Boron 
Phenol 
coo 

Mass Flow of 
Component, lb/hr 

N.D. 

N D. 

471 
4 

170 

N.O 

4,170 
2.6 
0.004 

4,170 
2 6 
0 004 

50 

The dlethanolamioe IS adde!l to make liP 
the reagent losses 

A small amount of TtG is lost during 
the reaqent regeneration and Is made 
up w1th the fresb cllem1cal: 

The amine spllnt during the reagent , 
regeneration is removed perio~fGally 
and sent for dispos~l. 

The Holmes-Stretford mix and soda ash 
are added to make Up t~e reagent 
losses. 

The liquor is shippe4 for off-site 
disposal or the useful chemicals may 
be reclaimed. 

Stretford sulfur Is reported to have 
+99.9% purity. 

This is a reagent mak~up to the ammo~tla 
recovery process. 

Softened and demineralized mine water 
15 used for ra1s1ng the steam The 
steam is condensed upon use and 
retqrned to the boilers. 

The free and fixed ammonia in the gas 
liquor are recovered in the ammonia 
plant Stripped liquor Is use~ for 
processed shale moisturizing. 

Refrigerated storage tanks are used ~o 
reduce the Nll3 emissions 

Th1s is the excess mine water arter 
process needs. It is aerated to reduce 
the orgamcs content, lhen dischargi!d 
on the surface, 

The COO is reduced by 25% due to 
aerat1on The treated ~ater is 
d1scharged on the surface. 

(Continued) 



~tream 

Number 
(Table No 

17 

78" 

79 

80 

81 

82 

1)3 

84 

fl& 

86 

87 

88* 

89 

90"' 

91" 

Description of Stream 

Feedwater to Waste Heat Boller 

Total Processed Shale 
Moistening Water 

Cooling Water to Lurgl 
Oil Recovery 

Cooling Water to Naphtha 
Recovery 

Steam Condensate from Naphtha 
Str1pper 

Cooling Water to Compresston 
Cooling 

Cooling Water to DEA-TEG 
Treatment 

Steam Condensate from 
DEA-TEG Treatment 

Steam Condensate from Stretford 

Cooling Water Makeup to 
Stretford 

Process Water Makeup to 
Stretford 

H~idifled Air Cooler Slowdown 

Cooling Water to Ammonia 
Recovery 

Water for Dust Pdll1atives 

Processed Shale Revegetat1on 
Water 

Mass I low, gpm 
(103 lb/hr) 

2,120 

5,624 

325 

5 

20 

8 

66 

260 

2 

2 

3 

661 

1,080 

1,568 

649 

TABlE 4 1-3 (cont ) 

Components 
of Concern 

tlass flow of 
Compon<>nt, lb/hr 

~---~------- ~~~--~----~------~---~----

TOS H D. 

See stream 28 

Various wastewater streams are 
combined and used for processed shale 
quenching and mo1stunnng 

Treated m1ne water is us~d for plant 
roollng requirements 

See stream 79. lbe quanttty given 1s 
to make up the losses. 

See stream 28. 

~ee stream 79. The quantity g1ven 1s 
to make up the losses. 

See stream 79 The quantity g1ven 1s 
to make up the losses 

See stream 28. 

See stream 28. 

See stream 79. The quant1ty g1ven is 
to make up the losses 

Process water of boiler feedwater 
quality 1s used. 

Treated mtne wat~r 1s used in the 
hwnidif1ed air coolers 1n the oil 
recovery and Stratford processes 
The blowaown is used in processed 
shale moistiJrizing 

See stream 79 The quant1ty given 1s 
for the cooling water ctrculated. 

Clar1f1ed ~ine water 1s used for the 
raw and orocessed shale dust control 

Clarif1ed mine water ;s used. 



TA8LE 4.1-3 (cont.) 

Stream 
Number Mass Flow, gpm Components ~lass Flow of 

(Table J'lo Description of Stream (103 lb/flr) of CQncern ComJ!Onent, 1 b/h!' Remarks8 

92" Raw Shale leachate N D. TOS 3,490 mg/1 leachate data are derfvea from a 
( 4 2·3, DOC 13 mg/1 Tract c-a sh4le lysl~eter study. 
4 2-4} 

93* Storm Runoff 150 N.D N.D. storm runoff water fs collected and 
used for processed shale meistUtlilhq, 

94 Boller Feedwater Makeup 43 Softened and demtneralfled mi~ wa~r 
is used to compensate shillll and ' 
blowdown losses. 

95" Service and Fire Water 43 Clarified mfne water l$ used. · 

96" Mine Water Clarifier Sludge 165 II.D. N D. Suspended solids and deb~t$ are 
collected during tha mtne water .. _, 
clarification and used for processed'·._ 
shale moisturizing _ '- · ~ -

97 W~ter to Cooling Tower 2,676 TOS 1,340 Clarified mine water is treat~ ~lth 
Makeup Treatment H2S04 to retard the biological gr~th 

<» in the water and then used for plant 
~ cooling. 

98 Treated Water to Cooling Tower 2,676 TDS 1,340 Treated mfne water is u$1!d t.o tool. th!l 
cooling water return fr~ th! plant· 

99* Potable/Sanitary Water 26 Clarified mine water is' treated anif 
used for the sanit•ry needs. 

101* Used Sanitary Water to 18 N.D N.D. Used sanita~ water is sent to 
Municipal Treatment municipal treatment bef'ore- dhpiJslll;. 

102* Treated Sanitary Water 18 The' sanitary water after munfefpal-
treatment fs used for processed sl\aJii: 
moisturizing. 

103" Sanitary Water Treatment N.D. The sludge from the sanftary watef 
Sludge treatment is dewatered, then used as 

a fertilizer fn revegetatfqn. 

104" Boiler Feedwater Treatment 11 Regenerated waste from zeo ll te · · 
Concentrate softening and dernineralll:atfon is used 

for processed shale motsturh'.htg. , 

105* Cooling Tower Blowdown 1,123 Treated mine water is u~ed for plant 
cooling requirements The quMtity 
given does not include tne humi~ified 
air cooler blowdown {str!llllll 88). Tile 
totdl blowdown would be 1,784 gpm. 

{Continued) 



Stream 
Number 

(Table l'lo 

10&"' 

lOB" 

109" 

111" 

Dascr1ption of Stream 

Coohng lowe1• Dn ft 

Equal1~at1on Pond Discharge to 
Processed ~hale Moistening 

Clarified Hlne Water to 
Processed Shale Moistening 

Ae~ated Pond Sludge 

Mas~ flow, qpm 
( 103 lh/hr) 

9 

2,525 

2,912 

N D 

* Indicates streams that come Into contact w1th the environment 

li\BU: 4.1-l (cont 

Components 
of Concern 

N 0 

TOS 

N D 

Mass flow of 
Component, lb/hr 

H.D 

1,096 

N 0 

Remar~s" 

Treated unne water 1s u•<>d 1n thn 
cooling tower The drift lS 
essentially pure water. 

Variou~ wastewaters (e g , sludges, 
concentrates, b lowdowns) ar·e comln ned 
and used for processed shale 
mo1sturlzing 

Clarified mine water 1s used to fulfill 
the processed shale moisturiz1ng needs 

Tne sludge may conta1n some b1o-ox1dized 
material a~d settled Inorganic salts 
It is sent for processed shale 
moisturizmq. 

11 Tbe remarks indicate the stream disposition. The controls and treatments appl1ed to the streams are those proposed for the lurgi-Open P1t 
technologies, 

b Dashes (-~) indicate no known components of concern 

~ N 0 = Not determined. 

s~urce; O~J estimates based on informati~n from Gulf Oil Corp and Standard Oil Co (Indiana), March 1976, and Rio Blanco Oil Shale Co., 
fel!l'Uary 1981. 



TABlE 4 1·4. COMPOSITIONS OF llQIIID STREAMS 

~tream Components, lb/hr Number Stream Mass Flow, gpm 
(Table No !lese•· 1pt ion (103 lb/hr) C02 NH8 H2S TDS & TSS Organics H20 

4* Mlne Water 16,500 ItO."" O"* 0 6,266 N.D. 6,2:50,000 
(4 2-22) 

28* Blowdown- Waste Heat Boiler 21 0 0 0 22 N D 10,500 

36 Light Oils to Storage 406 0 0 0 0 185,160 0 
(4 2-10) (185 2) 

31 Light Oil Makeup to Naphtha N.D. 0 0 0 0 N.D 0 
Recovery 

38 Middle Oils to Storage 937 0 0 0 0 411,33(} 0 
(4 2-10) (411.3) 

39 Diesel Fuel - M1n1ng Equipment N D. 0 0 0 0 N.D. 0 

40 Diesel Fuel - Disposal £qu1pment N.D 0 0 0 0 N.D. 0 

41 Gas liquor 586 2,215 1,758 0 N D. 236 293,000 
(4 2-20) (297.7} 

(X) 42 Heavy Oils to Storage 416 0 0 0 0 196,510 0 en (4 2-10} (196.5) 

46 Naphtha Product to Storage (27 3} 0 0 0 0 26,990 210 
(4 2·14) 

49 Compressor Condensate 8 20 17 0 29 N.fl. 3,735 
(4 2-20) (3.8) 

54 Amine Makeup N.D. 0 0 0 0 N.D. N.D. 

55 TEG Makeup N.D. 0 0 0 0 N.D. N.D. 

59* Spent Amme N.D. 0 0 0 0 N.D. N.D. 

62 Stretford Chemicals (0,03) 0 0 0 2.6 N.ll. N.D. 

65 Stretford Spent l1quor to Reclaim N.O 0 0 N.D. N.D. N.D. N.D. 

66 liquid Sulfur Product to Storage (0.70) 0 0 0 0 0 0 
(4 2-18) 7.6 LTPSO 

67 Phosphoric Acid (0 01} 0 0 0 0 0 N 0 

69 Steam Condensate frt~m Ammonia 106 0 0 0 0 0 53,000 
Recovery 

70* Stripped Gas liquor 558 0 4 0 471 170 279,076 
(4.?-21) (279 7) 

(Cont Jnlled) 



TABlE 4 1-4 (cont.) 

------ -----
Stream 

COllif'~-<:~!:_SJ 1 b/hr Number Stream Mass flovt, gpm --------
(Table No Oescr1pt10n (103 lb/hr) C02 Nti3 H2S lOS & TSS Orgamcs H,o 
------

71 Anhyd1ous Ammonia to Storage (1 9) 0 1,833 0 0 0 N 0 
(4 2-21) 22 6 TPSO 

75" Excess M1ne Water to Aerat10n !l,330 0 0 0 4,170 N 0 4,165,000 
(4 2-23) Pond 

76~ Aerated Water to 01scharge 8,330 0 0 0 4,170 N D. 4' 165,000 
(4 2-23) 

77 Feedwater to ~laste Heat Boiler 2,120 0 0 0 50 N 0 1,060,000 

78* Total Processed Shale 5,624 0 0 0 N 0. N D 2,812,000 
Moistening Water 

79 tooling Water to Lurgi Oil 325 0 0 0 163 0 162,500 
Recovery 

eo Cooling Water to Naphtha 5 0 0 0 2 5 0 2,500 
Recovery 

81 Steam Condensate from Naphtha 20 0 Q 0 0 0 10,000 
00 Stripper 
"'--

82 Cooling Water to Compress10n 8 0 0 0 4 0 4,000 
Cooling 

83 Cooling Water to DEA·TEG 66 0 0 0 33 0 33,000 
ireatmant 

84 Steam Condensate from DEA-TEG 260 0 0 0 0 0 130,200 
Treat.lllent 

85 Steam Condensate from Stretford ;l 0 0 0 0 0 1,000 

86 Coo 1i ng Water Makeup to 2 0 0 0 1 0 1,000 
Stretford 

87 Process Water Makeup to 3 0 0 0 0 0 1,500 
Stratford 

88* Humid1f1ed Air Cooler Blowdown 661 0 0 () 496 0 330,500 

89 Coo 11 ng Water to Ammon 1 a 1,080 0 0 0 54() 0 540,000 
Recovery 

90" Water for Oust ra1llatlves 1,568 0 0 0 784 0 794,000 

91" Processed Shale Revegf'ti!t1on 649 0 0 0 325 0 J24,500 
Water 

( tont wued) 



TABLE 4.1•4 (cont.) 

Str~am Components, lb{hr 
~umber Stream Mass Flow, qpm 

(Table No.) Oescr1pt1on (10' lb/hr} C02 Nil, H2S ms & rss Organics H20 

92* Raw Shale Leachate Jl [) 0 4.5 0 3,490 13 N ll. 
(4.2-3, J.lg/1 mg/1 mg/1 
4 2-4) 

<n* Storm Runoff 150 0 0 0 N D ti.D 75,000 

94 Boiler Feedwater Makeup 43 0 0 0 1 0 21,500 

95* Service and Fire Water 43 0 0 0 22.5 0 21,500 

96* Mine Water Clarifier Sludge 165 0 0 0 N.O N 0. 82,500 

97 Water to Coolfng Tower 2,675 0 0 0 1,340 0 1,338,0!10 
Makeup Treatment 

98 Treated Water to Cool1ng Tower 2,676 0 0 0 1,340 0 1,338,()00 

99* Potable/San1tary Water 26 0 0 0 13 0 13,000 

101* Used Sanitary Water to 18 0 0 0 N.O N 0. 9,000 

():) 
Municipal Treatment 

():) wz• Treated Sanitary Water 18 0 0 0 N 0 0 9,000 

103* San1tary Water Treatment Sludge N 0 0 0 0 N.D. N.D. N.O 

104" Boller feedwater Treatment 11 0 0 0 N 0 N.D. 5,500 
Concentrate 

105* Cooling Tower Blowdown 1,123 0 0 0 842 N 0. 561,500 

105* Cooling Tower Drift 9 0 0 0 5 0 4,500 

lOS~ Equalization Pond Discharge to 2,525 0 0 0 N.D. N.D. 1,262,500 
Processed Shale Mo1stening 

109* Clar1fied Mine Water to 2,912 0 0 0 1,096 0 1,456,000 
Processed Shale Moistening 

111* Aerated Pond Sludge N 0 0 0 0 t~ I) N 0. N.O 

* Indicates streams that come into contact with the environment 

**N El = Not determined, 0 Estimated to be insignificant (less than 1 lb) 

Source OR! estimates based on Information from Gulf Oil Corp and Standard 011 Co (Indiana), March 1976, and Rio Blanco 011 Shale Co., 
I ebruary 1981. 

~. 



TABlf 4 1 5 lNV(NTORV or SOLIO ~TREAMS 

------~--------------~--------------

St rea1u 
Number 

(T<Jble Ko.) Oe&rription of ~tream 
---------~-------

1~ 

(4 2~.2) 

2"' 

3"' 

22* 
(4.2-2) 

29"' 
, (4.2-s. 

4.2-6, 
4.2-7) 

4l 

68 

Raw Shale Feed 

Subore 

Overburden 

Baghouse Ousts 

Processed Shale 

Oily llu&t 

CaU$tlc (NaOH} 

Ma~~ flow, 
103 lb/hr 

9,799 

992 

5,175 

1181 

9,733 

78.6 

0.3 

~ Indicates streams that come into contact with the environment 

Co1rponents 
ot Concern 

Part1culates 

Particulates 

Particulates 

b 

Part1culates 
Leachable Salts 

Adsorbed Oil 
Residual Organics 

------~- --~ -- -~------------ --------------
Mass flow of 

Component, lb/hr 

118,100 

520 

2,730 

2,820 
280,000 

N D c 
~1,800 

Oust collection and suppression are 
employed to m1nim1ze the particulate 
emisSions from the raw shale handllng 
operations 

The subore is crushed and disposed of 
with the processed shale. The dust 
from crushing is controlled with 
baghouses. 

The overburden is crushed and disposed 
ot with the proce~sed shale. Dust from 
crushing is controlled w1th baghouses. 

This dus.t is collected from raw shale 
handling operations and combined with 
the raw shale for retorting. 

The processed shale 1s properly 
moisturized to reduce dust emiss1ons. 
Proper compaction should reduce water 
permeability, hence leaching of salts. 

This dust is obtained from heavy oils 
dedusting It is incinerated in the 
l1ft pipes along with the bulk of the 
processed shale. 

Caustic is added to the ammonia 
recovery process to make up the reagent 
losses as well as to release the fixed 
ammonia. 

'The remarks indicate the stream disposition. The controls and treatments applied to the streams are those proposed for the Lm·g1·0pen P1t 
l;echnologles. 

b Dashes (··) indicate no known components of concern. 

c N.D. ~Not determined. 

Source: DRI estimates based on information frorn Gulf Oil Corp. and Standard 011 Co. (IndJana), March 1976, and R10 Blllnco Oil Shale Co , 
~ ebruary 1981. 



Y) 
0 

TABLE 4.1-6. COMPOSITIONS Of SOLID STREAMS 

Stream 
Number 

(Table No 

1* 
(4.2-2) 

2" 

3* 

22* 
(4.2-2) 

29* 
(4.2-5, 
4 2-6, 
4.2-7) 

43 

68 

Stream 
Description 

Raw Shale Feed 

Subore 

Overburden 

Baghouse Dusts 

Processed Shale 

01ly Dust 

Caustic (NaOif) 

Mass Flow, 
104 lb/hr 

9,799 

992 

5,175 

118.1 

9,733 

78.6 

0.3 

* Indicates stream$ that come into contact with the environment. 

131 

N.D,b 

N.D. 

2" 

ob 

0 

0 

73 

N.D 

N.D. 

1 

2 

0 02 

0 

a Elements reported for organic portion of materials, except for sulfur which is total. 

b N.D. = Not determined; 0 = Estimated to be insignif1cant (less than l lb). 

40 

N.D. 

N.D. 

0.2 

8 

0.06 

0 

1,025 

N.D. 

N.D. 

12 

24 

0.19 

0 

98 

N.D. 

N.D. 

1 

91 

0.73 

0 

261 

N.D. 

N.D. 

3 

1,820 

0 

0 

Source ORI estimates based on 1nformation from Gulf Oil Corp. and Standard 011 Co (Indiana), March 1976, and Rio Blanco Oil Shale Co., 
February 1981 
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4.2 MAJOR STREAM COMPOSITIONS 

ML!ch of the significant data for the Lurgi-Ruhrgas retorting process 
have beer. proprietary in the past and 1 arge ly remain so at present.. The 
i~mited information that is available has been extracted from Rio Blanco 
8il Shale Company's (RBOSC) Modification to the Detailed Development Plan 
(DDP} (Feb'~'uary 1981) and communications with RBOSC and Lurgi Kohle und 
Minera·otechnik GmbH personnel. Some generalized information on the '~'etort
ing techrology is also published and this was used when appropriate (Marnell, 
Sept~mner 1976; Schmalfeld, July 1975). 

In the follmofing sections, major streams generated from different plant 
operations (see Section 3) are listed along with their detailed compositions. 
Mate~ia1 balances for selected streams (both before and after treatment) are 
al-so presented. When detailed information on stream compositions or perform
ance of a control technology was not available, calculations were made on the 
bas:s cf engineeri~g analysis. 

4.2.1 Material Balance 

The ~aterial balance for retorting 23 gpt oil shale by the Lurgi-Ruhrgas 
process is presented in Table 4.2-1. This balance is for the retorting 
process only. The amount of raw shale retorted (119,000 TPSO) is derived 
from -che original OOP (Gulf Oil Corp. and Standard Oil Co. [ Indf ana], 
March 1976). The combustion air, processed shale, quenching and moisturizing 
water, net retort gas, and flue gas quantities have been calculated using the 
~oaified DDP (Rio Blanco Oil Shale Co., February 1981) for the lurgi demon
stra:.,on project. Amounts of oil, naphtha, and retort gas have been esti
mated assuming a 100% Fischer assay oil yield and, also, by material and 
elemental balances. After pyrolizing the shale, the amount of coke remaining 
is i~sufficient for raising the recycle shale stream to the desired tempera
tJre of about 1,240°F; therefore, a portion of the retort gas (before naphtha 
removal) is added to the lift pipes as supplemental fuel. 

4.2.2 Raw Oil Shale 

Tre exact composition of the raw shale was not available. Therefore, an 
estimation was made using the published analyses of different grades of Green 
River oi1 shale and its kerogen (Stanfield~ et al., 1951). The estimates are 
fairly reoresentative of expected values and are further strengthened by geed 
overa11 material and elemental balances. Derived composition for the raw 
shaie :s presented in Table 4.2-2. 

Raw Shale Leachate--

Recently, some literature on leachates from Coloraao oil shales has been 
pub1ished (McWhorter, 1980; Rio Blanco Oil Shale Co., March 1981). The 
resui-r.s cf laboratory column leaching experiments from the first reference 
are presentad in Table 4.2-3. The second refereRce provide~ field lysimeter 
stucy results from Tract C-a run-of-mine stockpile tests, and these are shown 
~n 'Table 4.2-4. 
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TABLE 4.2-1. GROSS MATERIAL BALANCE FOR RETORT AND SHALE BURNER 

Material In F1 ow~ 103 1 b/hr 

Raw Shale 9,917 

Air 5,439 

Makeup Watera 2,812 

Total In 18,168 

Material Out Flow, 103 lb/hr 

Processed Shal 9,733 

Retort Gas (net, naphtha-free)c 122 

Gas Liquor 298 

Product Oil 793 

Naphtha (net)d 27 

Flue Gas 7,195 

Total Out 18,168 

a The makeup water includes 992 x 103 lb/hr for processed shale quenching 
and 1,820 x 103 lb/hr for processed shale moisturizing to a moisture 
content of approximately 19% by weight. 

b The processed shale is burned (after the lift pipes) and includes the 
moisturizing water. The processed shale quantity on a dry basis would be 
7,913 x 103 lb/hr. 

c The net retort gas quantity is that remaining after subtracting 
87.4 x 103 lb/hr of the gas used in the lift pipes. 

d The net naphtha quantity is that remaining after subtracting 
19.6 x 103 lb/hr of the naphtha used along with the retort gas in the 
1 ift pipes. 

Source: DRI estimates based on data from Rio Blanco Oil Shale Co., 
February 1981. 
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Cc'1iponel1t 

Rat<~ Sha~e 

Hyd':"ogen (organic) 

Moist:..;re 

Oxyger (organic) 

Ni~rcgen (organic) 

Caroo11 (organic) 

SutfL:r (total) 

TABLE 4.2-2. COMPOSITION OF RAW SHALE* 
(Streams 1, 22) 

Weight Mass Flow, 
Percent 103 lb/hr 

100.00 9,917 

1.34 133 

2.66 264 

0.75 74 

0.40 40 

10.46 1,037 

1.00 99 

Flow, 
103 lb-moles/hr 

133.0 

14.7 

4.6 

2.9 

86.4 

3.1 

* Based on 65,167 BPSO crude shale oil at 100% Fischer assay yield, with 
23 gpt oil shale. Baghouse dusts are included. 

Scurce: DRI estimates based on information from Stanfield, et a1., 1951. 
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TABLE 4.2-3 LAilORATORV COLUI!N L[ACHATfS <ROf~ SOME COLORADO RAW Oil SHALES 
(Slream '12) 

•' 

Drinklrm 
USBM Raw Shale Colony Raw C·a Jl-5/Mah<Hl c-a Raw Colony Shale Colony C-b Water 

f<>mponent Un1t (S<illne lone) Shale Shale Com~•os 1 te (Weathered) So1l Soil {;riteria 

Al mQ/1 0 34 - 7.54 0.05 - 0 75 0 3 - 3 53 <0 05 - 0 69 <0.05 - 0 17 <0 05 - 0 37 <0 05 

1\s <0.005 <0 005 <0 005 <0 005 <0. 005 <0.005 <0 005 0.05 

B 0.24 - 43 <0.025 - 2 75 <0 025 - 0 59 <0 025 - L 97 0 12 - 0 365 0 47- 0.76 0.65 - 0 985 

Ba 0 061 - 0 17 0 07 - 0 48 o oas - o 27 0 027 - 0 22 0.088 - 0,495 0 12 - 0 57 0 038 - 0.240 l.O 
Be <0.02!) <0.025 <0 025 <0 02~ <0 025 <0.025 <0.025 

Ca 36 - 750 40 - 1,550 180 - 1,510 18 - 970 25 - 500 40 - 960 6 5 - 330 

Cl <1 0 - 560 1 1 - 22 1. 9 - 300 0 3 - 130 0 8 - 71 0.1- 200 1 8 - 520 

C03 0.1- 1 1 0 03 - 1 6 <0 1 - 346 0 3 - 0 7 0.12 - 1. 03 017-29 1 0 - 8 8 

Cr <0.025 - 0.68 <0.025 - 0.04 0.022- 0.034 <0 025 - 0 043 <0. 025 <0.025 <0 025 - 0.069 0.05 

Cu II <0.025 - 0 30 <0 025 - 0 41 <0 025 - 0 69 <0 0.25 - 0.44 <0 039 - 0.31 0. 075 - 0 3B <0.025 - 0.28 1 0 

EC pmnos/cm 280 - 13,000 240 - 5,400 1,900- 37,000 125 - 8,200 240 - 4,200 370 - 9,000 840 - 3,000 

F mg/1 9 5 - 75 4.0 - 7 2 0 8 - 65 <0 5 3 0 4.o - a 7 1 2 - 10 4.5 - 25 1.8 

Fe 0 01 - 1 8 <0 03 - 0.89 <0 1 <0 1 <0 03 - 0 OS <0 01 - 0 52 0.1 - 0.42 0.3 

lO HCO~ 133.1 • 321 50 - 558 3 0 - 403 82 - 1,026 136 - 233 152 - 480 481 - 846 
~ Hg <0 0001 - 0.0035 <0 0005 <0 0001 <0.0001 <0 0005 <0 0005 <0.0001 0 002 

K 1 1 - 22 1 7 - 59 8 z - 640 0. 4 - 34 0.83 - 57 25 - 270 1. 3 - 22 

li 0.02 - 3.1 0.02 - 0.151 0 02 - 0.11 <0 02 - 0 79 0.004 - 0.02 0 03 - 0 47 0.02 - 0 08 

Mg 6 7 - 1,050 5. 5 - 140 0. 675 - 108 4.9- 820 17 - ~65 17 - 1,450 2 6 - 145 

Mn 0 075 - 3 2 0 074 - 2. 74 <0 05 0.35 <0.05 0 40 0.05 - 0.11 <0.05 - 0 97 <0.05 - 0.16 0.05 

MD 0.09 - 0.87 0.09 - 0.65 0.10 - 5 18 0.10- 2.2 0 075- 0.74 <0 05 - 0 B4 <0 05 - 0 43 

Ha <25 - 1,430 5.8- 145 27- 7,710 4 3 - 1,240 14 - 350 3.8 - 340 210 - 2,050 

Nl <0 025- 0.60 <0.05- 0.10 0.047 - 0 08~ <0 05 - 0 16 <0 05 - 0 06 <0.05 - 0.07 <0 05 - () 075 

NO a <1.25- 40 0 9 - 25 4 . 172 <0 5 - 140 <0. 3 - 245 <0.2 - 180 1 4 - 30 10 

Pb <0 04 . 1. 9 <0 05- 0.64 <0 05 - 0.83 <0.05- 0.77 0 12 - 0 35 0 12 - 0. 38 0 07 - 0 31 0 OS 

pH 6 8 - 8.06 7.06 - 8 18 6 93 - 11.98 7 03- 7.99 6 93 - 8.11 7.1- 8.2 7,43 - 8.49 

Se mg/1 <0 01 <0 01 <:0 005 <0.005 <0 01 <0 01 <0 005 0 Ol 

S1 1.65 - 9 7 2 12 - 10 58 1.2- 23.28 5 8 - 19 58 6.71- 14.72 8.0 - 16.8 11.0- 20.7 

Sn <0 025- 1.28 0.12- 0 67 0.041- 0.67 <0 025 - 1. 37 

$01 20 - 5,700 28 - 5,150 5 - 6,600 7 9- 5,100 15 - 2,650 60- 4,200 23 - 860 250 

ms 70- 13,300 llO - 7,160 610 - 30,130 164 - 9,450 120 - 4,760 250- 7,450 1,050 - 3,760 500 

Zn 0 01 6 8 <0.02 - 0 68 <0 01 - 0.09 <0 02 " 1. 5 0 07 - 0.3 0 01 - 0.65 Q 04 - 0 35 5 0 

Sourc" McWhorter, 1980 



TABLE 4.2-4. LEACHATE WATER QUALITY DATA FROM THE 
TRACT C-a RUN-OF-MINE STOCKPILE 

(Stream 92) 

Co11stituent Concentration* Constituent Concentration* 

Alkalinity (mg/1 as CaC03 ) 

,A, l umi r;um 

Arsenic 

Bar~u;r; 

Beryllium 

Bor>on 

Cadmium 

Ca1ci'Jm (mg/1) 

DOC (mg/1) 

C'li or·i de (mg/1) 

Chromium 

Cobalt. 

Copper 

Fluoride (mg/1) 
Hardress (noncarbonate) 

(mg/1) 

~ardness (total) (mg/1) 

Iron 

Lead 
Lithium 

Magnesium (mg/1) 

Mangaf'!ese 

Mercury 

~o1ybdenum 

Ni CKe1 

48.0 

10.0 

2.0 

100.0 

0.0 

150.0 

0.0 

440.0 

13.0 

29.0 

0.0 

100.0 

8.0 

2.4 

2,300.0 

2,300.0 

60.0 

0.0 

50.0 

300.0 

220.0 

0.0 

270.0 

37.0 

Nitrate-Nitrite (as N) 

Ammonia (as N) 

Kjeld-N (as N) 

DON (as N) 

. Total Nitrogen (as N) 

pH (field) 
pH (lab) 

Phenols 

Total Phosphorus (mg/1) 
Potassium (mg/1) 

Potassium 40 (pc/1) 

TDS (calculated) (mg/1) 
SAR 

Selenium 

Si1 ica (mg/1) 

Sodium (mg/1) 

Sodium {%) 

Spec. cond. (field) 

(tJmhos/cm) 
Spec. cond. {lab) 

45.0 

4.6 

9.1 

4.5 

54.0 

7.7 

7.1 

3.0 

0.0 

3.5 

2.6 

3,490.0 

1.6 

0.0 

4.6 

180.0 

14.0 

3,950.0 

(~mhos/em) 3,877.0 

Strontium 3,000.0 

Sulfate (mg/1) 

Vanadium 
Zinc 

2,300.0 

4.0 

50.0 

* A11 concentrations are expressed in ~g/1, unless listed otherwise, and 
apply to the disso1ved fraction only. 

Source: Rio Blanco Oil Shale Co., March 1981. 
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4.2.3 Processed Shale 

The quantity and composition of the processed shale, derived by material 
and elemental balances, are presented in Table 4.2-5. Due to bur.ning of the 
processed shale in the lift pipes and extensive recycling to the retort, the 
residual -organi-c matter is fairly low. The moisturizing water amounts to 
approximately 23% of the dry processed shale weight. Major inorganic ele
ments in the processed shale obtained from a retorting test on oil shaie from 
Tract C-a are presented as their oxides in Table 4.2-6. Some physical 
properties of the processed shale have also been determined and are pr~sented 
in Table 4.2-7. Due to partial calcination in the lift pipes, the processed 
shale has good cementitious properties. The unconfined compactive strength, 
at optimum moisture content and curing period, is high and permeability is 
low. 

TABLE 4.2-5. COMPOSITI~N OF THE PROCESSED MOISTURIZED SHALE 
(Stream 29) 

Weight Mass Flow, Flow, 
Component Percent 103 lb/hr 103 lb-moles/hr 

Retorted Shale 
(moisturized) 100.00 9,733 

Moisture 18.70 1,8.20 101.1 

Oxygen (organic) 0.02 2 0.1 

Nitrogen (organic) 0.08 8 0.6 

Carbon (organic) 0.25 24 2.0 

Sulfur (total) 0.93 91 2.8 

Source: DRI estimates based on information from Rio Blanco Oil Shale Co., 
February 1981. 

Processed Shale Leachate--

The results from column leaching of processed shale are given in 
Table 4.2-8 (Woodward-Clyde Consultants, October 13, 1980). Some soluble 
elements are reported as their oxides. As seen in Table 4.2-7, properly 
moistened and compacted processed shale has 1 ow permeability; therefore, 
actual field leaching may not be represented by laboratory column leaching 
experiments. 
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TABLE 4.2-6. INORGANIC ANALYSIS OF THE PROCESSED SHALE 
(Stream 29) 

Component Weight Percent 

Silicon Dioxide 46.00 

Iron Oxides 4.40 

Aluminum Oxide 12.70 

Calcium Oxide 22.40 

Magnesium Oxide 4.80 

Sulfate 3.80 

Sodium Oxide 3.20 

Potassium Oxide 2.70 

Carbonate 4.40 

Chloride 0.08 

Loss on Ignition 4.60 

Source: Woodward-Clyde Consultants, October 13, 1980. The results are for 
processed shale from a retorting test on Tract C-a oil shale. 
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TABLE 4.2-8. ANALYSIS OF LEACHATE FROM THE PROCESSED SHALE 

Component Concentration, mg/1 

Si 1 icon Dioxide 18 
Iron Oxides <0.01 

A1u:ninum Oxide <0.1 

Calcium Oxide 1,080 

Magnesium Oxide 102 

Sodium Oxide 337 

Potassium Carbonate 37 

Carbonate 90 

Bicarbonate <0.1 

Chloride 28 
Sulfate 1,810 

Hydroxide 222 

Total Dissolved Solids 3,530 

pH= 11.4 

Source: Woodward-Clyde Consultants, October 13, 1980. The results are for 
precessed shale from a retorting test on Tract C-a oil shale. 

4.2.4 Crude Shale Oil 

The composition of vapors from the Lurgi retorts is indicated in 
Table 4.2-9, The Lurgi retorts also include three condensation-absorption 
tc\4ters; consequently, a product breakdown of the condensab 1 e hydrocarbons 
occurs, forming heavy, middle and light oil fractions. The properties of the 
individual oil fractions are indicated in Table 4.2-10. Since the naphtha 
fract~on is still contained in the gas phase, it is not included in the 
table. The physical properties for each oil fraction have been estimated 
using ~he oil distillation data published in RBOSC's modified DOP (Rio Blanco 
Oil Shale Co., February 1981). The composition for the combined shale oil 
has been calculated by material and elemental balances and from data provided 
by Cccidental Oil Shale, Inc. 

4.2.5 Retort Gas 

The heavy oils and most of the ~ntrained dust in the retort vapors are 
eliminated in the first condensation tower. The middle oil fractions are 
co~densed in the second tower by reducing the vapor temperature to 150°F by 
wet cooling. The light oils, naphtha, water, and noncondensable gases remain 
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TABLE 4.2-9. COMPOSITION OF RETORT VAPORS 
(Stream 26) 

Mass Flow, Flow, 
Component MWt Mass % Mole % 103 lb/hr lb-moles/hr 

H2 2 0.37 8.20 4.97 2,486.6 

co 28 0.53 0.84 7.14 255.0 

C02 44 7.31 7.39 98.46 2,237.7 

Nz 28 0.53 0.84 7.14 255.0 

NH3 17 0.14 0.37 1. 92 113.2 

H2 S 34 0.09 0.12 1.20 35.2 

$02 64 0.02 0.01 0.26 4.0 

CH4 16 1.41 3.91 18.95 1,184.1 

C2H4 28 0.91 1.44 12.24 437.2 

CzH6 30 0.93 1.38 12.57 419.0 

C3 H6 42 1.16 1.23 15.68 373.4 

CaHs 44 0.63 0.63 8.42 191.3 

C4Hs 56 1.02 0.81 13.77 245.9 

C4H1o 58 0.31 0.24 4.23 72.9 

c4+ 79.4 1.77 0.99 23.87 300.6 

Light Oils 114 15.28 5.96 205.77 1,805.0 

Middle Oils 166 30.69 8.22 413.24 2,489.4 

Heavy Oils 274 14.59 2.37 196.51 717.2 

Miscellaneous 
HC 132.6 0.02 0.01 0.24 1.8 

H20 18 22.28 55.03 300.05 16,669.4 

TOTAL 99.99 99.99 1,346.63* 30,293.9 

MWt 44.45 

* In addition, approximately 78,600 lb/hr of processed shale dust are 
entrained in the retort vapors. The presence of COS and other organic 
sulfur compounds has not been determined. 

Source: DRI estimates based on data from Rio Blanco Oil Shale Co., 
February 1981, and provided by Occidental Oil Shale, Inc. 
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Component 

~eavy Oils (Stream 42) 

Middle Oils (Stream 38) 

Light Oils* (Stream 36) 

TOTAL SHALE Oil 

::=; Composition 
...... 

Hydrogen 

Oxygen 

Nitrogen 

Carbon 

Sulfur 

TABlE 4.2-10. PROPERTIES OF NAPHTHA-FREE SHALE OIL 
(StrPams 36, 38, 42) 

Boiling Volume 
Point, °F Percent (BPSD) 

~360-920 23.65 (14,260) 

~270-920 53.27 (32,120) 

~290-510 23.08 (13,920) 

~270-920 100.00 (60,300) 

Gravity, 
0 API 

18.5 

30.0 

24.0 

25.5 

Weight 
Percent 

24.78 

51.87 

23.35 

100.00 

11.47 

1. 37 

2.05 

84.25 

0.86 

Mass flow, 
103 lb/hr 

196.51 

411.33 

185.16 

793.00 

91.00 

11.00 

16.00 

668.00 

7.00 

Flow, 
lb-moles/hr 

717.20 

2,477.90 

1,624.20 

41819.30 

91.00 

0.69 

1.14 

55.67 

0.22 

* The 1i ght oi 1s are stabi 11 zed. API gravity for the 1 ight oils befot·e stabil i zat i or is 36. 5°. 

Source: DRI estimates based on data from Rio Blanco Oil Shale Co., February 1981, and provided by 
Occidental Oil Shale, Inc. 



Component MWt 

CsH12 72 

CsHs 78 

CsH14 86 

C1H1s 100 

Light Oils 78 

Middle Oils 166 

H2 0 18 

TOTAL 

MWt 

Total H 

Total c 

TABLE 4.2~14. COMPOSITION OF NAPHTHA 
(Stream 46) 

Mass Flow, 
Mass% Mole% 10a lb/hr 

25.22 27.25 6.88 

1.52 1. 51 0.41 

18.39 16.64 5.01 

5.83 4.54 1.59 

43.97 ' 43.86' 11.99 
-

4.08 1.91 1.11 

0.99 4.28 0.27 

100.00 99.99 27.26 

77.81 

12.17 3.32 

86.84 23.68 

Flow, 
1b-moles/hr 

95.5 

5.3 

58.3 

15.9 

153.7 

6.7 

15.0 

350.4 

3,318 

1,973 

Source: ORI estimates based on data from Rio Blanco Oil Shale Co., 
February 1981. 
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TABLE 4.2-15. COMPOSITION OF RETORT GAS AFTER COMPRESSION 
,_, (Stream 48) 

Mass Flow, Flow, 
Compo rent MWt Mass% Mole % 103 lb/hr lb-moles/hr ,. 
H2 2 2.45 30.51 2.89 1,447.3 

co 28 3.52 3.13 4.16 148.4 

C02 44 47.45 26.81 55.96 1,271.9 

N2 28 3.52 3.13 4.16 148.4 

NH 3 17 0.0014 0.0021 0.002 0.1 

H2 S 34 0.59 0.43 0.70 20.5 

CH4 16 9.35 14.53 11.03 689.2 

C2H4 28 6.04 5.37 7.13 254.5 
C2 H6 30 6.20 5.14 7.32 243.9 

C3 h6 42 7.74 4.58 9.13 217.3 
C3 h8 44 4.15 2.35 4.90 111.3 

C'l'Hs 56 6.80 3.02 8.01 143.1 

C4H1o 58 2.09 0.89 2.46 42.4 

H20 18 0.08 0.11 0.10 5.4 

TOTAL 100.00 100.00 117.95 4,743.7 

f"lWt 24.86 

Total H (excluding H20) 10.12 11.94 11,937 

Total 0 (excluding H2 0) 36.52 43.08 2,692 

Total N 3.52 4.16 297 

Total c 49.18 58.01 4,834 

Total s 0.56 0.66 21 

Heating Value, LHV Btu/lb (Btu/SCF) 10,010 {656) 
'<IT 

Source: DR1 estimates based on data from Ria 81 anco Oil Shale Co., 
FebruarJ 1981. 

'<• 
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TABLE 4.2-16. COMPOSITION OF RETORT GAS AFTER AMINE ABSORBER 
(Stream 56) 

Mass Flow, Flow, 
Component MWt Mass % Mole % 108 lb/hr lb-moles/hr 

H2 2 4.68 41.77 2.89 1,447.3 
co -28 6.71 4.28 4.16 148.4 

C02 44 1.00 0.41 0.62 14.1 

N2 28 6.71 4.28 4.16 148.4 

Nl-1 3 17 0.0027 0.0029 0.0017 0.1 

H2 S 34 0.0005 0.0003 0.0003 0.01 
CH4 16 17.82 19.89 11.03 689.2 

C2H4 28 11.52 7.35 7.13 254.5 

C2Hs 30 11.82 7.04 7.32 243.9 

CaHs 42 14.75 6.27 9.13 217.3 

CaHs 44 7.91 3.21 4.90 111.3 

C4Hs 56 12.95 4.13 8.01 143.1 

C4H1o 58 3.97 1.22 2.46 42.4 

H20 18 0.14 0.14 0.09 4.8 

TOTAl 99.98 99.99 61.90 3,464.8 

MWt 17.86 

Total H (excluding H20) 19.22 11.90 11,896 

Total 0 (excluding H20) 4.58 2.83 177 

Total N 6.72 4.16 297 

Total c 69.32 42.92 3,576 

Heating Value, LHV Btu/lb (Btu/SCF) 19,080 (900) 

Source: DR! estimates based on data from Rio Blanco Oil Shale Co., 
February 1981. 

108 



TABLE 4.2-17. COMPOSITION OF DRIED FUEL GAS 
,,. (Stream 57) 

Mass Flow, Flow, 
Compor>ert MWt Mass % Mole % 103 lb/hr lb-moles/hr ,, 
Hz 2 4.68 41.82 2.89 1,447.3 

co 28 6.72 4.29 4.16 148.4 

C02 44 1.00 0.41 0.62 14.1 

N2 28 6.72 4.29 4.16 148.4 

NH3 17 0.0028 0.0029 0.0017 0.1 

l-:zS 34 0.0006 0.0003 0.0003 0.01 

CH4 16 17.84 19.92 11.03 689.2 

C2H4 28 11.53 7.35 7.13 254.5 

C2hs 30 11.84 7.05 7.32 243.9 

C3H 6 42 14.77 6.28 9.13 217.3 

C3Hg 44 7.92 3.22 4.90 111.3 

c,,Hs 56 12.97 4.14 8.01 143.1 

C4?:.J 58 3.98 1.23 2.46 42.4 

H20 18 0.01 0.01 0.0090 C.5 

TCTAL 99.98 100.01 61.82 3,460.5 

MWt 17.86 

Tcta: H (excluding H20) 19.24 11.90 11,896 
-rcta1 0 (excluding H20) 4.58 2.83 177 

Tcta~ N 6.73 4.16 297 

Tota1 c 69.41 42.92 3,576 

heat~ng: Va1ue, LHV Btu/lb (Btu/SCF) 19,080 (900) 

Source: DRI estimates based on data from Rio Blanco Oil Shale Co., 
February 1981. 
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.... .... 
0 

Component MWt 

Hz$ 34 

C02 44 

Nz 28 

02 32 

H20 18 

Sulfur (S8 ) 256 

TOTAL 

TABLE 4.2-18. MATERIAL BALANCE AROUND STRETFORD UNIT 
(Streams 58, 61, 63, 64, 66) 

Acid Gases From Acid Gases Stretford Oxidizer 
OEA Regeneration After Stretford Stripping Air Vent Gas 

(Stream 58) (Stream 63) {Stream 6~) (Stream 64) 
lb/hr lb/hr lb/hr lb/hr 

696 1.3 

55,344 52,023.0 3,321 

16,117 16,117 

4,633 4,285 

1,033 956.0 126 597 

57,073 52,980.3 20,876 24,320 

' ' 

Stretfortd 
-Sulfur 

' 
'• 

(Stream 66) 
lb/hr (LTPSO) 

695 (7.56) 
695 

Source: SWEC estimates based on information from Peabody Process Systems, Inc. , February 1981. 



levels of pollutants emitted, different flue gas compositions have not been 
calcu1ated. 

TABLE 4.2-19. COMPOSITION OF FLUE GAS FROM THE LIFT PIPES 
(Stream 31) 

Mass Flow,* 
Component MWt Mass % 

N2 28 57.91 

02 32 4.90 

C02 44 20.04 

H20 18 16.99 

SG2 64 0.0069 

co 28 0.0092 

NOx 31.08 0.0339 

HC 16 0.0869 

TPM 0.0154 

TOTAL 99.99 

MWt 

Tot2l H (excluding H20) 0.02 

Total 0 (excluding H20) 19.51 

Total N 57.92 

Total r 5.54 "' 
Total s 0.0035 

Mole % 

57.01 

4.22 

12.56 

26.02 

0.0030 

0.0090 

0.0300 

0.15 

100.00 

27.56 

103 lb/hr (103 SCFM) 

4,170.90 

353.12 

1,443.63 

1,224.00 

0.50 

0.66 
' 
2.44 

6.26 

1.11 

7,202.62 

1. 57 

1,405.00 

4,172.00 

398.70 

0.25 

(942.13) 

(69.79) 

(207.51) 

(430.08) 

(0.05) 

(0.15) 
(0.50) 

(2.47) 

(1,652.68) 

* 502 , NOx, and CO assumed to be 30, 300, and 90 ppmv, respectively, in the 
flue gas. Particulate matter estimated to be 1,107 lb/hr. Includes steam 
frJw. the quencher. 

Source: DRI estimates based on data from Rio Blanco Oil Shale Co., 
February 1981. 

4.2.7 Gas liquor 

The majority of the gas liquor (stream 41) is obtained as a result of 
the moisture condensatiof:l in the third tower. An additional amount of the 
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liquor is produced as the compression condensate (stream 49) during the 
retort gas compression. These sfreams ·are 'combined to form the feed to the 
ammonia recovery plant in which anhydrous ammonia is recovered as a by
product. The compositions of the gas liquor and compression condensate are 
given in Table 4.2-20, while Table 4.2-21 presents the material balance 
around the ammonia unit. NaOH is added to release ammonia from ammonium 
sulfite. 

4.2.8 Mine Water 

Two aquifers are intercepted during the open pit m1n1ng. The composi
tion of the aquifer waters, along with the values adopted in this manual, is 
presented in Table 4.2-22. Excess mine water, after process needs, is held 
in an aeration pond to reduce the alkalinity and to oxidize/consume organic 
matter. The composition of water ready for surface discharge is presented in 
Table 4.2-23. 

4.3 POLLUTANT CROSS-REFERENCE TABLES 

Tables 4.3-1 through 4.3-3 list some pollutants of concern, by medium, 
and provide a cross-reference to the numbered streams in this manual. Many 
of these pollutants are trace constituents, and measurements to identify 
or quantify them in oil shale processing related streams have never been 
made. Those pollutants which have been identified in the plant streams are 
cross-referenced to the detailed composition tables. Engineering judgment 
was used in identifying other probable· pollutants. The entry for uunknown" 
(U) indicates that no testing has been done and the presence of the pollutant 
is unlikely. Judgment was also used in specifying the pollutants which 
definitely should not be present. 
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TABLE 4.2 .. 20. COMPOSITION Of TOTAL fEED TO AMMONIA RECOVERY UNIT 
(Streams 41, 49) 

_ _......_ ... ~ ~._..,.. .................... ,.. 
~.,.....,.""'"'"'" ..,,._.., ~-

Compression Total Feed to 
Gas Liguor (Stream 41} Condensate !Stream 49} Stri(!~er 

Component Mass% lb/hr (gpm) Mass % lb/hr (gpm) Mass % lb/hr (gpm) 

NHa 0.59 1,758 0.45 17 0.59 1,775 

co~ 0.76 2,275 0.53 20 0.76 2,295 

I:! (NH4 )2SOa 0.13 400 0.76 29 0.14 429 
w 

Stl•ippable 
Organics 0.02 66 0.02 66 

Nonstrippable 
Organics 0.06 170 0.06 170 

H20 98.43 293,000 (586) 98.26 3,735 (8) 98.43 2961735 (594) 

TOTAL 99.99 297,669 100.00 3,801 100.00 301,470 

Source: WPA estimates based on information from Rio Blanco Oil Shale Co., February 1981. 



) I 1 

'r, 

TABlE 4.2-21. MATERIAL BALANCE AROUND AMMONIA RECOVERY UNIT 
(Streams 70, 71, 72) 

'1 ~feed to,. Stripper- Co 1 uilln ' I 
Component , Mass % , 1 b/hv ( gpm) 
-------·- 'tr r ,. 

NH3 ,,· 

'·co~· 
'J ? I 

(NH4)2 SOa 
!-' c',, .... ,., 
• 1.Qrganics 

' . : "'/ 
, - NaOH* 

r,~' .Na2503 

".H 0 
I, 2 

'·I ~ ' 
TOTAL 

-, - d. 59 :' 1.775' 
'I 

1111 ::o. 76/ 1 
I 

1 ~2 
1

295 I 

'. , 'J { ' 

0.14 
1 

I ',I 429 

,Q,,08 1 
I I ~236 

'I 

' 0.10 I 
1 JOl 

I' 

I ' --

98.33 ' 296,735 (~~4) 
100.00 ' '301,771'• "' 
, , , 1 1 

--Stripped:Wastewater 
. (Stream 70) - ', -

Mass-!\(, . 'J lb/hr, (gprii) 
.f r ' • 

0. 0014 ,' . . ' _' < 4 
J • ~ '""~ ' .., 

'. "' I 
I I >;, J 

f ' ,~' 

1.' 
I ,, 

; I I 

' •' 

-. r , :' r 

' I' 

' j 

'~ 
'' ' 6,6 

( f { " I l f f ' "'f 
11 

I , f 
1

' ~','' : .J, ~~ ·, 

· * NaOH is added to the steam stripping'·column to elevate pH and release fixed rammon'ia:-;·, 
' ' } ' 'J ' I I 1-1 4 l I 

1 
")/ ) 

Source: WPA estimates. 
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TABLl 4 2-22. GROUND\IATER QUALITY OF LE:AS( TRACT C- a 
(St1eam 4) 

Pctrdmeter !owf'r AC]lllfe_r~--- --~_____\lm><,er_A.9.t!lli>!: ----- Values Adopted for Case 

(mg/1 unle>s otherw1se ~pec1f1ed} Min. Max. Avq a M1n M.;x Avg a '>tudyb (Stredm 4) 
----- ------- -----------

Alkallmty 52 4,500 674 70 2,390 408 560 
Aluminum <0.01 1 0 0.24 <0 01 1 0 0 15 0 2 
Ammonia as NH4 0.02 9 6 0 59 <0 1 1 B 0.3 0 47 
Arsenic <0 01 0 03 0 01 <0 01 0 05 0.010 0 OJ 
Barium <0.1 <1 <0.97 <0.1 <1 <0.98 <0 98 

Beryllllllll <0.1 <0.1 c <0 01 <0 01 <0 01 <0.01 
Bicarbonate 260 3,310 842 85 2,760 482 687 
B10chemlca 1 Oxygen Demand 
Boron 0.01 5 7 0 84 0 01 4.8 0.33 0 62 
BromHie <0.02 <0 1 <0 05 <0 02 0 5 0.07 <0 0!> 

Cadm1um <0.001 0.03 0.0099 <0.001 0.1 0 0096 0.0098 
r:alcwm 0.80 98 8 8 4 260 34 8 20 
carbon, Dissolved Organ1c 3.0 73 10 5 1 0 50 8 5 9 6 
Carbonate <0.1 710 68 8 <0 1 335 0 88 40 
Cllloride <0 1 160 0 21 7 <0 1 87 12 0 17 5 

Ctlromium <0.01 <0.05 <0 011 <0.01 <0 05 <0.012 <0 011 

~ 
Chemical Oxygen Demand <0.1 92 12 9 <0.1 400 17.7 15 
Coliform, Fecal (col/100 ml) 

U'1 Coliform, Total (col/100 ml) 
Conductivity, ~mho/em 845 5,180 1,459 810 4,200 1,267 1,554 

Cower <0.01 0.3 0 088 <0,01 0 8 0.074 0 082 
Cyan1de <0.01 0 08 0.01 <0.01 0 1 0.01 0 01 
fluoride 0.3 85 14.69 0 1 60 0.41 8 5 
Hardness, as caCD3 20 630 110 32 1,110 328 204 
Iron <0.05 16 2 0.78 <0.005 36 5.02 2 6 

KjQ]dahl N1trogen 
lead 0.003 26 0 21 0 002 3 8 0 17 0 19 
lithwm 0.1 0.6 013 0.1 1 0 0.13 0 13 
Magnesium 1.9 105 20 3.5 200 52 34 
Manganese 0 05 0 8 0.075 <0 01 1 7 0.13 0 1 

Met!1ylene Blue Active Substances 
Mercury <0.001 <0 01 0 0024 <0 001 0 045 0.0036 0 0029 
Molybdenum <0.05 0 2 0 1 <0.05 1 8 0.13 0 11 
Nickel <0 001 <0 1 <0 023 <0.001 0 2 0 019 <0 023 
Nitrate as N03 <0 1 2 0 1 <() 01 7 0 21 0 147 

Nitr1te as N <0.20 0 60 0 07 <0 02 0 6 0 07 0 07 
Nitrogen, Ammonia 0 40 3 2 1 18 0.20 1 8 0 51 0 89 
pH (unlts) 6 0 8 9 7 16 6 0 s 8 6 78 7 00 
Phenols <0 001 1.0 0 0024 <0 001 0 17 0 0025 0 002~ 
Phosphate, Dissolved as P04 

( Cont Hlucd) 



TABLE 4 2-22 (cont.) 

Paramet~>r Lowel' Agui fer 
(mg/1 unless otherwise specified) Min Max. 1\vg a M1n 

Phosphate, Or tho <0.10 LO 0 11 0 09 
Potass1Um <l 0 15.0 2 64 <1. 0 
Rad1oact1v1ty, (pc/T) 

Gross alpha 0.1 30 0 3.31 0 1 
Radium 226 0.09 0 9 0.31 0 1 
Gross beta 2 0 830 0 214 z 0 

Selenium <0 01 <0 1 <0.010 <0 001 
S1l1ca as Si02 <0 1 60 0 10.1 <0 1 
S1lver <0 001 0 1 0 0089 0 001 
Sodium 155 1,560 397 92 
Sol1ds, Dissolved 540 3,640 1,075 530 

Strontium 0 2 3 5 0 68 0 1 
Sulfale <4 580 1~2 <4 
Sulfide <0.01 6.50 0.56 0 03 
Temperature ("F) 46 9 75 2 58 5 46 4 
Vanadium <0 05 <0 ()5 <0 05 
Zinc 0.02 68 0 0 24 0 01 

a Arithmet1c mean far pH and temperature, geometric mean far all other parameters 

b Based on 43% and 57% of upper and lower aquifer water production, respectively 

c Oashes (--) Indicate data not reported. 

Source· Gulf Oil Corp. and Standard 011 Co (Ind1ana), May 1977 

Upper Aguifer Values Adopted for Case 

Max Avq a Studyb (Stream 4) 

1 0 0 10 011 
110 2 19 2.44 

29 0 3 48 3 38 
0 8 0 17 0 25 

73 0 12.7 17.6 

<0 01 <0 0098 <0.01 
58 25.6 -?0 3 

0 1 0 012 0.01 
1,170 212 0 317 
2,850 905 1,002 

10,5 2 89 1.62 
900 325 204 

49 0 63 0 59 
68.9 54 0 56.6 
<0 05 
15 0 0.26 0.25 



4> 

TABLE 4.2-23. COMPOSITION OF EXCESS MINE WATER BEFORE AND AFTER AERATION 
(Streams 75, 76) 

Parameter, mg/l 

Alkalinity, as CaC03 

.Aluminum 
~riiJilori a, Tctal 

,1\rsenic 

Beron 

CalciL<m 

Crlori de 

Chrofllium 

COD 
Cya11ide 

Fluor.;de 

Lead 
~1erct.~y 

ph (units) 

?renols 

S i1 i ca 

Sodium 

TDS 
Sulfate 

Sulfide 

Flow Ra'te, gpm 

Raw Mine Water* 
(Stream 75) 

560 

0.2 

0.89 

0.01 

0.62 

20 

18 

<0.01 

15 

0.01 

8.5 

0.2 

0.003 

7.0 

0.0025 

20 

320 

1,000 

206 

0.6 

8,330 

Treated Mine Water 
(Stream 76) 

500 

0.2 

0.67 

0.01 

0.62 

20 

18 

<0.01 

12 

0.01 

8.5 

0.2 

0.003 

-7 
0.0025 

20 

320 

1,000 

206 

0.6 

8,330 

* Based on data in Table 4.2-22, assuming mine water is 43% from upper and 
57% from lower aquifer. 

Source: WPA estimates based on data from Gulf Oil Corp. and Standard 
Oil Co. (Indiana), May 1977. 
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Stremn No 

5* 

6* 

7* 

8* 

9* 

JO" 

11" 

12* 
13* 

14"' 
15* 
16* 
17* 
18* 

19* 
20" 

21* 
23* 

24" 
25 
26 

27 

30 

31" 
32" 
33 

34 

35 

44* 
45 

Table No. 

4.2-9 

4.2-19 

4.2-11 
4 2-12 

4.2-13 

TABLE 4.3·1. POLLUTANT CROSS-REFERENCE FOR GASEOUS STREAMS 
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----~-------------·~-

Stream No. 
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48 
50 
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TABLE 4.3-2. POLLUTANT CROSS-REFERENCE FOR LIQUID STREAMS 
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TABLE 4. 3-3. POLLUTANT CROSS-REFERENCE FOR SOliD STREAMS 

Pollutants/Hazards 
Pest1- Ignit- Corro- React wi ty, RadiO Phyto- Mutagem-

Stream No. Table No Ag As Ba Cd Cr Hg Pb Se cides ability sivity Explo Activity toxidty city 

1* 4.2-2 y y y y y y y y N u N u p u u 
2"' y y y y y y y y N u N u p u I! 
3* y y y y y y y y N N N u p u u 

22"' 4 2-2 y y y y y y y y N u N u p \J u 
2911 4 2-5, 4 2-6, y y y y y y y y N N N u p u u 

4.2-7 

43 y y y y y y y y N y N u p u u 
..... 68 N N N N N N N N N N y N N u u N 
N 

* Indicates streams that come into contact with the environment 

Key· Y = Present 
N = Not Present 
P = Probably Present 
U = Presence Unknown 

Source DRI estimates. 
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TABLE 4 3-3 POLLUTANT CROSS-REfERENCE FOR SOliD STREAMS 

Pollutants/Hazards 
Pesti lgnit- Corro- React1v1ty, Radio Phyto- Mutageni-

Stream No Table No. Ag As Ba Cd Cr Hg Pb Se cides ab1l ity SlVity Explo, Activity toxicity city 

1"' 4.2-2 y y y y y y y y N u N u p u u 
2" y y y y y y y y N u N u p u I! 
3* y y y y y y y y N N N u p u u 

22"' 4.2-2 y y y y y y y y N u N u p u u 
29* 4 2-5, 4.2-6, y y y y y y y y N N N u p u u 

4. 2-7 

43 y y y y y y y y N y N u p u u 
1-' 68 N N N N N N N N N N y N N u 0 N 
N 

* Indicates streams that come into contact with the environment. 

Key: Y = Present 
N = Not Present 
P = Probably Present 
U = Presence Unknown 

Source DRI estimates. 



SECTION 5 

POLLUTION CONTROL TECHNOLOGY 

This section presents an inventory of pollution control technologies and 
discusses, in depth, some representative controls for each medium (air, water 
and solid waste). The inventory expands beyond describing the technologies 
that have been proposed for the Lurgi-Open Pit processes at Tract C-a. That 
is, i't discusses alternate and additional technologies that provide varying 
levels of control. Although the inventory is quite extensive, other possi
bilities may exist and should not be excluded from consideration. Changes 
in the design of the plant complex, changes in the assumptions made (see 
Secr.io11 1.5), and/or improved data from future testing could lead to the 
se1e:tion of different controls. 

Each subject area for control (e.g., particulate control) begins with an 
invertory of available technical approaches, or technologies. Promising new 
centro 1 techno 1 ogi es not yet app 1 i ed commercially, even in re 1 a ted indus
t"ies, are also included in the inventory but are not .described in detail. 
Such ~ew tech~ologies may be applicable to the oil shale industry if they are 
suff~ciently developed and tested in the future. The inventory is followed 
by a discussion of the most important considerations in selecting a control. 
Fi1a~ly, a more detailed analysis of performance and cost is preser;ted fer 
the control technologies that have been considered by Rio Blanco Oil Shale 
Company (RBOSC) in conjunction with the Lurgi-Open Pit processes (see 
Secticr.s 2 and 3 for a description of the case study which includes the 
p~oposed processes and technologies). 

i"tle detailed analysis seeks to estimate pollution control performance 
a11d cost. Performance estimates generally require no more than conceptual 
designs; however, the reliability of the performance estimates varies depend
ing 1..pon the application. The estimates should be highly reliable where a 
p:-ove'1 technology is applied to a conventional stream for which experience 
exists (e.g., flue gas desulfurization) but may be much less accurate for 
co~trals which require testing and which are applied to unconventional 
streams (e.g., biological oxidation). All performance levels are given for 
instantaneous control and reflect optimal operation, which may be higher than 
the average level of performance actually achieved. All cost estimates are 
in mid-1980 dollars and are taken to the level of detail believed to be 
necessary to achieve ±30% accuracy. This level of accuracy is based on the 
cost of equipment already built and operating in related industries. 
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5.1 AIR POLLUTION CONTROL 

As in other industrial and oil shale operations, 
plant--from mining activities to final product storage 
generate particulate and gaseous component emissions, 
emissions are: 

• Particulates, TPM 

• Sulfur Dioxide, 502 

• Nitrogen Oxides, NOx 

• Carbon Monoxide, CO 

• Hydrocarbons, HC . 

the Lurgi-Open Pit 
and transfer--wi 11 

The primary air 

~ 

This section describes the current, commercially available alternative 
systems for controlling the above primary pollutants. The following subsec
tions provide inventories of control technologies for each of the air pollut
ants, a discussion of advantages and disadvantages, and important points to 
consider in selecting a particular technology. Performance, design, and cost 
data for the leading technologies examined are also presented. 

5.1.1 Particulate Control 

Particulate matter is generated during the m1n1ng, crushing, conveyi~g, 
and processing of oil shale. Particulates are emitted from fugitive sources 
such as conveyor belts and from point sources such as flue gas stacks. 
Federal and State standards and regulations limit these particu1ate emissions 
because of their potentially hazardous effects on human health and the 
environment. 

Inventory of Control Technologies--

As shown in Figure 5.1-1, particulate control can be divided into two 
general categories: 

• Control of point sources 

• Control of fugitive sources. 

The particulate matter from a point source is confined within some 
equipment boundaries and is controlled by passing the dust-1 aden stream 
through a control device. Fugitive particulate matter is unconfined and is 
generally controlled by wet suppression techniques which are generally not as 
efficient as the point source control techniques. Table 5.1-1 presents a 
listing and review of particulate control technologies. 

Control of point sources. There are two primary classes of particulate 
control equipment for point sources: dry and wet. Both classes offer proc
esses that are feasible for particulate control in oil shale applications. 
Dry dust collectors can only be used with dry dusts. Sticky particulates 
tend to clog the dry co11ector and reduce its performance. In such cases, 
wet collectors are used. 
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FABRIC 
FILTER 

ELECTROSTATIC 
PREC1P!TATOR 

DRY CYCLONE 
COLLECTORS 

IMPINGEMENT 
SEPARATOR 

SETTLING 
CHAMBER 

CONTROL 
OF POINT 
SOURCES 

VENTURI 
SCRUBBER 

IMPlNGEMENT-
PLATE SCRUBBE 

WET 
COLLECTORS 

SPRAY 
TOWER 

CYCLONE 
SCRUBBER 

ELECTROSTATIC 
PRECIP1TATOR 

CONTROL OF WET 
FUGITIVE 
SOURCES SUPPRESSION 

SOURCE: SWEC 

FIGURE 5.1-1 PARTICULATE CONTROL TECHNOLOGIES 
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Control 
Technology 

ORV COLLfCTORS 

Fahric Filter 

Electrostatic 
Precipitator 

Cyclone 

Impingement 
Separator 

Settling 
Chamber 

Operating Prin~iple 

The dust-laden gas passes 
through woven fabric or felt 
material which filtPrs out 
the dust, allowing the gas 
to pass on. The filters are 
cleaned by mechanical snaking 
or reverse Jet compressed 
a1r flow 

Particles suspended 111 a gas 
are exposed to gas ions in 
an electrostatic field. These 
particles then become charged 
and migrate under the action 
of the field to collector 
plates 

The dust-laden gas enters a 
cylindrical or conical 
chamber tangentially at one 
or more points and leaves 
through a central opening. 
The dust particles, because 
of their inertia, will tend 
to move toward the outs1de 
separator wall and then into 
a receiver. 

The dust-laden gas 1mp1nges 
on a body, and the gas IS 
deflected while the dust 
part1cle, by virtue of its 
greater inertia, collects 
on the surface of the bo~ 

The simplest type of dust 
collection equipment, 
consisting of a ~hamber in 
which the gas velocity 1s 
reduced to enable dust to 
settle out by the action of 
gravity. 

TABlE 5.1-1. KEY rEATURES OF PARTICULATE CONTROl TECHNOLOGIES 

Performa11ce 

Removal efficiency is 
99.7-99 9% Operat1ng 
temperature is llmlt@d 
to 600°F, depending on 
the fabric material, 
and the pressure drop 
1s typically 4 in. H20 

Removal eff1c1ency IS 
99-99 9%. Operat1ng 
temperature is limited 
to 850°F, and the 
pressure drop is 
typically 1 in H2 0 

Removal efficiency is 
50-90% Operating 
temperature IS limiteQ 
to l,000°F, and the 
pressure drop 1s 
typically 1-5 in. H20 

Removal efficiency is 
0-80%. Operat1ng 
temperature is 1 imi ted 
to l,000°F, and the 
pressure drop is 
typically 4 in H20. 

Removal efficiency is 
0-50% Operating 
temperature is limited 
to l,000°F, and the 
pressure drop is 
typically 0.1 in fl20 

Development 
Status 

Commercially proven 

Commercially proven. 

Commercially proven. 

Commercially proven 

Commercially proven. 

Advantages 

H1gh removal efficiency and 
low operat1ng cost 

High removal efficiency and 
a very low pressure drop. 

low capital and operating 
cost. Good as a gas 
precleaner before a more 
efficient removal device. 

low cap1tal and operating 
cost. Good as a gas 
precleaner before a more 
efficient removal device. 

low operating cost and a low 
pressure drop. 

D1$advant<1ges 

The fabric can be sensi
tive to gas humidity, 
velocity and t&mp~r~ture, 
as well as partl~ulate 
characteristics. 

H1gh enepgy consumption. 
Sensitive to varying 
process cond1t1ons and 
particle propert1e~. 

low removal efficiency 
for small particles 

low removal efficiency. 

low removal efficiency 
and a very latge space 
requirement 

(Cont1nued) 
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TABif 5 1-1 (cont 

---------- -------- ------- ----- =========.: __ ---- --- --==============-- -======~=====-= 
Contro 1 
Technology 

WET COLLECl ORS 
Ve'ltun 
S-crubber 

Impingement
Plate Scrubber 

SJ)ray Tower 

Cyclone 
Scrubber 

Electrostatic 
f>reci pi tato r 

Operat111g Principle 

Gas and liquid are passed 
concurrently through a 
ventu~i throat at 200 to 
800 ft/sec. 

The lngh veloc1ty gas passE's 
through a perforated tray with 
an impingement baffle above 
each perforation. The gas 
atom1zes the liquid on the 
tray into droplets which then 
collect the dust 

Liqufd droplets produced by 
spray nozzles settle through 
rising gas stream and remove 
dust by impaction 

Liquid is sprayed into the 
gas stream and removes the 
dust particles by inertial 
impaction. 

SEE DRY COLLECTORS 

Wet Suppression Fugit1ve dust generated in 
the crushing and handling of 
the oil shale 1s sprayed With 
a foam suppressant made from 
a water/surfactant m1xture 

Performance 

Removal pfflciency Is 
95-99% Operat1ng 
temperature 1s limited 
to 40-700°F, and the 
pressure drop 1s 
typically 1-~0 in. u.o 
Removal effiCiency Is 
80-99% Operating 
temperature is 11m1ted 
to 40-700°F, and the 
pressure drop is 
typically 1-20 10 H20 

Removal efficiency Is 
50-80% Operat1ng 
temperature is 11mlted 
to 40-700°F, and the 
pressure drop 1s 
typically 0 5 in H20 

Removal effiCiency is 
50-75%. Operating 
temperature 1s l1m1ted 
to 40-700°F, and the 
pressure drop is 
typically 2 in. H20 

Rerooval efficiency is 
95-99% Operating 
temperature 1s lim1ted 
to 40-200"F 

Development 
Statu~ 

Commerc1ally proven 

Commercially proven 

Coilll!lercJally proven. 

Commercially proven 

Commercially proven. 

Source; SWl€ bas~d on 1nformat1on from Research and Education Assoc1at1on, 1980 

Advantaqes 

H1gh re&>oval effic1ency 

H1gh removal efficiency 

Low pressure drop and a low 
operat-ing cost 

Low pressure drop and a low 
operat1ng cost 

low capital and operating cost 
and a high removal efficiency. 

EffiLlency drops for 
small partocles 

Efficiency drops for 
small particles 

Low removal efficiency 

low removal eff1c1ency 

Used only for conveyor 
transfer points and 
crush1ng and gr1nding 
operations 



systems,, truck loading and unloading. and disposal operations. These fugi
tive sources of particulates are controlled by water and foam spray Sllppres
sion. This system is inexpensive and offers low water consumption and high 
removal efficiency. 

Table 5.1-2 lists the design parameters for the particulate control 
technologies examined, Table 5.1-3 presents more design details for the bag
houses, and Table 5.1-4 gives the design basis for the ESP. The capital, 
operating, and annua 1 costs for the parti C\Jl ate contro 1 equipment are pre
sented in Table 5.1-5. Figures 5.1-2 and 5~1-3 present the cost curves for 
the baghouses and ESP, respectively. The curves have been derived specifi
cally from the stream characteristics and design parameters used in this 
manual. 

Other Particulate Control Technologies Analyzed--

In addition to the ESP, another technology was analyzed for the control 
of particulates from the Lurgi flue gas--a fiberglass fabric baghouse. This 
technology has not been proposed by RBOSC, but it is judged to be applicable 
to the flue gas. 

As mentioned previously, the flue gas is at a fairly high temperature 
at the point of control; therefore, conventional polyester fabric baghouses 
cannot be used for dust control. The fiberglass reinforced fabric baghouses, 
on the other hand, have a much higher operating temperature limit (600°F). 
The operation of the latter type of baghouses is similar to that of conven
tional baghouses, and comparable dust removal efficiencies are obtained. 
Table 5.1-6 presents the design and cost details for _the fiberglass baghouse 
analyzed for the Lurgi flue gas application. The cost curve for conventional 
baghouses (see Figure 5.1-2) can be used for fiberglass baghouses because, 
except for the fabric material, the two types of baghouses are quite similar. 

Total Particulate Emissions--

The controlled particulates from the point as well as fugitive sources 
are summarized in Table 5.1-7, along with the type of control technology 
ex ami ned for each source. The uncontro 11 ed emissions are also inc 1 uded in 
the table to give total particulate emissions from the commercial operation. 
Estimates for these emissions were based on information provided by the 
equipment vendors. 

S.l.Z Sulfur Control 

Processing of sulfur-containing fossil fuels will result in emissions of 
sulfur compounds, such as H2 S, COS, CS2 , RSH, etc., or their combustion 
product, $0 2 • Federal and State standards limit sulfur emissions because of 
their potentially hazardous effects on human hea 1 th and the environment. 

Inventory of Control Technologies--

Two general categories of technologies are available for the control 
of sulfur emissions: (1) removal of sulfur··compounds from flue gases 
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TAilLE 5 1-2. PARTICULATE CONTROL EQUIPMENT AND DESIGN PARAMETER~ 

-· -~-~------~ ----~-~----
now Rate Removal Total Part1culate 

Stream Number of Each Dust load Hflnency Em1ss1ons 
Number Control Description Control Lor at 10n Units (ACI-M) ( 1b/hr) (%) (lb/hr) 
-~-- ----------

5 Bag house Pnmary Crushers (ore) 2 61,100 5,237.1 99.7 15.71 

6 Baghouse Primary Crushers (subore) 1 12,200 522 9 99 7 1 57 

7 Baghouse Primary Crushers (overburden) 1 63,800 2, 734 3 99 7 8 20 

8 Baghouse Conveyor to Stockp1le 2 36,300 124 5 99 7 0 37 

9 Baghouse Raw Shale Conveyor Transfer 3 40,500 208 3 99 7 0 62 
Points 

10 BagMuse Conveyor to Secondary Crushers 2 20,200 69 3 99 7 0 21 

11 Baqhouse Secondary Crushers a 69,800 23,931 4 99 7 h 79 

12 Baghouse Conveyor to Secondary Screens 2 20,200 69.3 99 7 021 

13 Baghouse Secondary Screens B 69,800 23,931 4 99 7 71.79 

14 Baghouse Conveyor to Tertiary Crushers 2 20,200 69 3 99 7 0.21 

15 Baghouse Tertiary Crushers 9 69,800 26,922.9 99 1 ao. 77 

16 Baghouse Conveyor to Tertiary Screens 4 20,200 138.5 99 7 0 42 .... rr 8aghouse Tertiary Screens 9 69,800 26,922.9 99 7 80.77 w .... 18 Baghouse Conveyor to Fine Ore Storage 2 20,200 69 3 99.7 0.21 

19 Baghouse Fine Ore Storage 1 28,800 1,234.3 99.7 3.70 

29 Bag hOuse Conveyor to Retort Feed Hoppers 2 20,200 69.3 99 7 0 21 
21 l)aghouse Retort Feed Hoppers 4 53,100 9,102.9 99.7 27 31 

23 Baghouse Processed Shale load-out 3 21,500 2,764 3 99.7 8.29 
Hoppers 

31 Electrostat fc Flue Gas Discharge System 13 293,700 1,106,554.8 99.9 1,106.6 
Precipitator 

32 Baghouse Conveyor to Retorts 13 18,400 410.1 99 7 1.23 
73 Baghou~e Processed Shale Conveyor 2 32,300 110.7 99 7 0 33 

Transfer Points 
74 Water and Foam Open Stockpiles, etc. 3,466.7 98.5 52 0 

Sprays 

Source· SWEC estimates based on information from Gulf Oil Corp and Standard Oil Co {Indlana), March 1976, and Rio Blanco 011 Shale Co , 
February 1961 



TASL£ 5.1·3. BAGHOUSE SPECIFICATIONS• 

Net Air· to- Fan 
Stream C~ntro1 Location Flow Rate Each No. of Cloth Area Cloth Ratio Fan A!' Motor 
Number (No of Units) {ACFM) Bags {ft1 ) (ft2fACF) ( 1n H20) {BHP) 

5 l'r1mary Crusher (ore) 61.,100 !l82 10,399 s 87/'l. 9 5 ZX6.Z 
{2) 

6 Pr1mary Crusher (subore) 12,200 176 2,076 5 87/1 9 5 2X12 
{1) 

7 Pr1mary Crusher (overburden) 63,800 921 10,858 5 87/l 9 5 2X64 
(1) 

8 Conveyor to Stocli:p1 1 e 36,300 461 5,428 6 68/1 9 5 2~34 
(2) 

Raw Shale Conveyor Transfer Points 40,500 514 6,057 6 68/1 9 5 2X38 
(3) 

10 Conveyor to Secondary Crushers 20,200 256 3,021 6 68/1 9.5 2X19 
(2) 

11 Secondary Crushers 69,800 1,008 11,879 5.87/1 9 5 2X70 
(8) 

12 Conveyor to Secondary Screens 20,200 256 3,021 6 68/1 9 5 2X19 
(2) 

13 Secondary Screens 69,800 1,008 11,879 5 87/1 9 5 U70 
(8) 

14 Conveyor to Tert1ary Crushers 20,200 256 3,021 6 68/1 9 5 2X19 
(2) 

,, 
-~ Tert1ary Crushers 69,800 1,008 11.879 5.87/1 9 5 2X70 

(9) 

16 Conveyor to F1rst Set of 20,200 256 3,021 6 68/1 9 5 2X19 
Terti a ry Screens 

(2) 

16 Conveyo~ to Second Set of 20,200 256 3,021 6.68/1 9 5 .2X19 
Tertiary Scr«ens 

(2) 

17 Tert 1 ary Screens 69,800 1,008 11,879 5 87/1 9 5 2X70 
(9) 

18 Conveyor to F1ne Ore Storage 20,200 256 3,021 6 68/1 9 5 2Xl9 
(2) 

19 f1ne Ore Storage 28,800 416 4,901 5 87/1 9.5 2X29 
(1) 

20 Conveyo~ to Retort Feed Hoppers 20,200 25& 3,(}21 6 68/1 9 5 2)119 
(2) 

21 Retort Feed Hoppers 53,100 767 9,037 5.87/1 9.5 2X54 
(4) 

23 P~ocessed Shale Load-out Hoppers 21,500 310 3,659 5 87/1 9 5 2X22 
(3) 

32 Conveyor to Retorts 18,400 234 2,752 6 68/1 9 5 2X17 
(13) 

73 Processed Sllale Conveyor 32,300 466 5,497 5.87/l 9 5 2X33 
Transfe•· Points 

(2) 

* Other 1tems included in the estimate are site preparation and concrete foundations, ductwork (3/16'' c s Plate), 
electr1cal, 1nstrumentat1on, and duct and collector insulat1on. In add1t1on, the fabric used ;s 16-oz Dacron HCE 

Source. SWEC est1mates based on information prov1ded by North-Monson Co , August 11, 1980 
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TABLE 5.1-4. MAJOR ITEMS IN ELECTROSTATIC PRECIPITATOR* 

Cctpita! Cost Items 

Chambers (13) 

Co:lecting Plates 

Transformer Rectifiers 

Fans and Motors 

Dampers and Ductwork 

Supports 

Handrailing and Grating 

P7ping 

Concrete and Foundations 

Painting 

Insulation 

I~strumentation and Controls 

o:scharge Electrodes 

Electrical 

Bins 

Discharge and Conveying System 

Rappers 

* aesign basis: 293,700 ACFM/unit. 

Operating Cost Items 

Electricity 
4,907 kW 

Maintenance 

Source: SWEC estimates based on information provided by R~search Cottrell 
Corp. 
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TABlE 5.1-5 COST OF PARTICUlATE POllUTION CONTROL 

Flow Rate Total Annual Total Annual 
Stream Control Number Each fl)(ed Capital Operating Control 
Number Description Control location of Units (ACI M) Cost ($000's) Cost ($OOO's) Cost ($OOO's}" 

5 Baghouse Primary Crushers z 6J..l00 987 63 250 
(ore} 

6 Baghouse Primary Crushers 1 12,200 105 6 26 
(subore) 

7 Saghouse Pr1mary Crusher~ 1 63,800 552 34 138 
(overburden) 

8 Baghouse Conveyor to Stockpile 2 36,300 628 85 205 

9 Baghouse Raw Shale Conveyor 3 40,500 1,051 65 264 
Transfer Powts 

10 Baghouse Conveyor to Secondary 2 20,200 348 22 88 
Crushers 

11 Bag house Secondary Crushers 8 69,800 4,828 297 1,211 

12 Baghouse Conveyor to Secondary 2 20,200 348 22 88 
..... Screens 
w 
~ 13 Bag house Secondary Screens 8 69,800 4,828 297 1,211 

14 Baghouse Conveyor to Tert1ary 2 20,200 348 22 88 
Crushers 

15 Baghouse Tertiary Crushers 9 69,800 5,432 334 1,363 

16 Baghouse Conveyor to Tert1ary 4 20,200 696 44 176 
Screens 

17 Baghouse Tertiary Screens 9 69,800 5,432 334 1,31;3 

18 Baghouse Conveyor to F1ne 2 20,200 348 22 88 
Ore Storage 

19 Baghouse Fine Ore Storage 28,800 249 15 62 

20 Baghouse Conveyor to Retort 2 20,200 348 22 88 
Feed Hoppers 

21 Baghouse Retort Feed Hoppers 4 53,100 1,837 113 .,71 

(Continued) 



TABLE 5 1-5 (cont 

F10\< Rate l ota 1 Annua 1 Tota 1 Annua 1 
Stteam Control Number Ea<.h t 1xed C;,Jntal Operat1ng Contro 1 
Number Descnpt 10n Control Locatlon of Un1ts (ACFM) Cost ($000's) Cost ($000's) Cost ($000's)* 

--------
23 Bag house Prou~ssed Sha 1 e 21,500 559 34 140 

load-out Hoppers 

31 ElectrostatH. Flue Gas 01scharge 13 293,700 50,734 2,144 12,016 
Prec1p1tator System 

32 Baghouse Conveyor to Retorts 13 18,400 2,059 127 !>28 

73 Baghouse Processed Shale 2 32,300 559 34 140 
Conveyor TranSfer 
Points 

74 Water and Foan1 Open Stockpiles, etc _ _1j!J.! 1,456 1,650 
Sprays 

TOTAL 83,185 5,592 21,654 

* See Section 6 for deta1ls on computat1on of the total annual control cost 

.... Source: ORI estimates based on information provided by SWEC 
w 
U'l 



600 

I"") 

9 
~ 

t; 
0 
(..) 

.....1 

~ ,...... a: w .q 
CJ') (..) 

Q 
w 
X 

u:: 

20 30 40 50 60 

GAS FLOW, 103 ACFM/UNIT 

SOURCE: ORI based on information provided by SWEC 
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TABLE 5.1·6. DESIGN AND COST OF THE FIBERGLASS FABRIC BAGHOUSE 

Item 

No. of Baghouses 
F1ow Rate (each) 

No. of Bags (each) 
Net Cloth Area (each) 
Air-to-Cloth Ratio 
Fan, LlP 

Fan Motor 

Dust Loading 

Dust Removal Efficiency 

Outlet Dust Concentration 

Fixed Capital Cost 

Direct Annual Operating Cost 

Maintenance 
Electricity 

TOTAL 

Unit 

ACFM 

ft2 

ft2/ACF 
in. H2 0 

BHP 

grains/ACF 
103 1b/hr 

% 

lb/hr 

$103 

$103 

Quantity 

13 

293,700 

3,774 

44,462 

6.6 

10.5 

2 X 315 

33 
1,106.6 

99.7 

3,319.7 

33,015 

644 
1,279 

1,923 

Source: SWEC estimates based on information provided by North-Monson Co., 
August 11, 1980. 
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TABLE 5.1-7. TOTAL PARTICULATE EMISSIONS FROM THE PLANT 

'• 
Particulate 

Streaf11 Control Emissions 
Numoer Emission Source Description (lb/hr) 

5 Primary Crushers (ore) Bag house 15.71 

6 Primary Crushers (subore) Baghouse 1.57 

7 Primary Crushers Baghouse 8.20 
(overburden) 

8 Conveyor to Stockpile Baghouse 0.37 

g Raw Shale Conveyor Baghouse 0.62 
Transfer Points 

10 Conveyor to Secondary Baghouse 0.21 
Crushers 

11 Secondary Crushers Baghouse 71.79 

12 Conveyor to Secondary Baghouse 0.21 
Screens 

13 Secondary Screens Baghouse 71.79 

14 Conveyor to Tertiary Bag house 0.21 
Crushers 

15 Tertiary Crushers Bag house 80.77 

,,.. 
~c Conveyor to Tertiary Bag house 0.42 

Screens 

17 Tertiary Screens Bag house 80.77 

18 Conveyor to Fine Ore Bag house 0.21 
Storage 

19 Fine Ore Storage Bag house 3.70 

20 Conveyor to Retort Feed Baghouse 0.21 
Hoppers 

21 Retort Feed Hoppers Baghouse 27.31 
$, 

(Continued) 

139 



Stream 
Number 

23 

24 

31 

32 

73 

74 

TOTAL 

TABLE 5.1-7 (cont.) 

Emission Source 

Processed Shale Load-out 
Hoppers 

Diesel Equipment 

Flue Gas Discharge 
System 

Conveyor to Retorts 

Processed Shale Conveyor 
Transfer Points 

Open Stockpiles, etc. 

Control 
Description 

Baghouse 

Electrostatic 
Precipitator 

Baghouse 

Bag house 

Water and Foam 
Sprays 

Particulate 
Emissions 
{lb/hr) 

8.29 

33.00 

1,106.6 

1.23 

0.33 

52.00 

1,565.52 

Source: SWEC estimates based on information from Gulf Oil Corp. and 
Standard Oil Co. (Indiana), March 1976, and Rio Blanco Oil 
Shale Co. , February 1981. 

after combustion (sulfur dioxide removal, or flue gas desu1furization) and 
(2) removal of sulfur compounds from gases prior to combustion (hydrogen 
sulfide removal). Several technologies in both categories offer recovery of 
sulfur in a useful form, while others chemically fix the sulfur compounds on 
a reagent which then requires disposal. 

Sulfur dioxide control (flue gas desulfurization). Removal of sulfur 
compounds from flue gases--that is, flue gas desulfurization (FGD)--is based 
on the physical and chemical properties of S02 because fuel-based sulfur is 
usually converted to 502 upon combustion. Flue gas desulfurization can be 
divided into two categories: 

• Wet scrubbing 
• Ory scrubbing. 

Wet scrubbing utilizes a solution or a slurry to absorb the 502 • Dry 
scrubbing uses either a dry reagent bed or an atomized solution of an aqueous 
reagent at a high temperature to remove the S02 • Both categories can be 
divided into regenerable and nonregenerable processes. The different types 
of S02 removal processes are shown in Figure 5.1-4, and Table 5.1-8 gives a 
brief description of each process. 
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SULFUR 
DIO:<IOE 
CONTROL 

TECHNOLOGIES 

WELLMAN -LORD 
REGENERABLE MAGNESIUM OXIDE 

PROCESSES 
ABSORPTION/STEAM 

STRIPPING RESOX SYSTEM 

-LIMESTONE 

LIME 

DOUBLE ALKALI 
NONREGENERABLE SODIUM CARBONATE PROCESSES 

OOWA ALUMINUM SULFATE 

OIL SHALE(PROCESSED 
SHALE, NAHCOLITE) 

CHIYODA THOROUGHBRED 12! 

REGENERASLE 
PROCESSES AQUEOUS CARBONATE 

LIME 
NONREGENERABLE 

PROCESSES 1---+- SODIUM CARBONAT£ 

OIL SHALE(PROCESSED 
SHALE, NAHCOLITE} 

SOURCE: SWEC 

FIGURE 5.1-4 SULFUR DIOXIDE CONTROL TECHNOLOGIES 
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Control 
Techno loqy 

Magnesium 
Oxide a 

Absorption/ 
Steam Stripping 

Resox System• 

Operating Principle 

1\bsorbs S:02 with a sodium 
sulfite/bisulf1te solut1on. 
A bleed stream of the rich 
solution is sent to 
evaporators where so2 and 
water are dr1ven off and the 
reagent is regenerated. 

Absorbs S02 with a magnesium 
oxide slurry. ~ bleed stream 
of the spent slurry is dried 
and calcined to regenerate 
the magnesium oxide and 
produce a dilute S02 stream 
(10% 502) 

An aqueous solution of a 
suitable reagent (e g , 
sod1um carbonate, citric 
acid) absorbs the S02 , and 
the solution is regenerated 
by ind1rect steam heating to 
evolve a concentrated S02 
stream. The S02 u then 
reacted with crushed coal in 
the Resox system to produce 
elemental sulfur. 

NONREGFNERABLE WET SCRUBBING PROCESSES 
Absorbs S02 with a limestone 
slurry. A bleed stream of 
the slurry is part1ally 
dewatered and disposed of in 
a landfill. 

Absorbs so2 with a lime 
slurry A bleed stream of 
the slurry is partially 
dewatered and disposed of in 
a landflll 

TABLE 5.1-8. KfY FEATURES OF SU~fUR DIOXIDE CONTROL TECHNOlOGIES 

Performance* 

Reduces the outlet flue 
gas so2 concentration 
to 50 ppmv 

Reduces the outlet flue 
gas S02 concentration 
to 50 ppmv 

Reduces the outlet flue 
gas 502 concentration 
to 50 ppmv 

Reduces the outlet flue 
gas S02 concentrati,on 
to 50 ppmv 

Reduces the outlet flue 
gas S02 concentration 
to 50 ppmv 

Deve loplll(!nt 
>tatus 

About 30 commercial 
units a~ e 111 opera
tion 1n the U ~ and 
Japan 

Three dPmonstrat1on 
plants have b .. en 
tested 1n Japan 
(eaLh about 100 MW 
size). Two commer
cial un1ts are under 
construct1on In the 
u s 
The systems have been 
tested 1n separate 
demonstration plants 
II demonstration plant 
for the combined 
system has been 
proposed 

Many commercial 
units in operation 
worldwide 

Many commerc1al 
um ts in operation 
worldw1de 

Advantages 

Produces a concentrated S02 
stream which can be used to 
make salable sulfur or 
sulfunc ac1d 

Produces an S02 stream 
suitable for manufacture of 
sulfuric acid. 

Uses a s1mple absorption/ 
steam stripping system and 
produces salable elemental 
sulfur 

low capital and operating 
cost S1mple and proven 
process with conventional 
process equipment. 

Very similar to the limestone 
pro~ess and can potent1ally 
g1ve a greater S0 2 removal 
efficiency than limestone 

Olsadvt~ntages 

Requ1res fuel for the 
solut1on evaporators 

Requ1res fuel for the 
MgS03 /MgS04 dryer and 
calcl!Jel". 

Has not been demonstrated 
as a combined system 

Has a low operability 
factor due to scaling, 
erosion and corrosion 
Sulfur is nonrecoverable. 

lime costs are rising 
rapidly because of 
higher energy costs 
Sulfur is nonrecoverable 

(Continued) 
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Control 
Technoloqy 

Double AHal1a 

Sod1um a 
Carbonate 

Oowa Aluminum 
Sulfateb 

!hl Sflaleb 
{Processed 
Shille, 
Nahcolite) 

Oporating Pr1nc1~le 

Uses two alkal1ne solut1on~. 
~odit•m hydroxide and sodium 
sulfite, to convert 502 to 
sodium bisulfite The spent 
solut1on 1s regenerated by 
lime additiOn. The precipi
tated solids are partldlly 
dewatered and dispo~ed of 
in a landflll 

Absorbs S02 with a sod1um 
carbonate solution A bleed 
stream of the spent solution 
is partially dewatered and 
disposed of in a landfill 

Absorbs 502 with an acidic 
clea~ solution of basic 
alum1num sulfate. The spent 
solution is oxidized to 
aluminum sulfate limestone 
1s added to the solution to 
regenerate basic aluminum 
sulfate a~d produce gypsum 
~hfch is part1ally dewatered 
and disposed of in a landfill 

Absorbs 502 w1th a shale 
slurry. A bleed stream of 
the slurry 1s partially 
dewatered and d1sposed of 
in a landfill. 

TABLl 5.1-8 {cont ) 

Performance* 

Reduces the out 1 et flU<> 
gas 50 2 concentration 
to ~50 ppmv 

RedurPS the outlet flue 
gas so2 concentration 
to 50 ppmv 

Reduces the outlet flue 
gas 502 concentration 
to 50 ppmv. 

Reduces the outlet flue 
gas so2 concentratJon to 
-50 ppmv 

Onvelopment 
Status 

N1ne commerc1al 
un1ts 1n operat1on 
and three under 
<onstruct1on •n the 
u s 

Four commercial 
units in operation 
worldwide 

Not used commercially 
in the U S 

The process is only 
conceptual at th1s 
time and has not been 
tested on a pilot 
scale 

i1dvantage~ 

low 10 cdpttal and operating 
cost 111<e the l11nestone 
system, but the u~e of a 
clear scrubbing solution 
r~duce~ ~'aling- erosion, 
and corrosion in the scrubb1ng 
loop 

low capital cost. A very 
simple and reliable process 

Uses the same bas1c process 
design as the double alkali 
process and, therefore, has 
the same advantages The 
process uses a clear scrubbing 
solut1on which reduces scal1ng, 
eros1on, and corrosion in the 
scrubbing loop. 

Low capital and operating 
cost. Also, an abundant 
supply of processed shale is 
ava1lable at the plant s1te, 
Nahcolite 1s plentiful 1n 
the Piceance Basin 

Disadvantages 

Requ1re; "oda ash 
(Na2 CO,) makeup 10 

add1t1on to lime for 
preL 1p1 tat 1on. Soda ash 
1• an eJ<pensive l'aw 
matenal fhe sludge 
contains soluble and 
leachable sod1um salts 
Sulfur is nonrecoverable 

Soda ash is an expens1ve 
raw material Produces 
a sludgP which 1s very 
d1ff1cult to dewater and 
dispose of Sulfur 1s 
nonrecoverable. 

Requires dewatering and 
landfill disposal 

lias not yet been tested, 
even on a pllot plant 
scale Sulfur 1s 
nonrecoverable 

(Continued) 



Control 
Technology Operat1ng Princ1ple 
----~~~---

Chiyoda The flue gas is first 
Thorough- quenrhed to its saturat1on 
bred 121 temperature and then sparged 
(CT-121)c 1nto a limestone slurry, 

generating a jet bubbling 
froth layer. The $02 in the 
flue gas is absorbed by the 
l1mestone slurry in the Jet 
bubbl1ng layer The calcium 
sulfite formed by this 
react1on is ox1d1zed to 
calcium sulfate (gypsum) by 
the introduction of air into 
the jet bubbling layer. A 
bleed stream of the waste 
slurry can be dewatered and 
landf1lled as a recoverable 
resource or g1ven away to 
local cement, fert1l1zer or 
wallboard industries. 

REGENERABLE DRY SCRUBBING PROCESS 
Aqueous 
Carbonate a 

Flue gas is contacted with an 
atomized solution of aqueous 
sodium carbonate in a spray 
dryer scrubber The sodium 
carbonate absorbs the 502 , is 
dried, and then collected in 
a baghouse or electrostatic 
precipitator (ESP). The dried 
product is sent to the reducer 
vessel where 1t is reacted 
with coal 1n a molten sodium 
carbonate and sodium sulfide 
solut1on to form sodium 
sulfide. The sodium sulffde 
is then reacted in another 
vessel with C02 in the off-gas 
from the reduce>' vesse 1 to 
regenerate sodium carbonate 
and evolve hydrogen sulfide 
gas The hydrogen sulfide gas 
ls s~nt to a Claus unit to 
produce elemental sulfur. 

TABlE 5.1·8 (cont 

Performance* 

Reduces the outlet flue 
gas S02 concentration 
to 50 ppmv 

Reduces the outlet flue 
gas S02 concentration to 
75-100 ppmv. 

Oevclopment 
Status 

Tht> pro~ess has been 
tested on a demon
stration s lle 5Ca le 

The process steps 
have been tested 
fndividually on a 
pilot scale An 
integrated demon
stration size 
(lUO MW) unit ls 
currently under 
construction 1n the 
u.s. 

Advantages 

Absorbs 502 and oxidizes 
calciUin sulfite to gypsum in 
one reactor vessel 

Produces salable elemental 
sulfur using coal as a fuel 
instead of higher priced and 
less available oil and natural 
gas. 

Ill sadvantages 

Has only been tested on 
a demonstration site 
st:ale. Sulfur is 
nonrecoverable 

The hot molten carbonate 
solution used io the 
regener~tion section of 
the process is very 
torroslve and will 
~equire very expensive, 
special construction 
materials. 

{Continued} 



TABL[ 5.l·8 (cont.) 

--_.:::;:-_::::-~--=-====-========:-::=:- -_~_-_-__ --·-· ~ -------------·-
Control 
Technology Operating Prlnctple 

HONREGENE~A&LF. DRY SCRUBBING PROC~SSES 

Oil Shaleb 
(Processed 
Shale, 
Nahcoltte) 

f1 ue g<.- 1 s contacted wt U1 an 
atomtzed ltme slurry 10 a 
spray dryer scrubber The 
l1me absorbs the S{)!, 1s 
dr1ed, and then collected 10 
a ~aghouse or electrostattc 
precipitator (ESP). 

Flue gas is contacted with 
an atomized solution of 
aqueous sod1um carbonate in 
a spray dryer scrub~er The 
sodtum carbonate absorbs the 
so2. 1s drted, and then 
collected 1n a baghouse or 
electrostattc prec1p1tator 
(ESP). 

Flue gas is contacted with an 
atomized aDsorbent slurry in 
a spray dryer scrubber The 
alkaline minerals in the 
shale (primartly calcium and 
sodium carbonates) absorb the 
S02 , are dried, and then 
collected in a baghouse or 
electrostattc precipitator 
(ESP). 

Performance• 

Reduces the outlet flue 
gas so2 concentt•dl10r1 
to 100-150 ppmv 

Reduces the outlet flue 
ga~ 502 concentraiton 
to 75-100 ppmv 

Reduces the outlet flue 
gas so2 concentration 
to Nl00-150 ppmv 

llevelopment 
Status 

Two commerctal urnts 
are tn operation 1n 
the U S. lhree 
addittonal un1ts are 
('Urrent1y under 
construction 

The process has been 
tested on a demon
stration stze scale 

The process 1s only 
conceptual at this 
time and has not been 
tested on a pilot 
plant scale; however, 
the Lurg1 oil shale 
retorting process 
lift ptpe and flue 
gas treating equip
ment and the TOSCO II 
preh~at un1t closely 
resemble thls system 

Advantaqes 

Stnce the flue gas 1s not 
saturdted, sl1ghtly less 
Makeup water 1s needed and 
less stack gas reheat is 
needed. 

Same as for the l1me dry 
scrubblng process 

Same as for the lime dry 
scrubbing process Also, an 
abundant supply of processed 
shale is avatlable at the 
plant site. Nahcolite is 
plenttful in the Piceance 
Basin. 

*'performance somewhat depends oo inlet 502 coocentrat1ons, fuel quantit1es and reagent uttltzatlon. 

Source•. SWEC based on informatton from 

a Kohl and Rtesenfeld, 1979 

b Stone and Webster Eng111eering Corp , January 30, 1979 

c Llectrlc Power R~search lhstltute, Aprll 1980 

lltsadvantages 

Thi< system 1s usually 
only economtcally 
feas1ble where low sulfur 
fuel 1s burned because of 
the low reagent uttliza
tion rate Very high 
removal efficlenctes are 
also not usually posstble 
because of the low 
reagent ut1llzation rate 
Sulfur is nonrecoverable 

Same as for the l1me dry 
scrubbing process Also, 
soda ash ts an expenstve 
raw matertal ~ulfur ts 
nonrecoverable 

Same as for the lime dry 
scrubbtng process. 
Sulfur is nonrecoverable 



Wet scrubbing--The regenerable wet scrubbing processes generally employ 
a clean alkaline solution to absorb S02,. in a scrubber.- The resulting spent 
solution is treated with an insoluble alkali makeup which precipitates tbe 
absorbed 502 • The insoluble alkali sulf'ite and sulfate crystals are then 
separated from the regenerated solution in a clarifier and possibly a second 
dewatering step such as a centrifuge. The spent alkali sludge is treated by 
calcining, evaporation, stripping, etc., which drive off the $02 • The S02 
can then be converted to a useful form of sulfur such as sulfuric acid or 
elemental sulfur. · 

In the nonregenerable processes, this spent alkali sludge is sent to a 
disposal area for land filling. 

Dry scrubbing--The dry scrubbing processes use a concentrated slurry of 
alkaline crystals which are atomized and injected into the flue gas stream as 
it passes through a spray dryer. The scrubbing slurry absorbs the 502 and is 
dried by the hot flue gases. The dried spent alkali is then removed from the 
flue gas by an electrostatic precipitator or a baghouse. 

In the regenerable processes, the spent alkali is reduced to a sulfide 
and then reacted with C02 to regenerate the alkali and evolve H2S gas. The 
regenerated alkali is recycled, while the H2 S gas may be converted to 
elemental sulfur in a sulfur recovery unit. 

In the nonregenerable processes, the spent material is sent to a 
disposal area for 1andfi11ing. The spent material also may be recycled to 
increase alkali utilization. 

Hydrogen sulfide control. H2 S removal can be divided into two cate
gories: 

• Direct conversion 

• Indirect conversion. 

Direct conversion actually oxidizes H2 S to elemental S. Indirect con
version involves removing acid gases (H2 S and C02 ) from the gas stream and 
requires downstream direct conversion or further processing to treat the 
sulfur compounds. Figure 5.1-5 lists the H2 S removal systems available, and 
Table 5.1-9 presents a brief description of the process technologies. 

Direct conversion--As shown in Table 5.1-9, several direct conversion 
technologies are currently available, including Claus, IFP, Stratford, 
Beavon, Giammarco-Vetrocoke, Takahax, Ferrox and Haines. The conversion of 
H2 S to elemental sulfur takes place in the liquid-phase in all the processes, 
except the Claus and Haines which are dry gas-phase removal processes. 

Liquid-phase direct conversion processes are ideal for treatment of 
gases containing low concentrations of H2 S. In these processes, the acid gas 
components are absorbed by alkali solutions and then oxidized with dissolved 
oxygen to elemental sulfur. High circulation rates of the alkali solution 
.sre required for high performance and to reduce thiosulfate precipitate 

146 



\HYDRCGEN I 
I SULFIDE ' I CONTROL 

~ 

INDIRECT 
CONVERSION 
(AaDGAS 
REMOVAL I 

SOURCE· SWEC 

__j GAS PHASE~------- CLAUS 

Ill PROCESS . 
IFP 
STRETFORO 

BEAVON 

GIAMMARCO-VETROCOKE 

TAKAHAX 

FERRO X 

1-------- HAINES 

MEA 

DEA 

MDEA 

ADIP/DIPA 

DGA( ECONAMINE ) 

SNPA/DEA 

SCOT 

BENFIELD 

CATACARB 

GIAMMARCO-vETROCOKE 

ALKACID(ALKAZIOJ 

OIAMOX 

CARL STILL 

COLLIN 

SELEXOL 

FLUOR SOLVENT 

PURl SOL 

1----+-SULFINOL 
....::;.;:;.;;:::.;...;::.;..:.,;."'"' AMISOL 

RECTI SOL 

M06ECUiAR SIEVE 

CARBON &ED 

lRON OXIOE{SPONGEl 

.1-----+- KATASULF 
=.:..:...::=:..::..~ 

ZINC OXIDE 

Flt;URE 5.1-5 HYDROGEN StiLFIOE CONTROL TECHNOLOGlfS 
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Control 
Technology Operating Pr1nc1ple 

DlRFCT CONV[RSION 
~lausa,b Part1al oxidation of H2 S to 

~02 and subsequent reaction 
2H2 S + 502 + S + 2H20 in 
gas-phase. 

Stret ford a' b 

Beavona,b 

Giammarco
Vetrocol<eb 

Takahaxb 

Absorpt1on of H2 S and S02 
(Claus tail gas) in 
polyalkene glycol, followed 
by conversion to elemental 
sulfur using a catalyst 
(liquid phase Claus 
react1on) 

H2 S absorption and liquid
phase oxidation H2S + ;o2 + 
S T H20 in an alkaline 
solution of a vanadium salt. 

Catalytic hydrogenat1on and 
hydrolysis of all sulfur 
compounds to H2 S, followed 
by recovery of elemental 
svlfur using the Stretford 
process (see above). 

H2 S absorpt10n and liqUid
phase oxidation H2S + ;o2 + 
S + H2 0 in a solution of 
arsenic salt. 

H2S absorption and liquid
phase oxidation H2S + ~02 + 
S + H20 in an alkaline 
solution of naphthoquinone 
compounds 

TABLE 5.1-9. KEY FfATURE~ OF HYDROGEN SULFIDE CONTROl TECHNOLOGIES 

Performanc~ 

Reduces $ulfur species 
to <1,500 ppmv 

Reduces the outlet H2 S 
concentration to 
30 ppmv 

Reduces the outlet H2 S 
concentration to 
<50 ppmv. 

99.99% removal of H2 S. 

99.99% removal of H2 S. 

IJevelopment 
S1 atus Advantages lli ~advantages 

Continuously improved Provides extremely good quality Side re9ct!ons with C02 
and 1 i ght hydrocarbons -
result in stable sulfur 
compound~ emitted from 
toe process. Ta1l gas 
may need to be treated, 

designs available. elemental sulfur. Partially 
removes COS. 

Ava1lable for 
desulfurizat1on of 
Claus ta1l gas 

Presence of high concentration low remoVijl efflcien~y. 
of C02 has no adverse effect 

Process commercially Process suitable for 
available desulfurizat1on of a variety 

of gas streams 

Process commercially 
available 

A\lailab le for 
desulfurizatJon of 
coke-oven and syn
thesls gases and 
natural gas. 

More than 100 un1ts 
operat1ng in Japan 

Removes all sulfur compounds. 

Capable of producing purified 
gas containing less than l ppmv 
H2 S even at temperatures up to 
300"F 

Capable of producing treated 
gas containing no detectable 
H2S even at high Jnlet 
(.Oncentrations. 

C02 absorbed in the 
process causes signifi
cant increases in 
absorber height require• 
ments. HeN in feed 
produces a nonregenerable 
compound yith high 
pollution potential. 

Same as the Stretford 
proce$s (see above) 

Hazardous nature of 
arseoic solution 

Sulfur precipitation is 
of very fine grain and 
amenable to removal via 
flotation techniques. 

(Continued) 
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Control 
P~>rformance 

TABlE 5 1·9 {cont ) 

Development 
Status Technology Operating Principle 

~~-~----------~·--~-------------------~~---------------·----------------------
Advantages 

1125 absorption and liquid-
phase oxidation H2 S ~ ~2 
S + H2 0 in a solution of 
Na2 C03 and Fe(OII}. 

Molecular sieves remove H2 S 
and water- H2 S is stripped 
from the bed and reacted with 
$02 to form elemental sulfur. 

INDIRECT CONVERSION 
HEAb H2S and C02 absorbed by a 

regenerable reaction with 
Monoethanolamine at ambient 
temperatures. 

MDEAa,b 

AOlP/DlPAa,b 

DGI\~ 
(E£onamine) 

H2S and C02 absorbed by a 
regenerable reactiOn with 
lllethanolamine at ambient 
temperature. 

Se]ect1ve absorption of H2S 
by a regenerable reaction 
with Hethyldiethanolamine. 

Selective absorption of H2 S 
by a regenerable reaction 
with Di1sopropanolam1ne 

Absorpt1on of H2S by a 
regenerable reaction with 
Dlglyrolamine. 

Reduces the outlet H•S 
concentration to 
<5 ppmv. 

Reduces the outlet H2 S 
concentration to 
30 ppmv 

99% removal of 11 2 S 

99% removal of H2 S, 
30-65% removal of C02 , 

Reduces the outlet H2 S 
concentration to 
<100 ppmv 

Few terrox plants 
are st1ll in 
operation 

P1lot plants in 
operation in Canada. 

Used almost exclu
sively for years to 
remove H2S and C02 
fl•om natura 1 and 
certain synthesis 
gases. 

Preferred choice for 
treatment of lngh
pressure natural gas 
with high concen
trations of cos and 
cs2 
Commercial plant 
under construct 1on. 

More than 100 plants 
constructed world
Wide. 

Sour gas process1ng 
111 oper.1tion. 

Marked Improvement over 
dry-box purif1cat1on due to 
reduced installation and 
labor costs. 

Selective adsorption of H7 S 
in the presence of C02 • Al&o, 
removes mPrcaptans 

Simultaneous removal of H2 S 
ano C02 APPlicable to low 
concentrations of H2S and 
co •. 

Predominantly used in refining 
or manufacturing_ Does not 
absorb COS and CS2 • 

t11gher selectivity to H2S than 
primary or secondary amines. 

Selective for H2 S removal. 
Substantial amounts of COS 
removed without detrimental 
effects Low regenerat1on 
steam requ1rements. 

OGA similar to DEA with lower 
vapor pressure Lower circu
lation rates and stea~ 
con~umpt1on than DEA. 

Disadvantages 

Sulfur from the ferrox 
process 1s not suitable 
for most uses and 
chemical replacement 
cost; are h1gh. 

Zeolite adsorption beds 
may become fouled, 
impairing regeneration. 

Nonselective for H2 S 
(e.g , C02 also 
absorbed). Reacts 
1rrevers1bly with COS 
and C~z 

Nonselective for H2 S 
Reclaiming requires 
vacuum dist1llat1on 

Reactions between MDEA 
and HCN are irreversible 

Can require long 
residence t1mes for 
sufficient removal 

OG!\ costs are lngh Higto 
corros I VI ty losses due 
to reaction w1th C02 , COS 
and CS2 are high 
Recla1m1ng requires 
vacuum d1st1llat1on 

(Con t 1nuod) 



...... 
U'1 
0 

Benfielda,b 
(Hot Potass1um 
Carbonate) 

Catacarbb 

Giammarco
Vetrocoke 

Alkaclda,b 
(Alkazld) 

Carl St1l1a,b 

Operating Pr1nc1ple 

Process utilizes e~per1ence 
gained by SNPA 1 n using OEA 

Process uses DIPA to absorb 
H2S from the Claus tail gas 
Non-H2S sulfur compounds are 
converted to H2S before 
absorption in DIPA. Regen
erated H2 S 1s oxidized to S02 
before venting. 

Process uses hot (190°F) 
potass1um c~rbonate to absorb 
C02 and H2 S Regenerated by 
pressure red~t1on. 

Similar to Benf1eld w1th the 
use of a proprietary catalytic 
additive to the hot KHC03 

SEE DIRECT CONVERSION PROCESSES 

Process uses var1ous pro
prietary absorption solutions 
of alkaline salts and organic 
acid. 

Selective H2 S removal process 
us1ng absorption character
Istics of ammonia with total 
(0 7 wt% NH3 ) l1qU1d recycle 

Selective H2 S removal process 
using ammonia for absorption 
(2 0 wt% NH3 ) with total 
liquid recycle 

TABlE 5 1-9 (ront 

Performance 

Reduces the outlet S02 
concentration to 
300 ppmv. 

90-98% removal of H?S, 
10-40% removal of C02 • 

Reduces the outlet H2 S 
concentration to 
<5 ppmv 

Reduces the outlet H2S 
concentration to 
<5 ppmv 

Reduces the outlet H2 S 
concentration to 
100 ppmv. 

Reduces the outlet H2 S 
concentration to 
-560 ppmv. 

Oevelopntent 
Status 

Wid('ly accepted 
choice for thl' 
treatment of high
pressure natural 
gases with h1gh 
concentrations of 
acidic components. 

Several commercial 
units in operation 
sin<;e 1972. 

Process utilized 
worldwide, with 
further developments 
1n recent years 

Plants in operation 
>lorldwide 

Although operated 
abroad s1nce the 
1930's, no known 
commercial instal
lations ex1st in the 
u.s. 
Recently developed 
and commercialized 
in Japan 

Commercial process 
now 1n operat1on 
1n the U S 

Removes all sulfur compounds. 
Specifically suited for the 
Claus ta1l gas cleanup. 

High temperature perm1ts use 
of highly concentrated solu· 
tion Process is very s1mple. 
COS, C$z and RSH eas 1ly 
removed . 

H1gher gas purity and lower 
steam consumption than 
Benfield. Lower capit~l cost. 

Solutions are relatively 
noncorrosive. Solution 
tailored to requirements for 
H2S selectiv1ty and to m1nimize 
effect of contaminants. 

Acid gas produced 1s suitable 
Claus feed or sulfuric acid 
plant feed low pressure 
process. 

low pressure proces>. Good 
Claus plant feed 

DlPA removes -30% C02 
which is recycled to the 
Claus process, diluting 
the feed. 

High pressure process 

High pressure process 

May require special 
alloys to handle hot 
solutions. High COa 
concentrations result in 
lower H2S removal 
efficiency 

Purge stream of ammonia 
liquor is produced. 

H2S selectivity less than 
DIAMOX. Concentrated NH3 
solutions are highly 
corro~lve. Organic 
sulfides are not removed. 

(Continued) 



Control 
Technoloqy Operat1ng Pr1nc1ple Performance 

1AB!E ~ ]-9 (Lont ) 

Development 
Status Advantagas 

---;:----·------------·-----·--------- ---~-- ----------------------- -
Coll 

Fluor Solventb 

Sulfinola,b 

Molecular 
Sievea,b 

Selective H2S removal process 
using NH 3 far absorption with 
total liquid recycle in a 
si~·stage spray tower. 

Uses an anhydrous organic 
solvent dimethylether of 
polyethylene glycol which 
physically d1ssolves acid 
gases and is stripped by 
reducing pressure without 
adding heat 

Uses an anhydrous organic 
solvent proprylena carbonate 
which physically d1ssolves 
acid gases. 

Uses an anhydrous organ1c 
so 1 vent N-methyl- 2-pyro 1 i d1ne 
whfdl physically dissolves 
acid gases. 

Uses a miKture of chem1cal 
(DIPA) and physical solvent 
(sulfolane) and water. 

U$es a mixture of a chem1~al 
(MEA/DEA) and a physical 
solvent (methanol). 

Uses physical absorption in 
methanol at low temperature 

Use of molecular steves to 
adsorb sulfur compounds. 

Reduces the outlet H,5 
concentration to 
-2,000 ppmv 

Reduces the outlet H2S 
concentration to 
<1 ppmv 

Reduces the outlet H2 S 
concentration to 
<5 ppmv 

Reduces the outlet H2 S 
concentration to 
<4 ppmv and C02 
concentration to 
2-3 vol %. 

Reduces the outlet H,S 
concentration to 
<1 ppmv and C02 to 
<50 ppmv. 

Reduces the outlet H2 ~ 
concentration to 
<0.1 ppmv and C02 to 
<5 ppmv. 

Reduces the outlet H2 S 
concentration to 
<0, 1 ppmv. 

Reduces the outlet H,S 
concentration to 
<4 ppmv 

Commerc1al procesfi 
now 1n use 1n 
[ln·ope. 

Few plants in opera
tJon to~ natural gas 
treatment and for 
synthesis and coal· 
derived gas 
pur1ficat1on. 

Plants in operation 
for C02 gases and 
combinat1on C02 and 
H2 S ga~es. 

Four commerc1al 
111stallat1ons in 
operatlon as of 1979 

Wide application in 
the treatment of 
natural, refinery and 
synthesis gases. 

Only semi-commercial 
plants in operation. 

Thirty-six plants 
are in operation 
worldwide Twelve 
um ts are under 
conhtru<.t Jon 

Not widely used for 
removing H,s from 
gds streams 

Low pressure procPs' 
Claus plant feed 

Good 

Nontox1c solvent Partially 
ramoves COS and organic sulfur 
compounds 

Low operation costs 

High H2 S •elect1v1ty. Par
tially removes COS and organ1c 
sulfur compounds 

Removes COS and RSH Capacity 
of the sulf1nol high at high 
partial pressure of H2 S. 

Capable of remov1ng all 
sulfur compounds. 

Heat input low because 
temperature is ma1nta1ned by 
f1 ash 1 ng Rell!Oves a 11 
undesirable components (COS, 
CS2 , RSH, HCN) 1n a single 
step. 

Extended useful ltfe 
(3-5 years) of adsorbent 
poss1ble w1th properly 
designed molecular sieve 
Removes mercaptans. 

Di>advantages 

Does not remove orqan1c 
<ul fur compounds 

Requires high partial 
pressure of acid gas 

Solvent Intended 
pr1marily for removal 
of C0 2 

Operat1ng temperatures 
must be near ambient and 
a certa1n m1n1mum ac1d 
gas partal pressure 15 
requ1red. 

Optimum operation 
requires hlgh pressure. 
Solution absorbs heavy 
HC's, requir1ng flash 
tank. separation 

Nonselective for H2 S. 

Complex operat1on 
H1gh solvent losses. 
Best suited for higher 
p1·essures Low 
temperature process 

Preferably used on high 
pressure streams 
Regeneration gas 
dJsposal 

(Cont1nued) 



Control 
Technology 

Carbon 

Iron Oxide" ,b 
(Iron Sponge) 

Katasul fb 

Operat1ng Principle 

Activated carbon catalytically 
oxidtzes H2S to elemental 
SlJifur at ambient tempera
tures. Sulfur removed by 
solvent washing. 

H2S removed completely by 
reaction with ferric ox1de 
2Fe2 0q + 6H2S 4 2fe2 S3 + 
6H20 Exposure to air 
oxidizes re2 S3 to Fe20 3 and 
sulfur. 

Air and preheated gas with 
~2 S catalyzed to form 502 
which is absorbed in an 
aqueous ammom um sulf 1 te
bisulfite solution 

The gas Is passed through a 
bed of zinc oxide, resulting 
in thl! reaction ZnO + H2 S ~ 
ZnS + H20 

Sources· SWEC based on 1nformation from· 

llravo Corp , February 1976 

b Kohl and Rlesenfeld, 1979. 

Performance 

Reduces the outlet fl2 ~ 
concentration to 
O.l ppmv 

Reduces the outlet H2S 
concentrat1on to 
0.3 ppmv 

Reduces the outlet H2 S 
concentration to 
<4 ppmv 

Reduces the outlet H2 S 
concentration to 
0 l-0 5 ppmv 

Development 
Status 

S1xty commercial 
plant~ in opet·ation 
11l the u s 

Very old process, 
still u'ed on a large 
scale for tht' 
treatment of coal 
gases. 

large commercial 
units 111 operat1on 
worldwide. 

One hundred commer
cial plants in opera
tion worldwide 

Advantagl!s 

Very pure sulfur is obtained. 
Complete H2S removal. 

Low pressure drop proces~. 
Complete removal of H2 S. 

Produces a salable ammonium 
sulfate 

Virtually complete reMoval of 
H2S 

Di sad~Jmtagu 

Carbon daactjvated 
rapidly Puriflc:atl!>{t 
r~qu1red to remove tar 
and ammonia Complicated 
sulfur extraction 
procedures 1,500 ppmv/ 
H2 S 11nnt In feed. 

Suitable for low volume/ 
low pressure gases 
fouled fe 203 d1sposal is 
required. Tar and HCN 
contam1nated fe203 

Carbon-steel corrosion 
problems exist with some 
forms of the process. 

ZoO Is not regenerable 
and fs e~pensfve. 



foPmation. High selectivity for H2 S removal can also be achieved by taking 
advantage of the higher Hz$ versus COz absorption rates. 

The gas-phase direct conversion (Claus and Haines processes) consists of 
tl'>ermal oxidation of one-third of the H2S to 502 , followed by a series of 
cataly~ic reactors that react 502 with the remaining H2 S to form elemental 
su1rur. The heat for combustion in the furnace is obtained from the oxida
tion of H2 S; thus, the H2 S concentration must be high enough to sustain 
spontareous combustion. Therefore, the gas-phase conversion requires an acid 
gas stream with a higher H2S concentration than the liquid-phase conversion. 

I1direct conversion--There are essentially five classes of commercially 
available, indirect H2S removal technologies that are used in conjunction 
with direct conversion technologies; these are, removal of H2S by: 

I. ,!\ 1 kana 1 amine 

II. Alkaline salts 

III. Aqueous ammonia 

IV. Physical solvents 

v. Dry bed processes. 

The alkanolamine processes (I) remove acidic impurities, i.e., H2S, C02 , 
COS, and C$ 2 , from gases by an acid-base chemical reaction with the amine. 
The process involves an absorption-regeneration cycle of a circulating amine. 
Commonly used amines are monoethanolamine (MEA), methyldiethanolamine (MDEA), 
diethano!amine (DEA), ·diisopropanolamine (OIPA) and diglycolamine (DGA). 
~ajor equipment systems used in the amine process are a gas-amine con~actor 
(absorber) for absorption of the acid gases and a regenerator (stripper) for 
releasing the acid gas from solution. A downstream sulfur recovery facility 
is required to oxiaize, or recover, the H2S. 

Alkaline salt processes (II) use an aqueous solution of a buffered 
potassium salt. The weak alkaline solution absorbs the acid gas components 
of the feed gas. The process operates at medium to high pressures because 
the absorption capability is influenced by the acid gas (Hz$ and C0 2 ) partial 
pressures. The alkaline solution is regenerated by reducing the rich solu
tion pressure to near ambient pressure, followed by steam stripping and 
sulfur recovery. 

The ammonia process (III) uses the same mechanism for H2 S removal as the 
alkaline salt process (II) except the ammonia is used as the absorption 
agent. Regeneration and additional sulfur recovery are necessary. 

Physical solvents (IV) have low heats of solution and can absorb acid 
gases in proportion to their partial pressures. These processes require high 
acid gas partial pressures which are achieved at low gas pressures and high 
acid gas concentrations, or at high gas pressures and low acid gas concentra
tio~s. Physical solvent processes are most economical when the feed gas is 
at high presslfre and bulk remova 1 of the acid components is desired. A 
high aegree of selectivity of H2 S absorption is possible, but additional 
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equipment is required, increasing costs. A downstream st~lfur facility is 
also necessary to reccver the H2 S. 

Dry b~d processes (V) generally employ two techniques to remove H2 S from 
a gas stream: (1) adsorption onto a dry bed, such as a molecular sieve or 
activated carbon, followed by desorption of the ~s- from the bed using a hot 
gas stream; and {2) reacting. the H2 S with a dry bed material such as iron 
oxide to form a solid sulfide compound, which is then oxidized by air to 
regenerate the drY bed and to form elemental sulfur. 

Sulfur Control Technologies Analyzed--

The fuel-based sulfur in the processed shale is the prime source of the 
502 emissions from the Lurgi-Dpen Pit plant. The residual organic matter 
remaining on the oil shale after retorting is incinerated in the lift pipes, 
which results in the formation of S02 • In addition, the hydrogen sulfide 
from the retort gas is removed so that the gas can be sold. The separated 
H2S would also be a source ot sulfurous emissions from the plant. Since the 
plant does not consume any fuels (except for the diesel fuel), there would be 
no additional S02 emissions. 

The concentration of S02 in the flue gas from a 4,400 TPSD Lurgi module 
is estimated to be about 30 ppmv {Rio Blanco Oil Shale Co., February 1981). 
A comparable value of 20 ppmv has been estimated for the Lurgi commercial 
plant processing approximately 62,000 TPSD of oil shale at Tract C-b 
(Occidental Oil Shale, Inc. and Tenneco Shale Oil Co., April 1981). These 
values are very low for an indirectly retorted shale such as the Lurgi 
processed shale. As an explanation for the low value, Rio Blanco suggests 
that approximately 93% of the $02 formed during the processed shale incinera
tion reacts irreversibly with the calcined material in the processed shale 
and the excess oxygen, forming stable sulfates. The possibility of this type 
of reaction has also been mentioned for the plant at Tract C-b and by Colony 
Development Operation {see the MIS-Lurgi and TOSCO II PCTMs, respectively). 
Since the 502 concentration in the Lurgi flue gas is reported to be at such a 
low level, S02 control technologies were not examined for the flue gas. 

As stated earlier, instead of burning the retort gas in the plant, it is 
cleaned for selling purposes; therefore, its treatment by the DEA process is 
viewed as a orocessing, rather than pollution control, activity. However, 
the acid gases (H2S, C02 ) from the DEA process, if emitted as such, would 
create pollution because approximately 700 lb/hr of H2 S (15.7 TPSD 502 equiv
alent) are contained in,the gases. The Holmes-Stretford process was examined 
for the removal and recovery of H2 S from these acid gases. This process is 
selective in removing H2S in the presence of C02 . The acid gases have a C02 
to H2 S ratio of 80:1 and only 6% of the C02 (approximately 3,300 1b/hr) is 
estimated to be absorbed by the Stratford solution; also, the H2 S concentra
tion in the treated gas can be reduced to 30 ppmv, or 1. 3 1 b/hr (Peabody 
Process Systems, Inc., February 1981). The H2 S conversion reactions require 
the presence of large amounts of the Stretford chemicals, and absorption of 
C02 further ihcreases the demand for these chemicals. Thus, at high absolute 
concentrations of both H2S and C02 , the Stretford process becomes less at
tractive due to the increased cost of solution circulation and regeneration. 
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Although the Stretford process can remove H2 S efficiently, this is not 
the case for other sulfur compounds such as COS, CS2 , mercaptans, etc. In 
general, a 11 of these compounds have been found in oi 1 sha 1 e retort gases, 
and L~rgi has indicated that COS is present in the Lurgi retort gas (Private 
communication with Hans Weiss, Lurgi Kahle und Mineralotechnik GmbH, \~est 
Ger~any, January 1981). 

Table 5.1-10 gives equipment and cost details for the Holmes-Stratford 
unit. Since this is the only point of sulfur control in the Lurgi piant, 
the tabie also includes the cost of sulfur control. A specific cost curve 
based on the desig11 of the Stretford unit used in this Illanual is presel'ted 
in Figure 5.1-6. The description and stream characteristics for the Stret
fcrd process can be found in Sections 3 and 4. 

TABLE 5.1-10. 

Capital Cost Items 

Knock-Out Drum 
3' diameter x 7 1 

J.'lbsorber 
3' diameter x 65 1 

Oxidizers (6) 
15' diameter x 19 1 

?ump Tank 
26 1 diameter x 14' 

Circulation Pumps (3) 
1,700 gpm@ 120 HP 

Flash Drum 
3' diameter x 7 1 

Siurry Tank 
20' diameter x 40' 

Slurry Pumps (2) 
75 gpm 

Filte"' System 
250 lb/hr 

Sulfu'~" Melter 
200,000 Btu/hr 

MAJOR ITEMS IN THE HOLMES-STRETFORD PROCESSa 
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Operating Cost Items 

Holmes-Stretford Mix 
16 lb/day 

Soda Ash 
607 lb/day 

Process Water 
3 gpm 

Steam 
207 lb/hr 

Cooling Water 
14 gpm 

Electricity 
600 kW 

Manpower 
3 ft1en/day 

Direct Annual Operating Cost, $103 
Maintenance 134 
Operating Supplies 164 
Labor 350 
Utilities 121 

TOTAL 769 

(Continued) 
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TABLE 5.1•10 (cont.} 

Capital Cost Items 

Sulfur Decanters (2) 
14 1 diameter x 14 1 

Su1fur Storage Pit 
75-ton capacity 

Evaporator 
250 gpm liquor feed 

Heater 
6,000 Btu/hr 

Cooler 
4,000 Btu/hr 

Feed Gas Booster 
90,000 ACFM @ 0 psig 

Flash Gas Boosters (2) 
2,000 ACFM 

Plot Area 
87,000 ft2 

Site Preparation and Foundations 

Ductwork and Piping 

Electrical 

Instrumentation and Controls 

Painting 

Fixed Capital Cost, $103 6,860 

Total Annual Operating Cost, $103 915 

Total Annual Control Cost,b $108 (¢/bbl) 

Operating Cost Items 

2,044 (9.9) 

a Design basis: 10,500 ACFM, 7.6 LTPSD sulfur recovered. 

b See Section 6 for details on computation of the total annual control cost. 

Source: SWEC estimates based on information from Peabody Process Systems, 
Inc. , February 1981. 
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Total Sulfur Emissions--

Sulfur dioxide, as such, is emitted only from the Lurgi flue gas dis
charge system and diesel equipment. In addition, the Stretford tai 1 gas 
emits H2 S. These three sources constitute the total sulfur emissions from 
the plant and these are listed in Table 5.1-11. 

TABLE 5.1-11. TOTAL S02 EMISSIONS FROM THE PLANT 

Stream 
Number 

24 

Emission Source 

Diesel Equipment 

31 Flue Gas Discharge 

63 DEA Unit 

TOTAL 

Control Description 

Stretford 

502 Emissions 
(lb/hr) 

35.6 

500.9a 

2.4b 

538.9 

8 According to the information from Rio Blanco Oil Shale Co., February 1981, 
the control of S02 occurs in the lift pipes by adsorption on the processed 
shale. Approximately 93% of the 502 is claimed to be adsorbed, resulting 
in an $02 concentration of 30 ppmv in the flue gas. 

b According to the information from Peabody Process Systems, Inc. , 
February 1981, H2 S in the acid gases from DEA is reduced to a leve1 of 
30 ppmv. The value given above is the 502 equivalent from 1.3 lb/hr of 
H2 S emitted in the treated gases. 

Source: SWEC estimates, except as noted. 

5.1.3 Nitrogen Oxides Control 

In oil shale processes, nitrogen enters the system from two primary 
sources: (1) the fuels derived from the raw shale, and (2) the air re
quired for combustion in the various furnaces, heaters, auxiliary boilers 
and incinerators. A portion of this nitrogen is converted into other forms 
such as nitrogen oxides (NOx) and ammonia (NH3 ). The NOx produced during 
fossil fuel combustion are emitted as NO and N02 in flue gases. These 
compounds a~e formed from the oxidation of nitrogen compounds (e.g., ammonia, 
cyanides) in the shale-derived fuels and/or from the fixation of atmospheric 
nitrogen (N2 ). A large portion of ammonia resulting from the pyrolysis of 
the shale is usually removed in the gas condensate, or foul water, when 
the retort gas is cooled or scrubbed with water. This removal and subsequent 
recovery of ammonia provide an indirect control over NOx emissions. Since 
the recovery of ammonia from an aqueous solution also constitutes water 
po 11 uti on contro 1, this aspect of the NOx contro i is discussed under water 
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;nanagement (Section 5. 2). The portions of ammonia and fuel-based nitrogen 
that are not removed in the gas condensate may require remova 1 or centro 1 
orior to emission to the environment. Federal and Colorado State standards 
and regulations limit NOx emissions because of their potential role in the 
format~on of photochemical smog and acid precipitation. 

Inventory of Control Technologies--

:here are three categories of NOx control technologies: 

$ Reduction of nitrogen in the fuel 

~ Combustion modifications 

• Stack gas removal. 

These processes are shown in Figure 5.1-7 and are discussed briefly in 
Table 5.1-!2. 

Reduction of nitrogen in the fuel. Burning fuels low in nitrogen is the 
simplest method of controlling NOx emissions arising from fuel-based ni~ro
gen. Hydrotreatment of fuel oils and water scrubbing of fuel gases are 
fair1y effective in removing the fuel-based nitrogen. 

Combustion modifications. The generation of NOx by thermal fixation of 
atmospheric nitrogen is dependent upon the,flame temperature, concentration 
of nitrogen, time history of individual combustion gas pockets, and the 
amount of excess air present. To some extent, these variables are control-
1ab1e, and the production of NOx can be minimized for a particular combustion 
process. 

Combustion control of NOx may be accomplished by several methods. One 
approach is design and operation of burners with fuel-rich mixture ratios. 
This technique, called off-stoichiometric combustion, produces low flame 
temperatures and, hence, potentially low NOx formation. A significant excess 
of oxygen is avoided in the combustion zone by diverting some portion of the 
inlet air through remote locations in the burner or through entirely separate 
secondary col\'lbustion air ports. 

Another NOx reduction technique, based on combustion modification, takes 
adva!'ltage of the strong temperature dependency of ni'tric oxide (NO) forma
tion on peak combustion temperatures. Reduced flame temperatures may be 
ob~ained by direct reduction of gas temperature or by indirectly increasing 
heat transfer. Direct techniques include recirculating product flue gases 
back into the combustion zone where they serve as diluents absorbing heat, 
thereoy reducing maximum flame temperatures achieved. Other direct tech
niques are reduced combustion air preheat and water/steam injection. The 
latter is more applicable to gas turbines. Indirect NOx reduction re1ating 
to the combustion pr.ocess usually involves furnace designs with increased 
burner spacing and heat removal capability~ Flame temperature reduction 
does not reduce NOx fcrmation from fuel nitrogen but does reduce atmospheric 
N2 fixat.ion. 
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FIGURE 5.1- 7 NITROGEN OXIDES CONTROL TECHNOLOGIES 
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TABlE 5.1-12. KEY FEATURES OF NITROGEN OXIDES CONTROL TECHNOI.OGIES 

Control 
Tethnology 

Nll3 Scrubbing 

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

Operat 1 ng PrHlC 1 p le 

Absorption of NHa by counter
current scrubbing w1th water. 

COMBUSTIQN MODIFICATION~ 
Two-Stage 
Combustion 
(either low
emission 
burners or 
engineered 
comtlusbon box) 

low-Excess Air 

Flue Gas 
Recirculation 
(FGR) 

lower Temper
ature Through 
faster Heat; 
Release 

Air is introduced 1n two 
lOnes Zone 1) combustion 
occurs under reducinq condi
tions; Zone 2) additional air 
added to complete combustion. 

Reduce excess a1r ava1lable 
to reduce react1on kinetics 
of M-radical and 02 reaction. 

Some flue gas recirculated 
to combustion zone to reduce 
peak temperature in furnace 

A larger boiler ls used to 
reduce temperature in the 
furnace 

STACK GAS REMOVAL OF NOx 
Activated Adsorption of NOx (and S02 ) 
Carbon on act1vated carbon 
Adsorpt1on 

Catalytic 
Decomposition 

Selective 
Catalyt1c 
Reduction 
(SCR) 

Ho data available. 

Nnx reduced by NH3 over a 
catalybt (all proce~ses 
similar t1s1ng various 
ltroprletary catalysts) 

Performance 

Up to 100% Qf NU3 
removal possible by 
~hanging wate~ rate, 
composition and 
temperature 

4D-60't of 
reduction 
reduction 
nitrogen, 

thermal NOx 
less 

for fuel~ 

10-20% NOx reduction. 

Up to 20% NOx 
reduct1on. 

Up to 20% NOx 
reduction. 

70-100% NOx, 72-90% 
S02 removal. 

Up to 90% HOx removal 

Development 
Slatus 

Commercially proven 

Burners and bo1ler 
des1gns commercially 
avallable 

Commercially proven 

Commerc1a lly proven. 

Commercially proven 

Sumltomo Huy Ind -1-
plant discontinued 
operation due to 
high cost 

R.M Parsons 
conceptual stage 

Four processes in 
commerclal-scale 
operat10n, 20 
processes avail
able 

Advantageb 

R~moves source of NOx before 
formed By-product NH3 is 
produced 

Burner system JS inexpens1ve 
in relation to total cost. 

Requ1res only operational 
changes. 

Useful in controlling outlet 
steam temperatures 

Results 1n significant 
reduct1on of NOx. 

Simultaneous removal of 502 
and NOx. 

low operating temperatures 
and low consumpt1on of NH3 

D1 ;advantages 

Does not reduce NOx 
emissions to1·med by 
thPrmal f1xatlon of 
nitrogen and oxygen 1n 
combu~ t ion a II'. 

Reducing zone can cause 
bo ller tube damage 

llo1ler IS more difficult 
to operate Poss1ble 
in~rease in CO/HC 
emJssJons. 

H1gh cap1tal and 
operating cost 

D1fficult to Implement 
in ex1sting plants 

High consumption of 
carbon and fuel, 

Particulates and ~01 can 
cause catalyst pluqging 
and poisomng. High 
cap1tal cost 

(Continued} 



Control 
Technology 

Therma 1 OeNOx 

Electron lle:am 
Scrubb1ng 

Absorption 
Reduction 

Absorption 
O>ndat1on 

Ox1dat1on 
Absorption 
Reduct10n 

Operating Principle 

HH3 1njected in a 1,300-
l,SOO"F flame zone whet'P. 
110 + Nfla .. N2 + fi20 

Removal of S02 and NOK by 
reaction with NH3 in the 
presence of electrons 
Products are (NH4 ) 2 SO• + 
MH 4N03 

HOK fs converted to NH3 by 
the reducing effect of S02 to 
make (IIH4 ) 2S04 with a liquid 
Fe EDTA catalyst in a 20-tray 
column. 

NOK and S02 are absorbed in 
a KOH/KMn04 solution and are 
oKidized to KN03 and K2 504 • 

Either 03 or C102 are used to 
ox1d1ze 110 to N02 • 

TABlE 5 1-12 (cont 

Performance 

Up to 70% NOx rPmoval 

Up to 85% NOx, 90% !>02 
removal 

70·85% MOx, 90% 502 
re1110val. 

No data available 

Up to 85% MOx, 95% S02 
removal if S0 2/NOx 
rat1o 1s 2.5. 

Development 
Status 

Demonstrated 
commercially 

Pilot plant stage 
only 

Not demonstrated 
commercia 11 y. 

Not demonstrated 
commercia 11 y 

Not demonstrated 
commercially. 

Source. SWEC based on 1nformat1on from Battelle, Columbus laborator1es, October 1978. 

Advantages 

By-product recovery not 
required Low capital cost. 

Simultaneous removal of S02 
and NOx 

No oxidizing agent required. 

S1multaneous removal of S02 
and NOx. 

S1multaneous removal of 502 
and NOx 

Disadvanta!jes 

Requ1res large amounts of 
Nlf3 Narrow operating 
range. 

Power consumption is 3% 
of plant output for beam 
accelerator High ' 
capital cost Requires 
high efficiency ESP 

Requires an expensive 
co 1 umn Con~ua•es large 
quantit1es of HH3 and 
H.so4. 

Costly due to consumption 
of ~OH and regeneration 
of KMn04 

Chloride 1n the w~ste 
$tream causes disposal 
problems N1trate • 
format1on can also caust 
dtsposal problems. ' 
Oxidation material is 
very expensive. 



Stack gas removal. Flue gas treatment for NOx removal is a relatively 
new, developing technology. Two broad categories may be defined: wet 
processes in which NOx is absorbed into an aqueous solution, and dry proc
esses in which NOx is reduced by ammonia. 

The wet NOx removal processes also serve as a mechanism to reduce sulf~r 
dioxide emissions and, as such, can provide effective environmental control 
w~ere both pollutants are present. However, due to the low solubility of NOx 
~~ aqueous solutions and the low removal efficiencies obtainable, absorption 
te~hniques usually prove to be very expensive. 

Dry NOx removal systems, in general, display higher nitrogen oxide 
reduction capabi 1 iti es and are economically more viable than wet systems. 
These processes are usually ammonia based and may be selective or non
selective and catalytic or noncatalytic. Depending on the individual process 
applied, ammonia is injected into the flue gas at some point after complete 
combustion and prior to a minimum gas temperature of 350°F. In the resu1ting 
reaction, NOx combine with amenia to form molecular nitrogen and water. 

Nitrogen Oxides Control Technologies Analyzed--

The primary source of NOx emissions from the Lurgi-Open Pit plant is the 
Lwrgi flue gas discharge system. According to Rio Blanco, the NOx emissions 
1n the Lurgi flue gas originate only from the fuel-based nitrogen in the 
orgamc residue on the•, processed shal,e. The temperature in the lift pipes 
(1,240°F) is claimed to be low enough so that thermal fixation of the atmos
pheric nitrogen does not occur during processed shale incineration (Rio 
Blanco Oil Shale Co., February 1981). , Since there is no fuel combustion in 
the pla~t, additional NOx emissions are not formed. 

Ammonia in the Lurgi retort gas is removed during product liquor conden
sat.10n. Since this is an integral processing step in the Lurgi technology, 
it is not considered a pollution control measure. 

Once removed in the Lurgi gas 1 i quor ~ the actua 1 recovery of NH3 is 
achieved with an ammonia recovery process. Since the process is considered 
to be a wa~er treatment technology, it is discussed in Section 5.2. 

The modified DDP for Tract C-a (Rio Blanco Oil Shale Co., February 1981) 
reports that the concentration of NOx in the flue gas is 300 ppmv, which is 
equivalent to 3,600 1b/hr of N02 , or 2,430 lb/hr NOx assuming 90% NO and 10% 
N02 , by weight. In a separate organic nitrogen material balance presented in 
the same document, however, 0. 3 lb of organic nitrogen/ton of raw shale is 
reported to be converted to NOx. This latter value is equivalent to about 
4,900 lb/hr N0 2 , or 400 ppmv in the flue gas. 

If the formation of NOx in the flue gas is due only to the oxidation 
of fuel-based nitrogen~ as is claimed by Rio Blanco (Rio Blanco Oil Shale 
Co., February 1981), combustion modifications cannot be employed to control 
the NOx. Also, techniques do not exist for removing organic nitrogen from 
the processed shale. However, if thermal fixation of atmospheric nitrogen 
does occur in the lift pipes, combustion modifications can be applied in 
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order to reduce the NOx formation. The stack gas #Ox removal techniques may 
be applicab1e regardless Of the o.rig1h'of.N0x~ but most' oflthem have not be~n 
successful in commercial-scale, continuous operations. On1y refrigerated 
tanks for the storage of ammonia were examined as an indirect NOx control 
measure. The fixed capital cost for the storage tanks is estimated to be 
$466,000 and the total annual operati-ng cost is $15,-000. This results in a 
total annual control cost of $88,000~ or 0.4 cents/bbl of oil (see Section 6 
for details on computation of the total annual control cost). The cost for 
the ammonia storage tanks also constitutes the total cost of N&x control for 
the plant. 

Total Nitrogen Oxides Emissions--

There are only two plant emissions that contain NOx--the flue gas and 
diesel exhaust. The quantities of NOx in the two streams are listed in 
Table 5.1-13. 

TABLE 5.1-13. TOTAL NOx EMISSIONS FROM THE PLANT 

Stream 
Number 

24 

31 

TOTAL 

Emission Source 

Diesel Equipment 

Flue Gas Discharge 
System 

a Expressed as 90% NO and 10% N02 , by weight. 

NOx Emissionsa 
(lb/hr) 

469.9 

b 2,432.4 

2,902.3 

b Value is based on 300 ppmv NOx in the flue gas, according to the informa
tion from Rio Blanco Oil Shale Co., February 1981. 

Source: SWEC estimates, except as noted. 

5.1.4 Hydrocarbon Control 

Hydrocarbon compounds are emitted to the atmosphere as a result of 
incomplete fuel combustion or as a fugitive emission from small leaks in 
processing or storage equipment. 

The hydrocarbon emissions from noncombustion sources are usually refer
red to as volatile organic compounds (VOC} or reactive hydrocarbons (RHC) in 
government regulations restricting their emission. Federal and State regu
lations 1 imit these hydrocarbon emissions because of their role in the 
formation of photochemical smog and ozone production. 
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Inventcrx of Control Technologies·-

As illustrated in Figure 5.1-8 and discussed in Table 5.1-14, hydro
carbon emissions can be contro11ed by the following categories of control 
technologies: 

• Additional sealing of process equipment 
!Ill Vapor recovery 

• Complete fuel combustion 

• Catalytic converters 
0 Thermal oxidizers. 

Additional sealing of process equipment. Hydrocarbon emission control 
by additional sealing of process and storage equipment is best accomplished 
by engineering these features into the plant. This includes double seals on 
tanks, pumps, and other rotating machinery, closed-loop sampling, caps on 
open-ended valves, and periodic monitoring of equipment to find hydrocarbon 
ieaks quickly. This wi 11 result in a minimum additional plant capital cost 
and will more than pay for itself due to the value of the hydrocarbons which 
are prevented from being emitted. 

Vapor recovery. When hydrocarbon vapor emissions cannot be controlled 
by additional sealing of equipment, a vapor recovery system can be installed 
to co 1lect and condense the vapors by refrigeration and return them to the 
process. 

Complete fuel combustion. The most cost-effective way to control hydro
carbon emissions from fuel combustion processes is to operate the process 
with enough excess air to ensure complete oxidation of all hydrocarbons to 
C02 and H20, i.e., complete fuel combustion. 

Catalytic converters. When complete fuel combustion does not occur, the 
hot exhaust gas from the process can be sent through a catalytic converter. 
In the catalytic converter, the gas is passed over a catalyst where the 
unburned hydrocarbons are reacted with the excess air in the exhaust gas and 
are converted to C02 and H20. 

Thermal oxidizers. Hydrocarbon vapor streams or any other waste gas 
stream containing unburned hydrocarbons can be burned in a thermal oxidizer 
with excess air and additional fuel, if needed; this completely oxidizes all 
hydrocarbons to C02 and H20. 

Hydrocarbon Control Technolcgies Analyzed--

The hydrocarbon emissions in the lurgi-Open Pit plant emanate from the 
leakage in the valves. pumps. etc., as the fugitive emissions from oil 
product storage, and due to the incomplete combustion of the fuels. 

Hydrocarbon emissions from diesel-burning equipment are controlled by 
installation of. catalytic conversion systems. The least costly fugitive 
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SOURCE: SWEC 

FJGURE 5.1-8 HYDROCARBON CONTROL TECHNOLOGIES 
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Control 
'Tecl\nology 

Ad(j1tional 
Sealing 011 

Proc:ess 
Equipment 

Vapor Recovery 

Complete Fuel 
Combustion 

Catalytic 
Conllerters 

Thel'lllal 
Oxidizers 

Operating Principle 

Doqble seals on pumps and 
rot~tlng machinery and caps 
on open-ended valves reduce 
hydrocarbon losses from the 
equ1pment 

~drocarbon vapors em1tted 
from process equ1pment are 
collected and condensed by 
refrigeration and then 
returned to the process 

£ombustion process Is operated 
with excess air to ensure 
complete oxidat10n of all 
hydrocarbons to C02 and H20. 

Hot exhaust gas is passed over 
a catalyst where the unburned 
hydrocarbons are reacted with 
the excess afr in the exhaust 
ga$ and are converted to C02 
and H20. 

Waste gas streams contain1ng 
unburned hydrocarbons are 
burned w1th excess air and 
additional fuel if needed to 
completely oxid1ze all 
hydrocarbons to C02 and H20. 

TABLE 5.1-14. KEY FfATURES OF HYDROCARBON CONTROl TECHNOLOGIES 

Development 
Performance Status 

About b0%-65% reduction Commercially proven. 
of fugitive hydrocarbon 
emissions fs possible 
with this level of 
control 

About 60-90% of the Commercially proven, 
hydrocarbon vapors can 
usually be condensed 
and returned to the 
system. 

Can convert close to 
100% of all hydrocarbons 
in the fuel to C02 and 
H20. 

Can convert up to 60% 
of tile hydrocarbons in 
diesel exhaust gas 
streams to C02 and H20, 
for other fuel burning 
processes, up to 99% 
conversion is possible 

Can convert close to 
100% of all hydrocarbons 
in the gas stream to C02 
and H20 

Commerclally proven. 

Commercially proven. 

Collll!lerci ally proven 

Advantages 

Requires a small capital and 
operat l ng cost and wf 11 
probably more than pay for 
this cost due to the value of 
the hydrocarbons whfch are 
prevented from being em1tted. 

A reliable system which 1s 
best applied to potential 
point source emission streams. 

Eliminates the need for 
downstream equipment to 
complete the conversion of CO 
to C02 • 

Does not require any fuel and 
has no moving parts so that 
routine maintenance is minimal. 

W1ll ensure complete ox1dat1on 
of hydrocarbons and any other 
unwanted components in the gas 
stream. 

Source: SWEC based on informat1on from Research and Education Assocfat10n, 1960 

Disadvantages 

Should be illlplem.!nted 
during new plant 
construct1on Requires 
more capital investment 
to retrofit the controls 
of an ex1st1ng plant, 

Can be a high energy 
requirement to operate 
the refrigeration system, 

An adequate a1r.fuel 
ratio must be maintained 

The catalyst, which is 
expensive, must be 
replaced per1odically. 

Can have a h1gh energy 
requ1rement when supple
mental fuel is used. 



hydrocarbon emissions control for storage tanks is proper sealing. Alterna
tively, vapor recovery can be used, but the expense is extremely high for 
these systems. As a standard industry practice, double-sealed, floating roof 
storage tanks are provided for volatile product storage. Internal plant 
leaks are controlled by use of adequate seals and strict maintenance proce
dures. Approximately 232 lb/hr of hydrocarbons (expressed as methane) are 
estimated by Rio Blanco for the 4,400 TPSD Lu~gi module (Rio Blanco Oil Shale 
Co., February 1981}. Except for using proper combustion practices, no other 
technologies are provided to reduce the hydrocarbon release in the flue gas. 

Table 5.1-15 lists the hydrocarbon control practices and equipment con
sidered, and Table 5.1-16 presents the costs for hydrocarbon control for the 
entire plant. 

TABLE 5.1-15. HYDROCARBON CONTROL PRACTICES AND EQUIPMENT 

Capital Cost Items Operating Cost Items 

Floating Roof Storage Tanks (2) 
200' diameter x 48', 268,000 bbl (each) 
Welded API 650 code 
Double seals 
Carbon steel 

Complete Combustion of Fuels 
Dual Mechanical Seals on Pumps and Valves 
Catalytic Converters on all Diesel Equipment 

Monitoring Equipment 

Source: SWEC. 

Total Hydrocarbon Emissions--

Maintenance 

Table 5.1-17 summarizes the hydrocarbon emission sources and control 
equipment used for the emissions. 

5.1.5 Carbon Monoxide Control 

Carbon monoxide (CO) is usually formed by incomplete combustion of 
fossil fuels. Normally, an excess of oxygen is supplied to a combustion 
process to ensure that all of the carbon in the fuel is converted to carbon 
dioxide (C02 ). When a shortage of oxygen occurs in the combustion process, 
some of the carbon is only partially oxidized to CO. Federal and State 
standards and regulations limit CO emissions because of their deleterious 
effect on the human respiratory system. 
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TABLE 5.1-16. COST OF HYDROCARBON POLLUTION CONTROL 

Fixed Total Total 
Stream Control Number Capital Cost Annual Operating Annual Control 
Number Description Control location of Units ($000 1 s) Cost ($000's) Cost ($000's) 8 

24 Catalytic Diesel Equipment 170 65 106 
Converters 

' 112 Maintenance Valves, Pumps, etc. 61 (59)b (44) 

44, 47 Floating Roof Product Storage 2 300 (141) (89) . ' Storage Tanks 

TOTAL 531 (135) (27) 

a See Section 6 for details on computation of the total annual control cost. 

b Values in parentheses ( ) indicate profit after subtracting the total annual capital and operating 
charges from the annual by-product credit of $125,000 from maintenance and $155,000 from the storage 
tanks, both at $32/bbl of oil. 

Source: DRI estimates based on information provided by SWEC. 
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TABLE 5.1·17. 10TAL HYDROCARBON EMISSIONS FROM THE PlANT 
~ ~, ~ ~.. . . .,. ' 

Stream 
Number Emission Source 

24 Diesel Equipment 

31 Flue Gas Discharge 
System 

112 Valves~ Pumps, etc. 

44, 47 Product Storage 

TOTAL 

Control Description 

Catalytic Converters 

Maintenance 

Floating Roof Storage 
Tanks 

Hydrocarbon 
Emissions (1b/hr) 

12.7 

6,261. 7* 

36.5 

65.5 

6,376.4 

* According to the information from Rio Blanco Oil Shale Co., February 1981, 
about 232 lb/hr of hydrocarbons (expressed as CH4 ) are estimated from the 
4,400 TPSD Lurgi module (the processed shale rate is 3,518 TPSD). The 
reported value is extrapolated for the commercial operation (94,956 TPSD 
of processed shale). 

Source: SWEC estimates, except as noted. 

The easiest and most cost-effective way to control CO emissions is to 
use excess oxygen in the combustion processes to ensure complete combustion. 
When incomplete combustion does occur, catalytic converters or thermal or 
chemical oxidizers may be used to oxidize the remaining CO to C02 • 

Inventory of Control Technologies--

Figure 5.1-9 shows a list of the applicable carbon monoxide control 
technologies, and Table 5.1-18 describes in detail the features of these 
control methods. 

Complete fuel combustion controls CO emissions by not allowing them to 
be formed. This is done by operating with enough excess air to ensure com
plete oxidation of all carbon to C02 instead of only partial oxidation to CO. 
When CO is formed in a combustion process, a catalytic converter or thermal 
or chemical oxidizer can be used. 

Carbon Monoxide Control Technologies Analyzed--

By far, the largest amount of CO is emitted from the Lurgi flue gas dis
charge system. The sources of this CO may be the incomplete combustion of 
the residual organic matter on the processed shale, decomposition of the 
carbonate minerals, and a steam/coke reaction in the processed shale 
quencher/moisturizer. To maximize the combustion of the organic residue, an 

170 



COMPLETE fUEL 
COMBUSTION 

CATALYTIC 
CONVERTERS 

CARBON MONOXIDE 
CONTROL 

TECHNOLOGIES 

THERMAL 
OXIDIZERS 

CHEMICAL 
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SOURCE: SWEC 

FIGURE 5.1-9 CARBON MONOXIOE CONTROL TECHNOLOGIES 
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TABLE 5.1-18 KEY FEATURES OF CARBON MONOXIDE CONTROL TECHNOLOGIES 

Control 
Technology 

Complete Fuel 
Combust100 

Catalytic 
Converters 

Thermal 
Oxidizers 

Chemical 
Oxidizers 

Operating Principle 

Combustion process is operated 
with excess air to ensure 
complete oxidation of all 
carbon to C02 , instead of 
only partial oxidatfon to CO 

Hot exhaust gas 1s passed over 
a catalyst where the CO in the 
gas is reacted with the excess 
air In the exhaust gas and is 
converted to C02 • 

Waste gas streams containing 
CO are burned with excess air 
and addft1onal fuel if needed 
to completely oxid1ze all CO 
to co~ 

Gas streams containing CO are 
scrubbed with a solution 
containing a chemical oxi
dizing agent which oxidizes 
the CO to C02 • 

Performance 

Can convert close to 
100% of all carbon in 
the fuel to C02 • 

Can convert up to 90% 
of all CO in diesel 
exhaust gas to C02 ; for 
other fuel burning 
processes, up to 99% 
convers1on is possible. 

Can convert up to 100% 
of all CO in the gas 
stream to C02. 

Can convert up to 99% 
of all CO in the gas 
stream to C02 • 

Oevplopment 
Status 

Commercially proven. 

Commerc1a lly proven 

Commercially proven 

Commercially proven. 

Source SWEC bas~d on Information from Research and Education Association, 1980. 

Advantages 

Eliminates the need for 
downstream equ1pment to 
c~plete the conversion of CO 
to C02 

Does not require any fuel and 
has no moving parts so that 
routine maintenance is minimal. 

Will ensure complete oxidation 
of CO to C02 and complete 
oxidation of any other unwanted 
components in the gas stream. 

Oxidizes the CO to C02 without 
using fuel to heat up the 
ent1re gas stream. 

Disadvantages 

An adequate air:fuel 
ratio must be maintained 

T~e catalyst, which ~~ 
expensive, must be 
replaced periodically 

Can have a high energy 
requirement when $upple
mentaJ f~J is used. ' 

Requires the use of 
expensive chemiCals 



excess of air is used. Decomposition of carbonates is unavoidable because 
the processed shale recycle stream has to attain a high temperature to 
provide ~he heat of retorting. The steam/coke reactions may also be unavoid
ab~ a. 

The CO content of the flue gas is reported to be 1 ess than 90 ppmv. 
~his may be reduced further by the post-combustion of the flue gas; however, 
a~e to t~e large volume and low heating value of the flue gas, it would be 
~npractica:. 

Diesel-powered equipment is another source of the CO emissions. The 
diesel elllgines are equipped with catalytic converters to control the CO. 
Since the converters also control hydrocarbons, they have been included under 
hydrocarboP emission control. 

Total Carbon Monoxide Emissions--

Table 5.1-19 summarizes the carbon monoxide emission sources and control 
equioment used for the emissions. 

Stream 
Number 

24 

31 

TOTAL 

TABLE 5.1-19. TOTAL CO EMISSIONS FROM THE PLANT 

Emission Source 

Diesel Equipment 

Lurgi F1ue Gas Discharge 
System 

Control Description 

Catalytic Converters 

CO Emissions 
(lb/hr) 

34.8 

657.4* 

692.2 

* According to the information from Rio Blanco Oil Shale Co., February 1981, 
the flue gas contains about 90 ppmv CO. 

Source: SWEC estimates, except as noted. 

5.1.6 Control of Other Criteria Pollutants 

In addition to the primary air pollutants discussed so far, there may be 
othe"' cr-iteria pollutants, such as lead, mercury, beryllium and fluorides, 
emitted from the Lurgi-Open Pit facility. Some of these pollutants are 
nonvolatile; therefore, they may be released only as fugitive dust constitu
~nt.s. Any centro 1 of the dust will a 1 so serve to contra 1 the nonvo 1 ati1 e 
poliutants. Volatile pollutants may potentially be released with the Lurgi 
flue gas and/or the tail gas from the Stretford process. Some pollutants 
do not occur naturally and some are unlikely to form during oil shale 
processing. 
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5.1.7 Control of Noncriteria Air Pollutants 

Meaningful test data are not avai'lable to determine wh~th~r emissi-ons of 
noncriteria air ponutants are a concern. Consequently, no information on 
control te~hnologies for such pollutants was generated for this manual. Men
tion of species such as POMs (U.S. EPA, 1980) and trace elements such as 
arsenic (Fox, Mason and Duvall, 197"9; Girvin, Hade1shi and Fox, June 1980) 
are noted. 

5.2 WATER MANAGEMENT AND POLLUTION CONTROL 

As in other industries and oil shale operations, the Lurgi-Open Pit 
p1ant--from mining activities to final product and waste disposition--will 
produce water effluents which will require proper disposal. These effluents 
may contain the following pollutants: 

• Suspended Matter, Oil and Grease 
• Dissolved Gases and Volatiles 

• Dissolved Inorganics 
• Dissolved Organics. 

This section describes the current, commercially available alternate 
systems for controlling the above pollutants. The following subsections pro
vide inventories of control technologies for each of the pollutant classes, a 
discussion of advantages-and disadvantages, and important points to consider 
in selecting a particular technology. The performance, design, and cost data 
for the leading technologies are also presented. 

5.2.1 Suspended Matter. Oil and Grease 

Undissolved matter found in wastewater effluents includes solid parti
cles as well as oils and greases. The solids are usually the raw and proc
essed shale particles that are washed into the retort water and those that 
are entrained in the retort vapors and subsequently removed in the gas con
densates. The retort water and gas condensate also contain trapped oil and 
oil-in-water emulsions. Service and storm runoffs contain suspended matter, 
as well as oils and greases. Also, the source water contains suspended soil 
particles and debris. 

In general, the control of suspended matter at oil shale plants will be 
accomplished using conventional technology. For example. clarification in 
gravity settlers (with addition of flocculants) and multimedia filtration 
will, in most cases, provide adequate control. Associated energy consumption 
and costs are generally low. 

The control of undissolved oils. and greases in oil shale wastewaters has 
not been studied in detail. API-type gravity settlers have the potential to 
pro vi de adequate centro 1 for most of the waste streams generated. It is 
possible, however, that some wastewaters will contain oil-in-water emulsions; 
if so, additionai control steps may be required. Heating the water or adding 
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chemicals may be sufficient to break the emulsion; otherwise, filter coa
lescence (or possibly ultrafiltration) may be required. 

The degree to which emulsified oil needs removal is dependent on do~n
stream processing and reuse. In cooling towers, the oil may foul heat 
excharge surfaces and thus require prior removal. Similarly, fouling, and 
possibly foaming, may occur when stripping the retort water or gas conden
sate. The extent to which such problems will arise is not known. 

Tre energy consumption and cost of oil separation by gravity means are 
generally low. Thermal or chemical treatment, if required, would cause some 
increase in costs. Filter coalescence and, in particular, ultrafiltration 
generally are more costly and would be considered only if other procedures 
prove inadequate. 

Inventory of Control Technologies--

Figure 5.2-1 shows different types of technologies that apply to control 
of suspended matter and oils and greases. Key features of these technologies 
are provided in Table 5.2-1. 

API-type separators. For gravity separation of oi1 in large holding 
tanks, seoarat.ors should be designed within the following limits: (a) hori
zontal velocity of less than 3 fpm, (b) depth between 3-8 ft. and (c) depth
to-width ratio of approximately 0.4. Oil is skimmed from the surface and 
collec-ted for reuse or di sposa 1. Gravity separation is not effective for 
emulsified oils that might be present in some retort waters (American 
Petroleum Institute, 1969). 

Sedimentation. This is a gravity process in which the so1id phase 
settles and is withdrawn as a slurry. Clarification may be carried out in 
1arge holding ponds, plate (lamella) settlers or hydrocyclones. Chemicals 
(flocculants and coagulants) may be added to precipitate salts (softening) or 
to aid settling of suspended solids (Humenick, 1977). 

Flotation. This is a gravity process in which the solid phase rises to 
the surface and is skimmed off as a slurry. Air bubbles may be introduced 
into the flotation vessels to assist separation (Humenick, 1977). 

Centrifugation. This is a modified gravity method to afford separation 
or settling of fine, suspended matter and oils. The wastewater is subjected 
to a radial force greater than the gravity field by rapidly rotating it. 
Suspended matter denser than water moves radially away from the center of 
rotation, whi 1 e the 1 i ghter matter moves toward the center. Concentrated 
ma"tte·r can be removed periodically or in a continuous manner. For continuous 
operations, the sludge should be fluid to facilitate its removal. The 
tecnno1ogy may not be applicable to highly viscous fluids. 

Coagulation - flocculation. Fine. particles suspended in a fluid are 
subjected to size enlargement by addition of chemicals (coagulants and floc
cuiants), then allowed to settle by gravity or under applied force. Gentle 
agitation alone sometimes may afford the flocculation of the particles. The 
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TAilLt 5. 2-1 KEY FI:ATURES OF CONTROl TECHNOLOGJES FOR SUSPENDED MATTER, OILS ANO GREASES 

------------------
Feed 

Control Components Removal Requ1rements/ By-products 
Technology OpPratlng Principle Removed EffiCiency Restr1ct1ons and Wastes Comment~ 

Gravity Separation Prov1sion of adequate res1dence Suspend!>d 90+% removal of M1n1mum feed Olls, sludges, Not useful for emulsions 
(APl-type time 1n a stagnant vessel to solids, TSS typ1cal for stream solids or very f1nc pdrtlcles 
~eparators, allow suspended matter to tars, o1h, sedimentation, turbulence. 
Sedimentation, separate into lighter and immlSCible 50% for 
Flotation} heavier than water components. llqUidS. flotation. 

Extra surfaces may be lnLluded 
to save space (lamella settler), 
or ris1ng air bubbles may be 
used to ass1st separat1on 
(dissolved air flotation). 

Centrifugation A greater than grav1ty force As above As above As above. More expen;ive than 
field IS appl1ed by rap1d gravity separat1on. 
rotation to accelerate the Used for predry1ng 
separation sludges from gravity 

1-'.' separat1oo dev1ces or ..... '• for separation of fine ..... particles. 

Physical/Chemical Use of agents to promote the Promote~ 90+% removal of A wide range Same as Widely used 1n makeup 
(Coagulation- coalescence of fine suspended removal of . fine solids 1s of COI11fllercial gravity water treatment systems 
Flocculation, solids, tars and o1ls. finely aClHevable w1th flocculants separation. to remove fine solids. 
Chl!lllical Generally used in conjunction dispersed proper design. are available. 
Separatl on, w1th a grav1ty separation particles 
Thickt!nfng) process. 

F 11 trat 1011 Involves pass1ng wastewater Depends on 90-99% IS filter media filter backwash, filter coalescence or 
(Solids ri ltra- through a suitable filter medium Both typical. (sand,clay, spent filter ultrafiltration are use-
tioh, Filter medium. Filter material is coarse and fabric or media. ful for o1l emulsions. 
Coalescence, discarded or cleaned by fine polymeric 
Ultrafiltration) backflushing structure membrane} 

material5 
are used 
industrially. 

:.ource: WPA. 



i:~~~~ogy may also be ~pplicable to lj..qu,i~ dispersi_~n~:-~nd liqt~i.d particu-

Chemical separation. Addition of chemicals to break emu1sion may be 
used in conjunction with filtration and·1s normally followed by gravity sepa
ration. The type and dosage of chemicals required is determined by trial 
(American Petroleum Institute, 1969). Chemicals may also be added to precip
itate sa 1 tS:~ or __ to increase crystal size. 

Thickening. Slurries previously obtained from gravity, cent~ifugation, 
and filtration methods can be further concentrated, or thickened, by addition 
of chemical agents or binders. The thickened slurry may then be subjected 
to the same methods for final disposition (Adams and Eckenfelder, 1974; 
Humenick, 1977). 

Solids filtration. The water stream is passed through a filter medium 
which holds back the solid phase. Filters may be of the fabric type, as in 
plate and frame, rotating drum (vacuum) and cartridge units, or granular, as 
in sand filters. Filtration is generally more expensive than sedimentation 
but can remove smaller particles (Humenick, 1977). 

Filter coalescence. Gravity separation of oil from water is standard 
industr1al and refinery practice; however, the API-type separators are inade
quate for very small oil particles. One very important method for removal 
of small oil droplets is coalescence (Water Purification Associates. 
December 1975). 

When a dispersion of micron-sized droplets of one liquid (oil) in 
another (water),f1ows through an appropriate porous solid, coalescence of the 
dispersed phase is induced and sepatation of the liquids results. The dis
persed phase can be allowed to accumulate without leaving the porous medium, 
with periodic regeneration to remove accumulated oil. 

Filter media are usually either the packed fibrous type (e.g., fiber 
glass, stee1 wool) or unconsolidated granular materials (e.g., sand, grave1, 
crushed coal). Because of their large specific surface and high voids,· 
fibrous media are usually more efficient in removing droplets for a given bed 
depth than are granular media. However, fibrous media are more susceptibie 
to blockage by suspended solids and are more difficult to regenerate, in 
addition to being more costly than most granular media. 

Advantages of fi lter-coalescers include high separation efficiency for 
dilute suspensions of very small droplets, potentially small space require
ments, the possibility of continuous operation, and the potentia 1 for the 
recovery of the dispersed phase. Disadvantages of this process are that 
suspended so 1 ids can accumu 1 ate to require frequent medi urn regeneration or 
replacement, and pumping costs can be substantial. As far as is known, the 
system has not been evaluated on retort waters, and extensive pilot plant 
testing would be required to determine its feasibility on these waters. 

Ultrafiltration. Passage through a submicron-sized membrane fiiter 
separates emulsified oil as well as suspended matter and large organic 
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molecules (MWt ~ 1,000). The oil droplets are collected in the concentrate 
and removed by gravity separation. This process is significant1y more costly 
than normal filtration (Water Purification Associates, December 1975). 

are: 

Control Technologies Analyzed--

The streams that require removal of suspended matter, oils and greases 

Mine Water (stream 4) 

Gas liquor (stream 41) 

Runoff and Leachates (streams 92, 93) 

Slowdowns and Concentrates (streams 88, 104). 

Mine water is obtained from dewatering of the deep aquifers •Jnder 
Tract C-a. While the water does not contain any oils and greases, it does 
contain suspended matter. Sedimentation by gravity settling and clarifica
tion with addition of alum are the approaches proposed to reduce the sus
pended matter in the mine water. Table 5.2-2 presents the design features 
and cost data for clarification, and Figure 5.2-2 shows a cost curve for the 
clarifier. This activity could be considered as part of the process rather 
than pollution control. 

!n the lurgi retorting process, gas liquor is condensed along with light 
oils in the third condensation tower. It may also contain some particulate 
ma~ter that was not removed in the cyclones and two previous towers, but this 
is not envisioned as a prob l'em; however, the gas 1i quor wi 11 need separation 
from the light oils. An API-type oil/water separator with channel covers was 
examined for this purpose. As stated earlier, the separators are not fu:ly 
estab1ished as useful devices for shale oils, but difficulty in achieving 
separation from light oils is not anticipated. Table 5.2-3 and Figure 5.2-3 
~resent the cost and design information and the cost curve, respectively~ for 
the API separator. 

Service and fire water runoff, storm runoff, and leachate from shale 
piles may contain oily materials. Again, an API-type oil/water separator was 
examined as the control. This will also allow separation of suspended matter 
alorg with the water. The cost and design data for this separator are given 
in Table 5.2-4, while a cost curve is already included in Figure 5.2-3. 

The blowdowns, sludges, and concentrates from various processing units 
will also contain suspended matter. These streams are collected in an 
equalization pond for possible use in processed shale moisturizing. Since 
gravity settlement affords separation of the suspended matter, the equaliza
tion pond also might be viewed as a pollution control. Its design and cost 
are presented in Table 5.2-5, and a cost curve is given in Figure 5.2-4. 

Other Technologies Analyzed--

In the event that the excess mine water is reinjected into the aquifer 
(instead of discharging it on the surface), even more water will need to be 
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TABLE 5.2-2. DESIGN AND COST OF MINE WATER CLARIFICATIONa 

Item 

Mine Water Flow Rate 

Flow Rate/Clarifier 

Number of Clarifiers 

Diameter 

Area of C1arifierb 

Alum Rate (30 ppm) 

Fixed Capital Cost 

Direct Annual Operating Cost 

Maintenance @ 4%c 
Alum @ 12¢/lb 

TOTAL 

Total Annual Control Costd 

Unit 

gpm 

gpm 

ft 

ton/yr 

$103 

$103 

Quantity 

16,500 

970 

17 

40 

22.3 

980 

2,560 

84 
235 

319 

961 

a This technology could be considered as part of the process rather than 
pollution control. 

b Ret~ntion time and rise rate are 120 min. and 1 gpm/ft2 , respectively. 

c Maintenance is based on the fixed capital cost less contingency. 

d See Section 6 for details on computation of the total annual control cost. 

Source: WPA estimates. 
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TABLE 5.2-3. DESIGN AND COST OF API OIL/WATER SEPARATOR 
FOR GAS LIQUOR 

Item Unit Quantity 

Gas Liquor Flow Rate 

No. of Channels (1 standby) 

Channel Cross Sectional Area 

Channel Depth 

Channel Length 

Fixed Capital Costa 

Direct Annual Operating Costa 

Maintenance @ 3%b 

Total Annual Control Coste 

gpm 

ft2 

ft 

$103 

586 

2 

27 

6.5 

50 

161 

4 

35 

a The fixed capital cost and direct annual operating cost for the standby 
channel are included. 

b Maintenance is based on the fixed capital cost less contingency. 

c See Section 6 for details on computation of the total annual control cost. 

Source: WPA estimates based on information from American Petroleum 
Institute, 1969. 
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TABLE 5. 2""4. OESIGM AND COST OF OIUWATER SEPARAiOR 
FOR RUNOFFS AND LEACHATE 

Item Unit Quantity 

Runoff Flow Rate gpm 169 

No. of Channels (1 standby) 2 

Channel Cross Sectional Area ft2 8 

Channel Depth ft 3 

Channel Length ft 50 

Fixed Capital Costa $103 41 

Direct Annual Operating Costa $103 

Maintenance @ 3%b 1 

Total Annual Control Coste $103 11 

a The fixed capital cost and direct annual operating cost for the standby 
channel are included. 

b Maintenance is based on the fixed capital cost less contingency. 

c See Section 6 for details on computation of the total annual control cost. 

Source: WPA estimates based on information from American Petroleum 
Institute, 1969. 

184 



TABLE 5.2-5. DESIGN AND COST OF EQUALIZATION POND 

hem Unit Quantity 

Total v/ater Flow Rate gpm (acre-ft/yr) 2,525 (4,065) 

Po;,d Area acre 3.27 

Pond Deeth ft 10 

Fixed Capital Cost $103 181 

Direct Annual Operating Cost $103 

Maintenance @ 2%a 3 

Total Annual Control Costb $103 46 

a Maintenance is based on the fixed capital cost less contingency. 

b See Section 6 for details on computation of the total annual control cost. 

Source: WPA estimates. 

dewatered because some of the reinjected water will flow back to the dewater
ir.g welis. 

\he water to be reinjected would need to be clarified. This should be 
performed in closed clarifiers to avoid exposure of the excess water to tne 
e~vironment. A closed clarifier was examined for the reinjection water, and 
its design and cost information is presented in Table 5. 2-6. A cost curve 
based on the design of the clarifier is shown in Figure 5.2-5. 

5.2.2 Dissolved Gases and Volatiles 

Dissolved gases include ammonia, carbon dioxide, and hydrogen sulfide, 
while volatile materials are low molecular weight organics. Methods for 
re~oving these substances from water are summarized in Figure 5.2-6. Steam 
strip;:>irg is the most likely process to be used and has been successfu1ly 
de~onstra~ed on a laboratory scale for some oil shale wastewaters (Hicks and 
liang, January 1981). 

Inventory of Control Technologies~-

Table 5.2-7 p-resents an inventory of appl'icable c;ontrol technologies, 
along wi~h their key features~ for the dissolved volatiles. Basically, most 
technologies involv~ stripping of tne disso~v~ gases by either elevating the 
temperature, applying vacuum, or displacement wi'th carrier gases. More 
specific remcvai can be accomplished py u~ing an adsorbent selective for the 
gas in question. 

. .. 
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TABLE 5.2-6. DESIGN AND COST OF EXCESS MINE WATER CLARIFICATIONa 

Item Unit Quantity 

Excess 1>1i ne Water Flow Rate gpm 15,330 

Flo~ Rate/Clarifier gpm 510 

Number of Clarifiers 30 

Diameter ft 30 

Area of Clarifier 103 ft2 20.7 

Alum Rate (30 ppm) ton/yr 900 

Fixed Capital Cost $103 3,545 

Direct Annual Operating Cost $103 

Maintenance @ 4%b 115 
~lum @ 12¢/lb 216 

TOTAL 331 

a This technology could be considered as part of the process rather than 
pollution control. 

b Maintenance is based on the fixed capital cost less contingency. 

Source: WPA estimates. 

Steam stripping. Steam stripping of sour waters (e. g., waters con
taining dissolved ammonia and hydrogen sulfide) and coke-oven liquors 
(e.g., waters containing dissolved ammonia and carbon dioxide) is standard 
practice in the petroleum and steel industries. Stripping has also been used 
as part of the 11 Phenosolvan 11 process on coal gasification process condensates 
(American Petroleum Institute, March 1978; Beychok, 1967). 

The dissolved gases are stripped from the solution by bubbling steam 
through it, generally in packed or tray columns. The steam may be directly 
sparged (live) or used indirectly in a reboiler, as in distillation columns. 
The stripped gases, along with other volatile materials, are removed in a 
relatively concentrated gas stream which may be treated for adsorption/ 
recovery of a specific substance or incinerated. Carbon dioxide is readily 
stripped at efficiencies of +99%; ammonia strips less easily, and pH eleva
tion may be required in some cases for 99% removal. Hydrogen sulfide does 
not strip as easily as carb-on dioxide but can gener.ally be removed dow.n to 
the 10-20 ppm range. Costs are for equipment and steam and are proportional 
to the volume of water to be treated. 

Steam requirements 
100 1 bs water treated. 

range from approximately 10 to 15 1bs steam per 
for_ a given separation •. a greater column height is 

-- l$7 
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TABLE 5.2-7. KEY FEA1URES OF CONTROL TFCHNOLOGIES fOR DISSOLV£0 GASES ANO VOLATILES 

feed 
Control Components Removal Requirements/ By-products 
Technology Operating Pr1nciple Removed Effrciency Restr1ctions and Wastes Comments 

Steam Stripping Increasing temperature and NHa, acid 90+% of "free" Acid/caustic Stripped gases, Acid/caustic addition 
prov1ding a posit1ve flow gases ammonia and acid for pH adjust- unconderu.ed can be used to improve 
of steam through the waste- (C02 , H2 S, gases typical. ment opt i ona 1. steam t~ efficiency and 
water Removes volatile HCN), light Hydrocarbon selectivity of the 
organ1cs and inorganics hYdrocarbOI'ls removal varies stripping process 
with overhead steam. with vo lat 11 ity 

of str1pped 
components 

Vacuum low pressure, low temperature As above As above As above. Stripped gases. High energy require-
Distillation str1pping process. ments. Not cost 

1-' competitive in a plant w 
0 where stripping steam is 

read1ly available. 

Inert Gas Same as stream stripping, but As above As above As above. Stripped and Normally used at ambient 
Stripping using air, nitrogen, or other Inert gases temperature, most 

available inert gas In place suitable for low concen-
of steam. tration wastes. 

Adsorption Adsorption of NH3 onto NH 3 , High removal Not suitable Regenerant and Generally used as a 
clJnoptilolite and volatile vol at i1 e efficiencies for high con- adsorbent wastes. pollshing step. 
organ1cs onto polymer1c orgamcs pOSS1ble. centrations 
resins 

Source: WPA 



requn·ed for a lower steam rate. The selection of steam rate and column 
~eigh~ is based on energy and equipment costs. 

The stripped gases may be incinerated or treated further t.o recover 
ammonia and sulfur. Ammonia may be recovered as anhydrous ammonia, aqua 
(20-30%) ammonia or ammonium sulfate. In cases where the sulfate is derived 
from flue gas desu1furization, the sulfate route may be viable depending, in 
part, on the marketability of ammonium sulfate and on the costs of alterna
tive flue gas desulfurization processes. Because oil shale plants generally 
will have ammor:.ia available as a by-product, S02 scrubbing with NH 3 may be 
attractive when the technology is sufficiently developed and tested. Re
covery of anhydrous ammonia involves considerable capital and energy (steam) 
requirements, but these are partially offset with by-product ammonia sales. 
T'le stability of the ammonia market must be considered when selecting a 
recovsry process. 

Vacuum distillation. Distillation at reduced pressure has many indus
trial applications, but these primarily involve distillation or fractionation 
of compounds with high boiling points or low thermal stability. The method 
may be applicable to stripping of gases and volatile compounds. but the 
energy requirements are high relative to those for steam or inert gas strip
ping. 

Inert gas stripping. This method is applicable to dilute, or low 
st.rength, wastewaters for which steam stripping may not be practical. The 
operating principle is similar to that for steam stripping, except air, 
nitrogen, carbon dioxide, or other inert gases may be used. Its application 
to high strength liquids is generally not pra'CticaT because, large colt:mn 
heigt.ts and gas compression costs are required. 

Adsorption. Dissolved gases and volatile components may be adsorbed on 
speci7ic surface-active materials by passing wastewaters through a bed of the 
adscrbent. The gases may then be desorbed thermally. and the regenerated 
adsorbent is recycled. This method is generally used in trace removal 
applications. 

Control Technologies Analyzed--

!he streams that may require removal of dissolved gases and volatiles 
are: 

~ Gas Liquor (stream 41) 

* Compression Condensate (stream 49). 

The compression condensate is also a retort gas condensate obtained 
during compression and cooling of the retort gas; therefore, it is combined 
with the gas liquor for treatment. The condensates are previously freed from 
oil a~d emulsion in the oil/water separator, but some polar organics, such as 
phenols and fatty acids, remain dissolved. A portion of the dissolved 
organics can be steam stripped along with other dissolved gases. The gas 
liq:Jor also contains a si9nificant amount of ammonia, both free as we11 as 
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fixed, with sulfur dioxide and carbon dioxide. Since the intended use of the 
gas liquor is in processed shale moisturizing, most of the fixed ammonia must 
also be removed from the gas liquor prior to its use; otherwise, it may be 
released into the environment upon contact with the alkaline processed shale. 
Steam stripping alone would remove free ammonia and other volatile components 
from the liquor, but pH adjustment may be necessary to release fixed ammonia. 
A further control of the released ammonia is also desirable and this may be 
accomplished with an ammonia recovery plant. 

Ammonia recovery was examined as a control for the gas liquor. The de
sign specifications for the ammonia recovery plant are given in Table 5.2-8, 
the cost is presented in Table 5.2-9, and a cost curve is presented in 
Figure 5.2-7. The description and material balance for the process are 
presented in Sections 3.3.8 and 4.2.7, respectively. 

5.2.3 Dissolved Inorganics 

Dissolved inorganics are usually not a problem unless the compounds are 
judged to be hazardous (e.g., trace metals) or when fouling of equipment 
(e.g., boilers) occurs because of the high salt content of the waters being 
used. Natural waters an.d waters that come into contact with the solids may 
need to be treated if they are intended for critical uses in the plant. 
Processed shale moisturizing, on the other hand, may not require control of 
dissolved inorganics. In fact, waters with high salt content can be used for 
this purpose, thereby avoiding the need for other controls. Since gas con
densates do not contain significant amounts of dissolved inorganics, a treat
ment may not be necessary. 

Inventory of Control Technologies--

Methods for removal of dissolved inorganics are shown in Figure 5.2-8, 
while some of the key features of the technologies are presented in 
Table 5.2-10. The operating principles for some of the methods shown in the 
figure are detailed below. 

Precipitation. Chemicals may be added to precipitate salts, e.g., lime 
addition for carbonate (hardness) remova1. Processed shale is also believed 
to behave like a softener for inorganic carbon reduction (Humenick, 1977). 
The process is simple. but it will usually require the use of other methods 
(e.g., gravity separation, centrifugation, filtration) to remove the precipi
tate. 

Ion exchange. Cations and anions in solution are replaced with hydrogen 
and hydroxyl ions on exchange resins capable of producing a water virtually 
free of common salts. The resins are regenerated with relatively strong acid 
and alkali solutions, and the regenerant wastes must be controlled. Costs go 
up with increasing concentration, of salts in the water. Ion exchange is 
normally used only where a very clean water is required from a relatively 
clean or mildly brackish supply. The organics present are not removed a~d 
may foul the exchange resins (Calmon and Gold, 1979). 
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TABLE 5.2-8. DESIGN OF AMMONIA RECOVERY SYSTEM* 

Design Parameter 

Gas Condensate Feed Rate to 
Stripper Column 

/lsnmonia Rate 

Steam Rate 

Cco11ng Water Circulated 

Electricity 

Chemicals 
H3 P04 
NaOli 

S~ea~ Stripping Column 
Diameter 
Height 
Ma1.erial 

Reboilers on Steam Stripping Column 
Number 
Surface area (each) 
Material 

Heat Exchanger on Steam Stripping Column 
Nur;ber 
Surface area (each) 
Material 

A~sorption Column 
Diameter 
Heigt-t 
Material 

Recoiler on Absorber 
Surface area 
t-'late:-ial 

Heat Exchanger on Absorber 
Surface area 
Material 

Stripper Tower 
Oi:::ll1eter 
Height 
Material 

19.3 

Unit 

gpm 

lb/hr 

10s lb/hr 

gpm 

k.W 

lb/hr 
lb/hr 

ft 
ft 

ft 
ft 

ft 
ft 

Quantity 

594 

1,883 

53 

1,080 

47 

13 
293 

6.3 
95 

CS/SS 

1 
2,300 
CS/SS 

3 
5,000 
CS/SS 

5 
50 
ss 

701 
CS/SS 

948 
CS/SS 

3.3 
60 
ss 

(Continued) 



TABLE 5.2-8 (cont.) 

Design Parameter 

Heat Exchanger on Stripper 
Surface area 
Material 

Fractionator 
Diameter 
Height 
Material 

Fractionator Feed Tank 
Diameter 
Height 
Capacity 
Material 

Reboiler on Fractionator 
Surface area 
Material 

Heat Exchanger on Fractionator 
Surface area 
f'.iateri a 1 

Flasn Drum 
Diameter 
Height 
Capacity 
Material 

Lean Solution Cooler 
Surface area 
Materia1 

Solution Heat Exchanger 
Surface area 
Material 

·unit 

ft 
ft 

ft 
ft 
ga1 

ft 
ft 
gal 

ff2 

Quantity 

1,137 
ss 

1.5 
64 
ss 

7 
4.3 

1,278 
ss 

209 
CS/SS 

645 
CS/SS 

4 
1.4 

142 
s.s 

1,554 
CS/SS 

303 
ss 

* This table is based on the Phosam-W process, which is only one example of 
many available processes for the recovery of ammonia. 

Source: WPA estimates based on information provided by U.S.S. Engineers and 
Consultants, Inc., April 1978. 
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TABLE 5.2·9. COST OF AMMONIA RECOVERY 

Item 

Fixed Capital Cost 

Towers 

Heat exchangers 

Drums, etc. 

TOTAL 

Direct Annual Operating Cost 

Maintenance @ 4~ 
Labor, 24 hr/day @ $30/hr 

Steam @ $3/MMBtu 

Cooling water@ 3¢/m3 circulated 

E1ectric1ty @ 3¢/kW-hr 

Chemicals 

NaOH 

H3P04 

TOTAL 

Credit for Ammonia Sales @ $110/ton 

Total Annual Control Costb 

Unit 

$103 

$10 3/yr 

Quantity 

1,660 

1,920 

47 

3,627 

118 

237 

1,565 

60 

11 

404 

2,419 

816 

2,395 

a Maintenance is based on the fixed capital cost less contingency. 

t See Sectio~ 6 for details on computation of the total annual control cost. 

Source: WPA estimates based on information provided by U.S.S. Engineers and 
Consultants, Inc., April 1978. 
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Control 
Technology 

Chem1cal 
Precipitation 

Ion Exchange 

Membrane Processes 
(RO, ED) 

Evaporat1on 
(Thermal, Vapor 
Compress1on) 

Freezing 

Specific 
Adsorption 

Source: WPA 

TABlE 5.2-10. 

Operating Princ1ple 

Use of agents to promote 
the precipitation of 
inorganic solids from 
wastewaters 

Substitution of H• and 
OH- ions for objectionable 
1onic species Exchange 
resins regenerated w1th 
acid base or salt solutions. 

Separation of dissolved 
matter by a semipermeable 
membrane under a pressure 
(RO) or electric (ED) 
gradient 

Application of heat {solar, 
steam, etc.) to evaporate 
wastewater or concentrate 
streams. 

Cooling with format1on of 
ice wh1ch Is separated 
from remaining brine. 

Adsorpt1on of specific ions 
onto resins or othel' adsorbent. 

KEY FEATIJRfS OF CONlROl TrCilNOlOGIES FOR DISSOLVED INOPGANICS 

Components 
Removed 

Ca, Mg, heavy 
metals, 
alkalinity 

Heavy metals, 
F., CW, 
scaling spl!cies 

Ionized salts 

Removal 
Efflciency 

Variable, 
depending on 
constituents. 

90+% for most 
ions. Regenera-
t 1 on frequency 
1s a key 
parameter 

90-99% removal 
of di$solved 
salts 

All nonvolatile 99+% rejection 
species will of nonvolat1le 
rema1n 1n br1ne dissolved solids. 

D1ssolved salts, 90+% possible 
InClUding 
orgarll(.S, 

Feed 
Requirements/ 
Restrictions 

lime, po lyrner, 
and soda ash 
may be required. 

Regenerants, 
replacement 
resins. 

Filtration, pH 
adjustment, 
foul ant 
control. 

Foul inglscaling 
of heat 
exchange sur
faces 111ust be 
prevented 

Boron, fluoride, 90+% in properly As above 
trace metals desiqned systems 

By-products 
and Wastes 

~ludgl! contam-
inated with 
heavy metals. 

Spent 
regenerants 
and resins. 

Concentrate, 
spent membranes. 

Recovered 
condensate, non
condensible 
gases, waste 
brine 

Concentrate 
stream 

As above. 

Comments 

Generally followed by 
filt1•ation and/or 
activated carbon 
adsorption 

Most effective as a 
polishing process. 
Clearly applicable to 
boiler flledwater treat
ment needs; of limited 
use in treat1ng pro~ess 
wastewaters containing 
high concentrations of 
organics or dissolved 
solids 

RO and ED have been used 
comml!rcially for desali-. 
nation Concentrate 
stream may be l0-3o% of 
input strealll. 

Solar evaporation may be 
unacceptable due to air 
pollution Vapor 
compression evaporation 
has been successfully 
tested on retort waters. 

Not yet demonstrated 
commercially. 

Useful as a pol1shing 
pro~:ess 



Reverse osmosis (RO). Sometimes called 11 hyperfiltration, 11 RO is a proc
ess for recovering relatively pure water from solutions. Water is passed 
throiigh a hyperfilter, or semipermeable membrane, which rejects dissolvea 
materials. As in normal filtration, the driving force is hydrostatic 
pressure, but ir. this case, the pressure has to be greater than the osmotic 
pressure of the solution. Osmotic pressures are related to the total molar 
concentration of the solution and its temperature (Hicks and Liang, 
January 1981). 

The water is passed under pressure (greater than 200 psi) through a mem
brane which is impermeable to most inorganic salts and many organics. These 
11 rejected1

" substances remain in a concentrate stream which may be 10-20% of 
the feedwater volume. The treated water or permeate will generally contain 
less than 10%, and often less than 1%, of the rejected substances. Costs 
scale primarily with the volume of water to be treated but are also dependent 
on concentration. At very high solute concentrations (e.g., seawater), costs 
increase rapidly due to the high applied pressures that are required. The 
flux of water through the membrane, i.e. , the permeate recovery rate. in
creases linearly with the pressure by which the applied pressure exceeds the 
osmctic pressure. Fluxes of 10 gal/ft2 /day have been measured for ret.ort 
watel~ at an applied pressure of 600 psi. Typical applied pressures for 
brackish waters range from 200 to 600 psi and greater. 

Membranes consist essentially of a thin skin (0. 1 to 0.25 ~m} of active 
chemical (cellulose acetate~ polyamide) on a· porous substructure, which may 
then be housed in a spiral-wound module for commercial application. Other 
geometries are also available. Rejection of,strong,electroiytes is normaily 
i r. excess of 90% and can exceed 99 percent. Nearly comp 1 ete rejection is 
obtained from most species with molecular weightS' greater than about 150. 
However, low molecular weight nonelectrolytes (e.g., small organic molecules 
like urea, and weak acids such as boric acid) are poorly rejected. Rejec
tions of these substances can sometimes be improved by adjusting the soiution 
pH to a value where the compound dissociates (e.g., boron is rejected above 
pH = 10). 

Some advantages of RO treatment are the low labor and space requirements 
and the high rejection rates obtained for a wide range of dissolved contami
nants. Of particular relevance to oi1 shale retort water is that both organ
ic and inorganic compounds can be simultaneously removed under favorable pH 
conditions and that such a system can accommodate changing water flow rates. 
A serious disadvantage of the process is that the membranes are susceptible 
to olockage by deposition of solids. This so-called fouling results from 
solids present in the feed solution or from precipitation of solids as the 
concentration in the brine exceeds the solubility limit; it may even result 
from biological activity on the membrane surface. 

Fouling rates may be reduced by proper pretreatment and ny reducing the 
concentration increase in the brine. Reverse osmosis does not destroy the 
po1lutants, it merely concentr-ates them into a smaller liquid stream. Re
ducing the concentration increase implies reducing the product recovery and 
i~creas~ng the amount of brine for disposal. Fouling can be further 
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controlled by periodic washing, although there is gene~ally,a certain amount 
of irreversible fouling that determines membrane life and operating costs. 

Costs scale proportionately with the volume of product water recovered, 
but they are also dependent on the degrl*! of recovery and membrane fouling 

, characteristics. As the concentration of pollutants in wastewater increases, 
so does the osmotic pressure; hence, higher applied pressures are required to 
maintain the desired permeate flux. Energy costs, however, are normally 
small relative to membrane costs. 

Electrodialysis (EO). Electrodialysis is the use of an electromotive 
force to transport ionized materials in a solution through a diaphragm, or 
membrane. The process can be made selective by using ion-specific membranes 
which allow passage of only certain ions. A common application of electro
dialysis is in the desalting of brackish waters containing 1,000-5,000 ppm of 
salts. A removal efficiency of 90-99% is usually achievable. 

Thermal evaporation. This approach includes processes in which heat is 
applied to vaporize water, leaving a concentrated solution or slurry for 
disposal. The high energy required for evaporation is recovered in most 
processes by condensing the water vapor and, as a result, producing a stream 
of relatively pure water. Volatile contaminants, if present, may require 
removal in an upstream stripping process in cases where a clean product water 
is necessary. Multiple effect boiling (MEB) and multistage flash (MSF) are 
two procedures commonly used for evaporation (Water Purification Associates, 
December 1975). 

Disadvantages of thermal processes are that volatile substances are not 
controlled, and (energy) costs are generally higher than for processes not 
involving a phase change. Problems related to scaling of heat transfer 
surfaces and corrosion are also encountered. These problems may be accentu
ated with waters containing high organic loadings, such as oil shale waste
water. Thermal processes may find application if there is a need for dirty 
steam, as occurs in many in situ processes. 

Vapor compression evaporation. This-is a method for evaporating water 
by the use of mechanical energy. Thermal energy required for evaporation is 
obtained by mechanical compression of the vapor instead of by heating. The 
wastewater is boiled in an evaporator to produce a vapor which is compressed 
in order to raise its temperature, and then it is passed through the tubes in 
the evaporator where the necessary heat exchange between the vapor and waste
water takes place. The vapor cools and condenses upon heat exchange and a 
relatively pure water is produced. 

The advantage of vapor compression is that the heat required for vapor 
formation is recirculated so that the amount that ~ust be dissipated is much 
less than the latent heat of vaporization. This approach results in rela
tively low energy requirements and essentially negligible cooling water 
requirements. The penalties are the high capital costs associated with the 
compressor, which must handle the 1 arge vo 1 umes of vapor, and increased 
maintenance costs. Other disadvantages of vapor compression evaporation are 
similar to those of the thermal processes. 
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The energy required for the single effect vapor compression units is 
about 70-90 kW-hr per thousand gallons of product water. Some single effect 
vapor compression units (RCC evaporator) can recover up to 98% of the waste
water contai~i~g up to 11,000 mg/1 total dissolved solids. 

Freezing. The water is reduced in temperature to produce a solid (ice) 
ohase and a concentrated brine. The ice is washed free of salts and then 
melted to produce a virtually pure water. Both inorganics and organics are 
removed in the brine stream. Since the costs scale with the volume of water 
to be ~reated, freezing would normally be applied to relatively concentrated 
low vo~~me wastes. While this process is theoretically more efficient than 
evaooration, it has yet to be applied commercially. It is included in this 
inventory as it may be useful for controlling retort waters, provided opera
ting proo1ems can be resolved in the future (Barduhn, September 1967; Water 
Purifi:ation Associates, December 1975). 

Specific adsorption. The processes in this category are similar to the 
ion exchange processes, except that the affinity between the sorbent materi
als and the solutes being removed is of a physical nature. The sorbents may 
be natJra 1 or synthetic and usually have pores, or 1 att ice vacancies, of 
uniform size and dimensions which are specific for the solutes. The proces
ses are not applicable to high strength wastewaters and are generally used 
fa~ trace removal aop1ica~ions. 

Control ,Technologies Analyzed--

T1e following streams may require control of dissolvea inorganics: 

• 8o11er Feedwater (stream 94) 

~ Cooling Tower Makeup Water (stream 97). 

Based on the quality of the water, demineralization using reverse 
osmosis was examined as the most economical treatment of the mine water. A 
relatively large boiler blowdown is required, however, to maintain acceptable 
concentration levels in the boilers in order to prevent scaling. The boiler 
blowdown is used for processed shale moistening. The blowdown does represent 
an enel~gy loss from the boiler system, and some heat recovery from this 
stream might prove cost effective. The material rejected by reverse osmosis 
is also used for processed shale moistening after equalization with other 
wastewaters. Table 5.2-11 gives the basis for design and costs of boiler 
feedwater treatment, and Figure 5. 2-9 shows a speci fie cost curve for boile'~' 
feeawater treatment by reverse osmosis. This treatment could be considered 
as part of the process rather than pollution control. 

Clarified mine water is used as cooling tower makeup. As a treatment, 
some sulfuric acid is added to convert calcium carbonate to the more soluble 
calcium sulfate. The cooling tower is operated at 1.5 cycles of concentra
tion, which means that the concentration of dissolved species in the blowdown 
is 1.5 times that in the makeup. Since this concentration is not excessive, 
there should not be any problem in using the cooling tower blowdown for 
processed shale moisturizing. Table 5.2-1~ contains design and cost informa
tion for the coo1ing tower makeup treatment. and Figure S.Z-10 presents a 
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TABLE 5.2-11. DESIGN AND COST OF BOILER FEEDWATER TREATMENTa 

Item 

Boiler Slowdown 

Steam Losses 

Softener Regeneration Waste 
TOTAL MAKEUP (clarified mine water) 

Fixed Capital Cost 

Elements @ $1,160 each 
Pressure vessel @ $1,920 each 
Oegasifier 

Subtotal 
Total equipment cost 

(250% of subtotal) 
Civil work & installation 

(25% of total equipment cost) 
Contingency 

TOTAL 

Direct Annua1 Operating Cost 
Maintenance @ 3%b 
Labor, 4 hr/day @ $30/hr 
Electricity @ 3¢/kW-hr 
Membrane replacement (1.5-yr life) 

and chemicals 

TOTAL 

Total Annual Control Coste 

Unit 

gpm 

gpm 

gpm 
gpm 

$103 

$103 

Quantity 

21 

11 

11 

43 

20 
6 
5 

31 

78 

19 
25 

122 

4 
40 
11 

14 

69 

94 

a This technology could be considered as part of the process rather than 
pollution control. 

b Maintenance is based on the fixed capital cost less contingency. 

c See Section 6 for details on computation of the total annual control cost. 

Source: WPA estimates based on information from Peters and Timmerhaus, 
1980. 
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cost curve for the treatment. The coo 1 i ng tower makeup treatment cou 1 d be 
considered as part of the process rather than polluUon. control. 

TABLE 5.2-12. DESIGN AND COST OF COOLING WATER TREATMENTa 

Item 

Evaporation and Drift Losses 
Blowdown 

TOTAL MAKEUP (clarified mine water) 

Cycles of Conce~tration 

Sulfuric Acid Addition 

Direct Annual Operating Cost 
Sulfuric acid @ $65/ton 

Total Annual Control Costb 

Unit 

gpm 

gpm 
gpm 

_mg/1 (ppm) 
ton/yr 

$103 

Quantity 

892 

1,784 

2,676 

1.5 

150 
785 

51 

52 

a This technology could be considered as part of the process rather than 
pollution control. 

b See Section 6' for details on computation of the total annual control cost. 

Source: WPA estimates based on information from Peters and Timmerhaus, 
1980. 

Other Control Technologies Analyzed--

Several additional dissolved inorganics control technologies were 
analyzed. These include reverse osmosis, boron adsorption, and phenol ad
sorption to remove dissolved salts, boron and phenol, respectively, from the 
excess mine water prior to its discharge. Cooling towers and solar evapora
tion ponds were examined for treating the process waters. Although these 
technologies have not been proposed for the lurgi-Open Pit plant, they were 
analyzed as viable alternatives in the event that the wastewater disposal and 
reuse strategies for the plant are varied. 

As stated earlier, the approach adopted for excess mine water disposal 
is to discharge it on the surface. If the quality of the excess mine water 
after clarification does not satisfy the criteria for surface discharge, the 
gross inorganic content can be reduced first by reverse osmosis {RO), 
followed by the removal of boron and phenol from the RO permeate using 
specific ion exchange resins. 
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Reverse osmosis is a usefu1 technology in that it affords simultaneous 
removal of the dissolved inorganics ..a.nd-o;rg~nics. WHh- this technology, the 
wastewater is forced through a semipermeable membrane which allows the water 
to pass through but rejects the dissolved matter, especially that which is 
highly ionized. At optimum pH, up to 95% of the inorganics and organics can 
be rejected. The permeate is usually a fairly clean water that is suitable 
for high quality water needs. The RO technology has been tested on the aqui
fer waters from Tract C-b and a rejection of over 98% of the total dissolved 
sol ids has been obtained (Water Purificat-ion As-sociates. unpublished). The 
resin adsorption technologies are widely used in wastewater treatment, al
though experience with the aquifer waters from Tract C-a has not been docu
mented. Two flow schemes (Examples I and II) depicting the above treatment 
and water reuse technologies are presented in Figure 5.2-11, while the flow 
diagrams for the RO process and the boron and phenol adsorption processes are 
presented in Figures 5.2-12 and 5.2-13, respectively. Table 5.2-13 gives the 
mine water composition before and after these treatments. Design and cost 
information for the RO process is presented in Table 5.2-14 and for the boron 
and phenol adsorption systems in Tables 5.2-15 and 5.2-16, respectively. The 
cost curves for the three technologies are illustrated in Figures 5.2-14, 
5.2-15 and 5.2-16. 

In the event that the process generated waters are not used for proc
essed shale moisturizing, then a water reuse plan would have to be de
veloped One approach among many possibilities would be to treat the gas 
liquor {after ammonia removal) by adsorption on activated carbon to reduce 
the organic content. The treated water could then be used as cooling tower 

,makeup water. thereby controlling the dissolved inorganics. Since the cool-
ing tower can b'e run at fairly high cycles of concentration, most of the 
water is lost as evaporation and drift, and a small amount of blowdown is 
produced. The blowdown could then be placed in a solar evaporation pond to 
evapora~e the remainder of the·water, and the precipitated material could be 
properly discarded. Figure 5.2-17 shows this train for the gas liquor treat
ment. Table 5.2-17 presents the material balance around the cooling tower, 
while Tables 5.2.:.18 and 5.2-19 give the design and cost details for the 
cooling tower makeup treatment and solar evaporation pond, respectively. The 
cost curve presented previously in Figure 5.2-10 is applicable to the cooling 
tower makeup treatment indicated here. This treatment could be considered 
part of the process rather than pollution control. A cost curve for the 
solar pond is presented in Figure 5.2-18. 

5.2.4 ~issolved Organics 

Removal of volatile organics by stripping may be sufficient for reuse of 
process waters in processed shale moisturizing; however, nonvolatile organic 
components are not removable by stripping. Therefore, for higher quality 
uses, further treatment may be necessary. Some of the available approaches 
are discussed below. 

Inventory of Control Technologies--

The techno1ogies available for dissolved organics control are shown in 
Figure 5.2-19 and are described in Table 5.2-20. 
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TABLE 5.2-13. EXCESS MINE WATER COMPOSITION AFTER RO, BORON ADSORPTION 
AND PHENOL ADSORPTION TREATMENTS 

RO 
After Treatment 1 mg/1 

Raw RO 
Boron Adsorpt1onb Adsorotionb Parameter Mine Water8 Permeate Concentrate Phenol 

AlKalinity, as CaC03 560 28 2,688 28 28 
Aluminum 0.2 0.01 1.0 0.01 0 01 
Ammonia, tota1 0.89 0.22 3.6 0.22 0 22 
Arsenic 0.01 0.0005 0.05 0.0005 0 0005 
Boron 0.62 0.31 1.9 -o ~o 

Calc1 um 20 0.2 99.2 0.2 0 2 
Chloride 18 0.9 86.4 0 9 0 9 
CJ'lrom1um <0.01 <0.0005 0.05 <0.0005 <0.0005 
COD 15 1.5 69 1.5 1.5 
Cyamde 0 01 0 001 005 0.001 0 001 

Fluonde 8 5 0.85 39 1 0 85 0 85 
Lead 0.2 0.04 0.8 0.04 0.04 
Mercury o.U03 0.0008 0 01 0 0008 0 0008 
pH (umts) 7 0 -7 ~7 -7 -7 
Pt'ienols 0 0025 0{)013 0.01 0 0013 ~o 

Si1 ica 20 4 84 4 4 
Sodium 320 16 1,536 16 lG 
TDS 1,000 50 4,800 50 so 
Sulfate 206 4.1 1,004 4 1 4 1 
Sulfiae 0.6 0.03 2.9 0 03 0.03 

Flow Rate (gpm) 
d Example I {11,242) (8,330)d (2,912) (8,330) (8,330} 

Example He {10,190) (8,149) (2,041) 

a Based on data in Table 4.2-22, assuming mine water is 43% from upper and 57% from lower aqu1fer. 

b The removal eTficlencies for very smal1 concentrations of boron and phenol have not yet been establ1shed. 

c In Examole II, mare of the mine water 1s used 1n processed shale moisturiz1ng; therefore, a lower amount 
1s ava1lable for treatment and disposal. 

d Assuming permeate recovery factor is 80%. 

Source WPA est1mates based on data from Gulf Oil Corp. and Standard Oil Co. (lnd1ana), May 1977. 
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TABLE 5.2-14. DESIGN AND COST OF REVERSE OSMOSIS TREATMENT 
OF EXCESS MINE WATER 

Item Unit Example I Example I! a 

Mine Water Flow gpm 11,242 10,190 

Number of Elements 5,000 4,530 

Number of Pressure Vessels 800 730 

Surface Area ft2 /element 165 165 

Membrane Flux gal/day/ft2 15-20 15-20 

Electricity kW 3,520 3,190 

Fixed Capital Cost $103 

Elements @ $1,160 each 5,800 5,255 
Pressure vessels @ $1,920 each 1,536 1,402 

Subtotal 7,336 6,657 
Total equipment cost 

(250% of subtotal) 18,340 16,643 
Civil work and installation 

{25% of total equipment) 4,585 4,161 
Contingency 51275 4,796 

TOTAL 28,200 25,600 

Direct Annual Operating Cost $103 

Maintenance @ 4%b 917 832 
Labor, 48 hr/day@ $30/hr 473 473 
Electricity @ 3¢/kW-hr 832 754 
Membrane replacement (1.5-yr 1 if e) 3,457 3,133 
Scale inhibiting chemical 70 65 

TOTAL 5,749 5,257 

a I~ Example II, more of the mine water is used for processed shale moist
u~izing; therefore, a lower amount is available for treatment and 
d1sposa1. 

0 Maintenance is based on the fixed capital cost less contingency. 

Source: WPA estimates based on i-nformation from Hicks and Liang. 
Jc.nuary 1981. 
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1\.) 
....... 
co 

Wastewater From 
Carbon Adsorption 

Components lb/hr {gpm) 

NH3 6 

TOS 429 

Organics 85 

H20 281,049 (562} 

TOTAL 281,569 

Source: WPA estimates. 

TABLE 5.2-17. MATERIAL BALANCE AROUND COOLING TOWER 

Before Treatment 
Mine Water 

Makeup 
lb/hr (gpm) Mass % 

0.001 

265 0.127 

0.016 

264,000 (528) 99.856 

264,265 100.000 

Total Evaporation 
lb/hr (gpm) lb/hr 

6 6 

694 

85 

545,049 (1,090} 440.500 

545,834 440,506 

After Treatment 

Drift Blowdown to Solar Pond 
lb/hr (gpm) Mass % lb/hr (gpm) 

--
0.688. 694 

0,084 85 

4,500 {9) 99.227 100,049 (200) 

4,500 100.00 100,828 



TABLE 5.2-18. DESIGN AND COST OF CODLING TOWER MAKEUP TREATMENT* 

Item 

Evaooration and Drift Losses 

BlowC:own 

TOTAL MAKEUP 

Cycles of Concentration 

Sulfuric Acid Addition 

Direct Annual Operating Cost 

Sulfuric acid @ $65/ton 

Unit 

gpm 

gpm 

gpm 

mg/1 (ppm) 
ton/yr 

$103 

Quantity 

890 

_1QQ 

1,090 

5.5 
550 

1,185 

77 

* This technology could be considered as part of the process rather than 
po;lution control. 

Source: WPA estimates based on information from Peters and Timmerhaus, 
1980. 

TABLE 5.2-19. DESIGN AND COST OF SOLAR EVAPORATION POND 

Item Unit Quantity 

Flow Rate to Pond gpm 200 
acre""'ft/yr 290 

Evaporation Rate in/yr 15 

Pond Area acres 257 
Pond Depth ft 3 

liner (chlorosulfonated polyethylene) 103 ft2 11,200 

~ixed Capital Cost $103 14,200 
Oirec~ Annual Operating Cost $103 

Maintenance @ 2%* 231 

* Maintenance is based on the fixed capital cost less contingency. 

Source: WPA estimates. 
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N 
N 
N 

Contro 1 
lechnology 

B1ological 

Wet Air Oxidation 

Chem1~al Oxidation 

Thermal Oxidation 

Membrane Processes 
{UF, RO} 

Adsorption 
(Carbon, Resin, 
Processed Shale) 

TABLE 5.2-20. KEY FEATURES Of CONTROL TECHNOLOGIES FOR DISSOLVED ORGANICS 

Operatinq Principle 

Oxidation to C02 and H20 
(aerobH:) or reductiOn to CH4 
(anaerobic) in the presence of 
suspended bacteria 

Direct reaction of 02 with 
wastewater in a closed, 
pressurized vessel at 
elevated temperatures. 

Reaction of organics 1n 
wastewater w1th 03 , 
perox1des or chlorine-based 
oxidants 

Organics are combusted and the 
water stream is simultaneously 
evaporated. 

Separation of water and 
dissolved matter by semi
permeable membrane under 
influence of pressure f1eld. 

Adsorption of organ1cs 1n 
water by activated carbon 
or polymer•c re~1n Powdered 
activated carbon has been 
used in conjunct 10n "'' th 
biological processes 

Components 
Removed 

roc. BOD, COD. 

TOC, BOD, COD, 
as well as SOffil' 

ox1duable 
inorgan1cs 

TOC, BOD, COD, 
ox1dnable 
inorgan1cs 

All ox1d11able 
organics 

Large molecules 
(Ur), inter
medlatc size 
and ionuab 1 e 
molecules (RO}. 

Many organics 

Removal 
Efficiency 

50% r!'moval of 
TOC i:.yp1cal for 
ret01 t waters 
EffiC11?11Cy 
enhanced by 
add1tion of PAC 

90+% removal of 
BOD, COO, TOC 
is poss1ble 1n 
a system w1th a 
residence t1me 
of one hour or 
greater. 

90+% achievable 
depend lllQ upon 
cond1t1ons of 
operat1on 

Essent 1 ally 
100% in 
properly 
des1gned sy,tem, 

50-98% of 
separable 
components 

50% removal of 
lOt typ1cal for 
raw and 
pretreated 011 
shale 
wastewaters 

Feed 
Requirements/ 
Restnct1ons 

Relatively 
constant feed 
tE'mperature 
and po 11 utant 
loadings are 
reqUnPd to 
mimmize 
"shocks" to the 
system A1r or 
oxygen must be 
added to aerob1c 
systems. 
Supplemental 
nutr1ents may 
be requ1red 

Air or oxygen, 
heat lf 
autotherm1c 
reaction 
cond 1 ti ons are 
not present 

Oxidant 

feed should be 
concer~trated 
to reduce fuel 
reqUlred for 
water 
evaporat1on 

Filtration, 
pH adjustment, 
ren1ova 1 of 
foul ants. 

Adsorbent. 

By-products 
and Wastes 

Biosludge, C02 
in aerobic, 
CH4 in anaerobic 
process 

Vent gases con-
taining CO, 
C02 , light 
hydrocarbons, 
NH3 , sulfur 
species. 

Vent gases, 
wastewater and 
reaction 
products. 

Flue gases 

Concentrate 
stream, spent 
membranes 

Spent adsorbent 

Comments 

Lonq residence times 
(days} require large 
reactor vessels. A1r 
emiSSions during 
aeration may requira 
that the vessels be 
enclosed 

Prom1s1ng, but not 
proven in this appl1ca-
tion Fairly rigorous 
construction materials 
are requi rt>d 

Chlorine-based 
oxidants may cause 
problems w1th treated 
wastewater 

If HH3 or sulfur 
spec1es are present, 
NOx and S02 emissions 
may require control. 
Effective but 
expensive control 

long-term membrane 
fouling not yet studied. 

Probably more effective 
as a polishing rather 
than a bulk organics 
removal process 

( Cont 10ued) 



~: 
w' 

Control 
Technology 

Freezing 

Solvent Extraction 

Evaporation 
(Strippi~. Cooling 
Tower, Solar) 

Disposal and 
Conta i nm&llt 

Source: WPA. 

Operat1ng PrlllC!ple 

Cool1ng to form pure 1ce 
crystals Whlch are separated 
from the con(entrated brine 

Wastewater 1s Intimately 
mixed w1th a water-Jmmisclble 
organ1c solvent. Dissolved 
organics partlt1on occurs 
between water and organic 
solvent phase. 

Evaporate volatile components 
by applying heat via steam, 
solar energy, or exchange with 
the cooltng water return from 
the plant. Simultaneously 
concentrate the nonvolat1le 
compounds. 

Fixing of the contaminants on 
a substrate or d1sposal or 
containment with isolation 
from surroundings 

lABL[ 5.2-20 (cont 

Component' 
Remov<"d 

Ri'moval 
Etf1c1ency ______ , ______ ---

TOC, TOS 

Components 
soluble 1n 
organ1c solvent 
used 

TOC, TDS. 

TOC, lOS 

90+% poss1ble 

Found to be 
H1effect1 ve for 
011 shale 
wastewaters. 

Var1able, 
depending on 
the volatil1ty 
of the 
compounds 

Vanable, 
depend1ng upon 
the llll!thod used 
and surrounding 
factors. 

fePd 
Requn·~>ment•/ 
Restnct1ons 

By-products 
and Wa~tc~ Comm~>nls 

, _________ ---- -----------

Solvent, 
solvent regen
eratlon syste111 

Removal of 
volatile 
components 
preferred. 

Removal of 
volat1le 
components 
preferred. 

Concentrate 
stream, lee 

Recovered 
organics 

Overhead vapors 
and concentrate 
stream 

Volatile components 
are removed dlong Wlth 
the nonvolattles Not 
yet demonstrated 
coAunerci ally 

Will not be used unless 
su1table solvent is 
found 

D1rect steam str1pp1ng 
may remove azeotropic 
components Slow a1r 
and biological ox1dation 
are poss1ble w1th the 
cooling tower and solar 
evaporation 

The wastewater may 
be contained, or 
reinJected, underground. 
Contaminants may be 
chem1cally and physl
cally f1xed on the 
processed shale 



Biologica1 treatment. Biological processes may be aerobic, where organ
ics are oxidized to .earbon dioxide 'and water, or· anaerobic, where the 
organics are reduced to methane. Both·approaches produce sludge as a waste. 
Aerobic processes are faster and less susceptible to· toxicity problems than 
anaerobic processes, but oxygenation equipment is required. Bench-scale 
tests on retort waters have shown that minor changes in retort water composi
tion can result in a significant reduction in the performance of a well
acclimated system. In the presence of biorefractory (nonbiodegradable) 
organics, powdered-activated carbon may be added to the bioreactors to 
achieve acceptable reduction in organic content. Necessary pretreatment 
includes ·stripping, pH adjustment, and nutrient addition; control of specific 
toxic materials may be required as well (Adams and Eckenfelder, 1974; Hicks, 
et al., June 1979; Hicks and Wei, December 1980). 

Wet air oxidation (WAO). This is a procedure for the destruction of 
organic matter dissolved or suspended in water or wastewater by oxi di z
ing with air at high temperatures. The temperatures used are above the 
norma i boiling point of water, and the reaction is carried out under pres
sure to prevent boiling. The pressure 'iS usually 600 psig or above. The 
degree of oxidation achieved depends on the temperature and the material 
oxidized. 

The advantage of WAD is that the organics do not have to be biodegrad
able to be oxidized. In fact, WAO often produces biodegradable substances 
from refractory materia 1. For economic reasons, it is recommended that 
WAO syst.ems be designed to remove no more than 80% of the organics. The 
optimum effluent is one that has a COD/BOD ratio of un1ty, i.e., the cnemi
ca11y oxidizable material is also biologically oxidizable. Biological 
oxidation can be used as a post treatment (Water Purification Associates, 
December 1975; Wilhelmi and Knopp, August 1979). 

The WAO procedure is normally used for high strength wastes because 
costs scale with the volume of water to be treated. The energy needs for 
WAO often can be supplied by heat released in the process itself if the 
wastewater has a high concentration of reactive material. It is an expensive 
process and would be considered only for high strength wastes not amenable to 
other treatments, such as solvent extraction. 

Chemical oxidation. 1n this process, oxidation of the organics is 
caused by adding oxidizing agents to the wastewaters. The oxidants are 
usually comprised of ozone, peroxides, chlorine, chlorates, etc. These 
chemicals are nonselective; that is, they oxidize total organic carbon as 
well as some inorganics. The oxidation may be carried out at ambient 
temperature, which is an advantage. Formation of obnoxious wastes is likely 
with chlorinated oxidants. Explosion is also a possibility under uncon
trolled conditions. 

Thermal oxidation. The wastewater is evaporated and the dissolved 
organics are simultaneously combusted by directly firing burners that are 
submerged under the wastewater. Organic nitrogen and sulfur compounds 
will convert to NOx and 502 , which is a disadvantage. Additional waste 
gases may form if the fuel combustion is incomplete. Heat transfer within 
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the wastewater is efficient; however, due to the presence of a large amount 
of noncondensable combustion gases, waste heat recovery from the overhead 
vapors may not be practical. Energy requirements can be reduced by using a 
pracor.cen~rated wastewater. 

Reverse osmosis. In addition to removing inorganics, this proc8ss 
re~oves organics to a certain extent, particularly if the organics are 
icnized. Tests on in situ retort waters have shown that, at a high PH, abouL 
95% of t~e organics are removed. Modern polyamide thin film membranes are 
ava1lable for high pH operation, but additional data on membrane fouling 
char·actedstics with retort waters are r~quired. The concentrate stream 
produced requires treatment, possibly by WAO (Water Purification Associates, 
December 1975; Hicks and Liang. January 1981). 

Ultrafiltration. In addition to separation of oils and suspended 
particles, ultrafiltration will also separate large organic molecules 
(MWt ~ 1,000). It is unlikely that ultrafiltration will be incorporated into 
a treatment train for the removal of large organic molecules, as these are 
not a significant fraction of total organics in retort waters. However, 
ultrafiltration may be used for emulsified oil separation and, in that case, 
waul d serve as a useful pretreatment to RO (Water Purification As sod ates, 
Oecembe~" 1975). 

Carbon adsorption. This technology is used to remove organic materials 
from sewage and industrial water, as well as taste and odor from drinking 
water. It is usually- used in conjunction with biological treatment as a 
pretreatmert or polishing treatment (Cheremisinoff and Ellerbusch, 1978; 
Water Purification Associates, December 1975). Laboratory results from 
comoined carbon adsorption and biological treatment of modified in situ oi1 
shale retort water ind'icate that up to 85% removal of dissolved organics carJ 
be achieved compared to approximately 50% removal with biological treatment 
a!o~e (~ones, Sakaji and Daughton, August 1982). 

Activated carbon is produced by charring wood or coal at high tempera
tures. Charring temperature is the main factor determining the adsorption 
characteristics of granular or powdered-activated carbon. 

Carbon must be regenerated when it is exhausted. The regeneration is 
accomplished by passing the carbon through a furnace at high temperature, 
usua!1y around 800-1,000°C, with restricted oxidation to remove the adsorbed 
layer on the carbon. The quality of carbon after regeneration is slightly 
lower than the virgin carbon, and small quantities of virgin carbon must be 
addec to retain the required activity. 

Activated carbon has ion exchange groups and can be used to remove metal 
ions from water. It has been found that, under proper conditions of pH ana 
oxidation, some metal ions are adsorbed very strongly. 

Regeneration costs a-re a signi fi~cant part of overa 11 treatment costs, 
making the process uneconomical for high strength wastes, for which frequent 
regeneration is required. Regeneration also is not attractive for small 
units. Energy ~costs ·for running an activated carbon wastewater treatment 



plant are small. not considering regeneration, and are proportional to the 
pressure drop across the activated,_ c:arb.on contacto.r.- Fouling in carbon 
adsorption units is reduced if the influent stream is adequately pretreated. 

Resin adsorption. Resin adsorption is a physical process for removal 
of organic materials. Normally, it is considered as a polishing step. after 
bulk organic removal in upstream wastewater treatment steps, but may be used 
on waters having higher loadings than would be used for carbon. Also, it is 
useful for removal of specific toxic materials and phenol. 

The polymer (resin) surface can be made hydrophobic or hydrophi 1 ic. 
Activated groups can be introduced to increase selectivity. Regeneration can 
be accomplished by washing with methanol, weak acid or weak base. Steam can 
be used to vaporize adsorbed materials. 

Adsorption on processed shale. This method has been proposed for 
organics control in retort waters at oil shale plants. In studies at 
Lawrence Berkeley Laboratory, processed shale from the Lurgi, Paraho, 
TOSCO II, and three simulated in situ processes were contacted with four 
separate simulated in situ retort waters in batch and continuous (column) 
systems (Fox, Jackson and Sakaji, 1980). These studies indicated that the 
processed shale reduces the inorganic carbon by 50-98%, the organic carbon by 
7-73%, and elevates the pH from initial levels of 8-9 to a final level of 
10-11. An advantage of the process is that the increase in pH would faci 1 i
tate downstream ammonia stripping and would reduce the loading on downstream 
organic removal steps. 

Freezing. As previously discussed, freezing also removes dissolved 
organics. One advantage .of freezing over eyaporat ion processes is that 
volatile organics are removed as welL This process has yet to be applied 
commercially (Barduhn. September 1967; Water ~urification Associates, 
December 1975). 

Solvent extraction. When wastewater is contacted with a sparingly 
soluble immiscible organic solvent, the dissolved organic contaminants 
partition themselves between the aqueous and organic phases according to 
their relative sol"ubility in each. The organic phase is separated and the 
dissolved contaminants removed in a distillation step. Alternatively, 
the sol vent and dissolved organics may be incinerated. Solvent extraction 
is most e·conomical for high strength wastes because costs scale with the 
volume of water to be treated and are relatively independent of the amount 
of substances removed. Unfortunately, effective solvents for the wide range 
of organics present in retort water have not been found, and it appears 
unlikely that solvent extraction ~1il1 be useful in retort water treatment 
(Hicks, et al., June 1979). 

Stripping. Volatile organics are removed along with ammonia and the 
acid gases in a stripping column or other thermal evaporative process. The 
amount of organics removed depends essentially on their volatility relative 
to water. Organics in retort water are relatively nonvolatile and indications 
are that less than 20% will be removed in a column stripping 99% of the 
ammonia. Organics in gas· condensates, such as the TOSCO II foul water, are 
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significantly more volatile, and bench-scale tests have shown that up to 85% 
of the organics are removed along with the ammonia. The volatile organics 
may then be incinerated, along with the other stripped gases, or may be ad
sorbed from the gas stream prior to ammonia recovery (Hicks and Liang, 
Ja:"l·Jary 1981). 

Cooling tower. The cooling tower may be regarded as a water treatment 
system. As such, its main function is to concentrate the dissolved salts, 
w>1ich may then be removed at lower cost in a sidestream or blowdown 'treat
ment s~age. When using process wastewaters as cooling tower makeup, upstream 
ramoval of ammonia and organics need not be as efficient (and therefore as 
expensive) as when the wastewater is discharged. It has been demonstrated 
that refinery phenolic wastewaters can be used in a cooling tower and that 
bia-oxidation of phenol will occur with very high efficiencies (Hart, 
Jur:e 11, 1973). The conditions necessary for successful bio-oxidation are 
low sulfide (be1ow 2 ppm) and small variations in pH (between 7.8 to 8.3). 
Chlorination is used to prevent biological growth. Corrosion of steel has 
been low. Ammonia will not concentrate in a cooling tower, but it will 
vapo~ize witr :he water. 

Solar evaporation. Solar radiation incident upon the surfacs cf an 
ope11 evaporation pond is used as the energy source. Large, 1 i ned, sha 11 ow 
ponds are feasible for this application. The rate of evaporation depends 
on humidity, wind velocity and solar energy absorbed. Dyes may be added 
to the wastewater to increase the energy absorption, with a consequent in
crease in the rate of evaporation. Land is a major cost, and problems 
re 1 ated tc final disposition· of the concentrated wastes may arise. Bio
logical and slow air oxidation of the organics may occur. Volatile and 
odoriferous components must be removed from the wastewater prior , to its 
evaocr-a-;:;ion. 

Disposal and containment. Wastewater can be "controlled" with a minimum 
of treatment by some disposal or containment options. These options include 
processed shale wetting as part of the disposal procedure. The water and 
cor.tami nants are either 11 cemented11 or adsorbed into the processed shale. 
Provisio11 of an impermeable lining under the shale pile can prevent water 
from percolating through to the ground if the shale does not cement. Water 
used for processed shale wetting should not contain any vo1atiles. Since 
water used for revegetation and leaching of processed shale piles will con
tribute to runoff, it may have to be of considerably higher quality than that 
used for moistening. 

Wastewater may be injected underground (deep well injection), as in 
disposal of some oil well brine wastes (Mercer, Campbell and Wakayima, 
May 1979). However, costs for underground injection may be significant 
because deep wells are required to prevent cantamination of upper level 
aquifers. Legal and environmental problems assaciated with underground 
~njection have not 9een clarified. Reinjection of mine drainage waters may 
be a possibility for disposal of this stream when excesses exist. Geologic 
ard hydrologic effects may require evaluation. 
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Control Technolggies Analyzed--

The primary stream .which may require control of dissolved organics is: 

• Excess Mine Water (stream 75). 

Aeration of the excess mine water by bubbling air through it was ex
amined as a dissolved organics control technology. Aeration serves many pur
poses; for example, it provides oxygen for biolog·ica1 activity in the water, 
carries out oxidation of chemically oxidizable organics, oxidizes some 
i norgani cs and removes odorous compounds. Two examp 1 es, reflecting s 1 i ght 
changes in the water distribution in the plant, were analyzed to obtain the 
cost and design information for the treatment, as presented in Table 5.2-21. 
A cost curve for the aeration pond is shown in Figure 5.2-20. 

TABLE 5.2-21. DESIGN AND COST OF AERATION POND 

Item 

Excess Mine Water Rate 

Retention Time 

Pond Depth 

Surface Area 

Capacity of Aerator 

Fixed Capital Cost 
Land preparation 
Aerators 

TOTAL 

Direct Annual Operating Cost 

Maintenance @ 4%b 
Labor, 10 hr/day @ $30/hr 
Electricity @ 3¢/kW-hr 

TOTAL 

Total Annual Control Coste 

Unit 

gpm 

day 

ft 

103 ft2 

fV/min. of air 

$103 

Example I 

8,330 

1 

10 

160 

7,950 

224 
206 

430 

14 
99 
40 

153 

262 

Example IIa 

8,149 

1 

1C 

157 

7,34() 

1'::'0 

410 

14 
99 
37 

150 

a In Example II, more of the mine water is 1.sed for processed shale mo-stur
izing; therefore, a lower amount is available for treatmen~ and disposal 

b Maintenance is based on the fixed capital cost less contingency. 

c See Section 6 for details on computation of the total annual control cost. 
No cost is given for Example II as it is not part of the case study. 

Source: WPA estimates. 
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Other Control Technologies Analyzed-~ 

Reinjection of the excess mine water back into the aquifers was analyzed 
as a viab1e alternative to surface discharge. This approach has been men
tioned for Tract C-a in the event that excess mine water remained after the 
process needs (Gulf Oil Corp. and Standard Oil Co. [Indiana), March 1976). A 
combined dewatering rate of 16,500 gpm was calculated from the published data 
for the two aquifers under the tract, and approximately 8,300 gpm of the mine 
water were esti·mated to remain after fulfilling the process requirements. 
This value was used in determining the essential criteria for reinjection. 

The reinjection option has an interesting feature built in: that is, 
reinjection of the excess mine water back into the aquifers will increase the 
flow at the dewatering wells. Even more water will now be available for 
reinjection which, in turn, will again increase the dewatering rate. The 
extent of the flow increase is dependent upon the reinjection distance from 
the pit--the farther the reinjection point, the smaller the influence on 
dewatering. The increases in dewatering rates at equilibrium, as a function 
of the distance from the pit center, have been determined by an iterative 
process for the two aquifers and are presented in Figures 5.2-21 and 5.2-22. 
Figure 5.2-23 represents reinjection pressure as a function of distance. A 
distance of 50,000 feet from the pit center was finally selected for the 
reinjection into the upper aquifer after taking into consideration the 
pressures, flow increases, etc., involved. At equilibrium, approximately 
15,000 gpm of the excess mine water will need to be reinjected, causing a 
flow-back of 7,000 gpm at the dewatering wells, for a total dewatering rate 
of 23,500 gpm. The design and· cost details for the reinje~tion system are 
given in Table 5.2-22, and a cost curve is shown in Figure 5.2-24. 

If the use of wastewaters with high organics loading is not acceptable 
for processed shale moisturizing or reuse in the plant, additional organics 
removal efficiency can be achieved by several technologies, such as reverse 
osmosis and carbon adsorption. These technologies have not been proposed for 
the lurgi-Open Pit plant, but they have been analyzed based on their poten
tial for application in oil shale wastewater treatment. 

Reverse osmosis affords simultaneous removal of the dissolved inorganics 
and organics. This technology has already been discussed under Dissolved 
Inorganics control. Under optimum conditions, high removal of dissolved 
compounds is obtainable with RO, but the permeate from RO may still contain 
some low molecular weight organic compounds. This stream can be subjected to 
organics polishing by adsorption on activated carbon. With this technology, 
the wastewater is allowed to pass through a bed of activated carbon on which 
the dissolved organics are adsorbed and a cleaner water emerges. The spent 
carbon is regenerated periodically by steam or hot gas stripping, and the 
desorbed material is incinerated before it is vented to the atmosphere. If 
the bulk organics and inorganics have been removed previously (e.g., by RO 
treatment), the carbon adsorption treated water can be used for high quality 
water needs (e.g .• as a makeup to the cooling tower). Figure 5.2-25 shows 
the process flow diagram for carbon adsorption (a flow scheme for the 
technology, when applied to the gas liquor, was already presented in 
Figure 5.2-17). Table 5.2-23 indicates the composition of the treated water, 
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TABLE 5.2-22. DESIGN AND COST Of REINJECTION SYSTEM 

Item 

Excess Mi~e Water Flow Rate 

Pipeline Pumps 
Flow rate {each) 
Capacity (each) 
Discharge pressure 
Motor (diesel driven) 

Carbon Steel Pipe 
Length 
Diameter 
Design pressure 

Insulated Carbon Steel Pipe 
Length 
Diameter 
Design pressure 

Reinjectio~ Pumps 
Flow rate (each) 
Capacity (each) 
Discharge pressure 
Motor (diesel driven) 

Reinjection Wells 
Carbon steel casing diameter 
Depth 
Design pressure 

Valves 
Diameter 

Valves 
Diameter 

Diesel Storage Tank 
Capacity 

Fixed Capital Cost 
Pipeline pumps 
Pipe (3011

) 

Pipe (1011
) 

Reinjection pumps 
Reinjection ~ells 
Valves (30 11

) 

Valves (1011
) 

Diesel tank 

TOTAl. 

Direct Annual Operating Cost 
Maintenance 
Utilities 

TOTAL 

Source: SWEC estimates. 
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Unit 

gpm 

gpm 
gpm 

psig 
HP 

ft 
in 

psig 

ft 
in 

psig 

gpm 
gpm 

psig 
HP 

in 
ft 

psig 

in 

in 

gal 

$103 

Quantity 

15,330 

3 
5,100 
7,500 

150 
1,000 

50,000 
30 

200 

5,000 
10 

1,500 

30 
510 
750 

1,200 
750 

10 
10 

450 
1,500 

5 
30 

60 
10 

50,000 

160 
15,620 

655 
5,853 

685 
79 

308 
49 

23,409 

123 
2,898 

3,021 
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Table 5. 2-24 gives the design specifications and cost information for the 
carbon adsorption technology, and Figure 5.2-26 presents a cost curve for the 
t.echno~ogy. 

TABLE 5.2-23. MATERIAL BALANCE AROUND CARBON ADSORPTION UNIT 

Before Treatment 
Component Mass % 

NH3 0.0021 

(NH4hS03 0.15 

Organics (TOC) 0.06 

H20 99.79 

TOTAL 100.00 

Source: WPA estimates. 

5.2.5 Water Requirements 

Steam Production--

lb7hr (gpm) 

6 

429 

170 

281!049 (562) 

281,654 

After Treatment. 
Mass% lb/hr (gpm) 

0.0021 6 

0.15 429 

0.03 85 

99.82 281,049 (562) 

100.00 281,569 

Approximately 1 million lb/hr of 550 psig steam are produced by waste 
neat recovery in the Lurgi retorting system. The steam is of high quality 
because only clarified mine water is used. A small portion of the high 
pressure steam is reduced to 60 psig by driving the retort gas compressor 
turbines. The low pressure steam thus generated is circulated to various 
areas of the plant to meet other requirements. This low pressure steam 
coPdenses upon use and is returned to the boilers without treatment. Since a 
large portion of the high pressure steam is not used, it is available for 
power generation. 

Table 5.2-25 presents the steam balance for the plant; as indicated, 
approximately 866,000 lb/hr, or over 80%, of the total steam is available as 
a net product. This amount is equivalent to 120 MW of electricity. The 
power requirement for the lift pipe air compressor is estimated to be about 
150 MW; thus, the excess steam can satisfy about 80% of this requirement. 

A 0. 5% 1 oss factor and 1% b 1 owdown is assumed for the tota 1 steam 
produced. This loss is made up with additional clarified water. Both the 
feedwater and the makeup water undergo boiler feedwater treatment by zeolite 
s-oftening anti demineralization. Estimated water quality parameters for the 
boiler feedwater are indicated in Table 5.2-26. 
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TABLE 5.2-24. DESIGN AND COST OF ACTIVATED CARBON ADSORPTION 
FOR PROCESS ~ATERS 

Item Unit 

Stripped Gas Liquor Flow Rate 

Organic Loading 

Organics Removed 

Carbon Capacity 

No. of Beds (1 standby) 

Bed Diameter 

Bed Depth 

Carbon Volume/Bed 

Carbon Regeneration 

Regeneration Period 

Carbon Loss in Regeneration (5%) 

Furnace Area 

Fuel 

Steam 

Fixed Capital Cost 

Direct Annual Operating Cost 

Maintenance @ 4%* 
Labor, 12 hr/day @ $30/hr 
Regeneration and carbon replacement 

TOTAL 

gpl'n 

mg COD/1 

lb COD/hr 

lb COD/lb C 

ft 

ft 

lb/day 

days 

lb/day 

ft2 

Btu/lb C 

Btu/lb C 

$103 

$103 

Quantity 

562 

1,600 

800 

0.6 

2 

12 

6.5 

3,350 

18,000 

1 

900 

180 

3,000 

1,450 

2,500 

81 
118 
882 

1,081 

* Maintenance is based on the fixed capital cost less contingency. 

Source: WPA estimates based on information from Cheremisinoff and 
Ellerbusch, 1978. 
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TABLE 5.2-25. STEAM PRODUCTION, USES AND BOILER FEEDWATER NEEDS 

Parameter 

Steam Production 

Waste Heat Boiler 

Steam Uses 

Ammonia Rec~very 
Stretford Gas Treatment 
Naphtha Recovery 
DEA Treatment 
Net for Power Generation 

TOTAL 

Net Steam Circulated 

Feedwater Makeup Requirements 

Losses (0.5% of circulated) 
Blowdown 
Softener Regeneration Waste 

TOTAL FEEDWATER MAKEUP 

Source: WPA estimates. 

Unit 

103 lb/hr 

103 lb/hr 

gpm 

gpm 

Quantity 

1,060 

53 
1 

10 
130 
866 

1,060 

2,120 

11 
21 
11 

43 

TABLE 5.2-26. WATER QUALITY PARAMETERS FOR BOILER FEEDWATER 

Low Pressure High Pressure 
Parameter 0-300 psi 600-750 psi 

TDS, mg/1 2,300* 1,300* 

Total Alkalinity, mg/1 CaC03 470* 270* 

Total Hardness, mg/1 CaC03 0.3 0.2 

Iron, mg/1 Fe 0.1 0.025 

Copper, mg/1 Cu 0.05 0.02 

Silica, mg/1 Si02 100* 20* 

Specific Conductance, !Jmhos/cm 4,700* 2,700* 

* For a boiler concentration factor of 1.5. 

Source: WPA estimates based on data from Krisher, August 28, 1978. 
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Cooling Water--

Typica1 cooling water requirements for the Lul"gi-Open Pit plant are 
summarized in Table 5.2-27. Treated mine water could be used as the makeup 
to the cooling tower. The water quality parameters for the cooling water are 
indicated in Table 5.2-28. The cycles of concentration are kept low; the 
relatively large amount of blowdown is used, after equalization with other 
streams, for processed · sha 1 e quenching and moistening. Sulfuric acid is 
added to the makeup water to control carbonate scaling. 

TABLE 5.2-27. PLANT COOLING WATER REQUIREMENTS 

Water Use 

Evaporation 

Second and Third Condensation Towers 
Naphtha Recovery 
Gas Compression 
Amine Absorber 
Stretford Gas Treatment 
Ammonia Recovery 
Steam Condensing, Plant Drives 

TOTAL EVAPORATION 
Cooling Tower Drift 

(1% of evaporation) 

Blowdowr 

TOT~l COOLING TOWER MAKEUP 
Cycles of Concentration 

Sourca: WPA estimates. 

Processed Shale Moistenin_g--

Unit 

gpm 

gpm 

gpm 

Quantity 

325 
5 
8 

66 
2 

27 
450 

883 

9 

1,784 

2,676 

1.5 

The hot processed shale leaving the Lurgi retorting area must be cooled 
and moistened with water in the processed shale moisturizing mixer before 
being sent to the disposal area. The hot shale is first quenched, resulting 
in evaporation of approximately 1.984 gpm of water. The steam generated from 
the quenching operation is combined with the Lurgi flue gas before entering 
the e~ectrostatic precipitator. The quenched shale is then moisturized to a 
firai moisture content of approximately 19% to facilitate compaction and 
stabi1izatio11. The optimum moisture content and the extent to which the 
wastewaters should be treated have not yet been determined. The blowdowns 
from the cooling tower, boilers. and clarifiers could be used for quenching 
and moistening. These water streams should not contain volatile material 
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TABLE 5.2-28. WATER QUALITY PARAMETERS FOR COOLING TOWER RECIRCULATIONa 

Parameter 

Langelier Saturation Indexb 

Ryznar Stability Index 

pH 

Calcium, mg/1 as CaC03 

Total Iron, mg/1 

Manganese, mg/1 

Copper, mg/1 

Aluminum, mg/1 

Sulfide, mg/1 

Silica, mg/1 

(Ca)·(S04 ), product 

TDS, mg/1 

Conductivity, micromhos/cm3 

Suspended Solids, mg/1 

TOC mg/1 

NH3 mg/1 

ct( mg/1 

Limits 
Minimum Maximum 

+0.5 

+6.5 

6.0 

20-50 

+1.5 

+7.5 

8.0 

300 
400 

0.5 

0.5 

0.08 

1 

5 

150 
100 

500,000 

2,500 

4,000 

100-150 

600 

100 

5 

Remarks 

Noflchromate treatment 

Nonchromate treatment 

Nonchromate treatment 
Chromate treatment 

For pH< 7.5 
For pH > 7.5 

Both calcium and 
sulfate expressed 
as mg/1 CaC0 3 

a Concentration in makeup obtained by dividing values above by cycles of 
concentration. 

b The limits for t..he Langelier Saturation Index (an indication of CaC03 
saturation) presume the presence of precipitation inhibitors in nonchromate 
treatment programs. In the absence of such additives, the limits would be 
reduced to 0 and 0.5. 

Source: WPA estimates based on data from Hart, June 11, 1973. 
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which would be released upon contact with the hot shale. Table 5. 2-29 
indicates the water flow rates (gpm) for quenching and moisturizing. 

TABLE 5.2-29. WATER REQUIREMENTS FOR PROCESSED SHALE 
DISPOSAL AND OUST CONTROL 

Water Required Shale Rate 
Wate:-- Use Mass % of Shale 103 lb/hr 

p~ocessed Shale D1sposal 

Quenching 12.5 7,913* 
Moistening 23.0 7,913 
Processed Shale Oust Control 2.9 7,913 
Revegetation 4.1 7,913 

Raw Shale Dust Control 

At Mine 3.2 9,916 
Crushing 1.4 9~916 

At Plant 1.0 9,916 

* Dry processed shale rate. 

So~rce: WPA estimates. 

Processed Shale Disposal--

Water Rate 
gpm 

1,984 
3,640 

459 

6LL9 

634 

285 

190 

At the disposal area, water is needed for dust suppression and for 
revegetation. Table 5.2-29 also includes the water requirements for these 
needs. The water required for dust control is 2. 9 mass percent of the dry 
processed shale rate, and the requirement for revegetation is 4.1 mass 
percent. Any water used in revegetation at the disposal area shouid be of a 
quality acceptable for agricultural use. 

Oust Control--

The water requirements for m1nH:!Q, crushing. and fugitive dust control 
are also summarized in Table 5.2-29. These requirements are given as f1ow 
rates (gpm), as well as mass percents of the raw shale rate. The mass 
percei1tS are 3.2%, 1.4%. and 1.0% for mining, crushing, and fugitive dust 
control, respectively. 
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Water used in confined m1mng operations should be low in volatile or 
toxic materials because mining: personnel· will be directly exposed to it. 
Also, the water should contain low amounts of suspended and dissolved. s..aJids" 
to reduce clogging and scaling in spray nozzles. The water used in m-ining) 
crushing, and fugitive dust control operations cannot be recovered. 

Miscellaneous Regui~ements--

These include potable and sanitary needs, as well as se-rvice and fire 
water requirements. Table 5.2-30 summarizes these water requirements in 
terms of. makeup. discharge and overall water consumption. Any treatment 
necessary for these waters is standard practice and not a pollution control 
activity and, therefore, is not discussed in depth. 

TABLE 5.2-30. POTABLE AND SERVICE WATER REQUIREMENTS 

Usage Consumption Employees Makeup Discharge 
Water Use gal/Man-Shift % No. gpm gpm 

Sanitar~/Potable 

At Plant 33 28 950 16 10 

At Mine 33 28 580 10 8 

Service/Fire Water 

At Plant 66 33 950 29 19 

At Mine 50 100 580 14 

Source: WPA estimates. 

5.3 SOLID WASTE MANAGEMENT 

The Lurgi-Open Pit processing facility will be a source of large quan
tities of plant wastes which will require disposal. Table 5.3-1 indicates 
the makeup of the waste material that will be discarded from the plant over a 
period of 20 years (project life). Sections 3 and 4 give information about 
the origin and composition of these streams. 

The waste materia 1 di sposa 1 approach and the practices used in the 
di sposa 1 can have a 1 ong-1 ast i ng impact on the atmosphere and hydro 1 ogy of 
the area as well as on the local aesthetics and habitat. The primary areas 
of environmental concern in this regard are: 
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TABLE 5.3-1. MAJOR WASTES PRODUCED OVER A PERIOD OF 20 YEARS 

Material Quantity 
Stream Quantity, as a Percent of 
Number Stream Description 106 tons Total Waste Quanti~y 

2 Sub ore 78.21 5.62 

3 Ove""burden 408.00 29.32 

28 Slowdown from Waste Heat Boiler 0.83 0.06 

29 Processed Shale 623.86 44.84 

59 Spent Amil'le N.D.* N.D. 
70 Stripped Gas Liquor 22.05 1.58 

88 Humidified Air Cooler Slowdown 26.06 1.87 

90 Water for Dust Palliatives 61.81 4.44 

91 Processed Shale Revegetation Water 25.58 1.84 

92 Raw $hale Leachate N.D. N.D. 
93 Storm Runoff 5.91 0.42 

95 Service and Fire Water 0.75 0.05 

96 Mine Water Clarifier Sludge 6:50 0.47 

102 Treated Sanitary Water 0.71 0.05 

:03 Sanitary Water Treatment Sludge N.D. N.D. 
104 Boiler Feedwater Treatment 0.43 0.03 

Concentrate 

l05 Cooling Tower Slowdown 44.27 3.18 

109 Clarified Mine Water to Processed 86.41 6.21 
Shale Moistening 

111 Aerated Pond Sludge N.D. N.D. 

TOTAL 1,391.38 99.98 

* N.D. = Not determined. 

Source: DRI estimates based on information from Gulf Oil Corp. and Standard 
Oi1 Co. (Indiana); March 1976, and Rio Blanco Oil Shale Co .• 
February 1981. 
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• Surface Hydrology 

• Subsurface Hydrology 

• Surface Stabilization 

• Hazardous Wastes. 

This section briefly describes the disposal approaches that may be 
applicable to the wastes produced from an aboveground retorting facility 
(e.g., Lurgi-Open Pit) involving surface mining of the oil shale. In addi
tion, a discussion of control technologies available to mitigate the poten
tial impacts in the areas mentioned above is presented. The applicability 
of these technologies should be determined on a site-specific, case-by-case 
basis. Specific information for the facilities involving underground mining 
and aboveground retorting can be found in the TOSCO II PCTM, while specific 
information for the combined Modified In Situ-aboveground retorting opera
tions can be found in the MIS-Lurgi PCTM. 

5.3.1 Disposal Approaches 

The following discussion applies to the basic methods for handling solid 
wastes produced by the Lurgi-Open Pit processes. Generally, the mining 
method, geography and hydrology of the area~ and the waste characteristics 
influence the applicability of a disposal approach. The key features of each 
approach are summarized in Table 5.3-2. A discussion of the contro1 tech
nologies applicable to these disposal alternatives is presented later in 
this section. 

landfills--

A landfill basically entails placing the waste material as a compacted 
fill in a suitable location. The wastes from the processing facility are 
transported to the disposal site by conveyors or trucks and then hauled to 
the active portion of the landfill. Usually, the solids are laid down in 
lifts of 9-18 inches and compacted to a suitable in-place density. The 
compacted fill may be built with a proper slope to a vertical height of 
40-50 feet and then flattened, or benched, to provide a passageway for the 
disposal equipment and to facilitate runoff collection. The overall landfill 
can be constructed gradually in this fashion, using a multiple-bench arrange
ment. 

Depending upon the geography of the disposal site, the landfill may be 
built on a level or nearly level surface, in the head of a valley, or across 
a valley. The applicable control technologies will vary somewhat with site 
topography but still will be designed to ~rotect the surface and subsurface 
waters. Applicable control technologies include runon and runoff catchment 
ponds, embankments and diversion systems, liners and covers, and revegeta
tion. Provision for structural stability of the fill is also a major con
sideration. 

A surface landfill 
oil shaie developments. 

of some type wi 11 need to be included in most 
This results from the shale undergoing a volume 
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Disposal 
Approach 

landfills 

N · Open Pit 
!j · Backfill 

Hazardous Waste 
Lagoon 

Source: SWEC. 

TABLE 5.3-2. KEY FEATURES OF SOLID WASTE DISPOSAl APPROACHES 

Principle 

Place wastes as fill in 
a convenient surface 
location and isolate 
from the surrounding. 
environment. 

Place wastes as fill in 
the inactive parts of 
the pit. 

Place hazardous wastes 
in a lined pond and 
isolate them. 

Advantages 

Relatively simple placement 
and isolation of wastes. 
Does not_interfere with 
production. 

Decreases size of necessary 
surfate landfill. Restores 
original contours. 

The oil shale developer 
can maintain absolute 
control over the waste 
disposition. 

Disadvantages 

Dust and erosion control and 
reclamation/revegetation are 
relatively labor-intensive 
operations. Occupies a 
significant amount of land 
surface. 

Difficult to isolate the 
wastes from the surrounding 
environment. Placement is 
relatively difficult, complex, 
and interferes with produc
tion. 

Design, construction, and 
reclamation may be complex. 
Requires a relatively level 
site. 



exoansion upon m1n1ng, crushing, and processing, which precludes all of the 
shale being· returne-d tQ .the mine~ · -· . · " 

Open Pit Backfill~-

In many respects, the procedures and te.chnalogies used in open pit 
backfilling ·wot~id be similar to those used in surface landfills. That 
is, the wastes would be transported to the pit, compacted, and built up 
to the desired elevation. Stable slopes must be maintained during the 
simultaneous production and disposal activities and during reclamation, 
unless the final contour is level with the ground surface. 

Runon and runoff collection systems may be necessary to keep the fill 
and production areas as dry as possible. Permanent groundwater and leachate 
collection systems may be impractical because the collected water would need 
to be pumped to the surface and treated for discharge long after the project 
is s~ut down. Use of bottom and side 1iners may be a consideration to reduce 
the interaction between any leachate produced and groundwater. Placing the 
wastes in layers to restore the geologic and hYdrologic system may also be a 
consideration. 

The pit may be filled below, level with, or above the surrounding ground 
surface depending upon the quantity of the waste material, site-specific 
conditions, development plans for the future and permit requirements. A 
major advantage of backfilling the open pit is that the original contour of 
the land surface can be more closely restored. Space requirements for the 
production and disposal activities may be a limiting factor for backfi11ing 
small pits. 

Hazardous Waste lagoon--

A hazardous waste lagoon would be a permitted facility either on the 
project site or off site. It would likely consist of a lined pond designed 
to be suitable for the containment of hazardous wastes. The major consider
ations in the design of such a pond would include a runon diversion system, 
an embankment, one or two impervious bottom 1 iners with a drained sand 
layer below or between them, a slurry wall beneath the embankment, a surface 
seal layer, and provistons for reclamation and revegetation (U.S. EPA, 
September 1980). 

Once the lagoon is filled to its capacity, wick drains could be in
stalled to faci 1 itate evaporation, allowing quicker consolidation of the 
sludge. Gravel could also be added to aid consolidation. An impermeable 
surface seal may then be added on top and joined with the bottom liner to 
isolate the wastes from the surrounding environment. The final aspects would 
include placing subsoil and topsoil over the seal, followed by revegetation 
of the surface. 

5.3.2 Surface Hydrology Control Technologies 

Solid waste management practices in the area of surface hydrology en
tai 1 the handling of surface waters on and around the disposal facility. 
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Specifically, surface streams and precipitation are prevented from running 
onto the waste pile and contaminated waters (runoff, leachate) are kept from 
mixi~g with the natural waters. 

The technologies discussed below are those that are 
surface landfill, and they are summarized in Figure 5.3-1. 
of ~he technologies are highlighted in Table 5.3-3 and 
description with cost data is presented in the text. 

Runon Diversion S~stem--

applicable to a 
The key features 
a more deta i1 ed 

A runon diversion system will generally be needed with any surface 
1 and fill to prevent surface water from flowing onto the waste materia 1 and 
becoming contaminated or causing erosion. The system may include ditches, 
1 i ned channe 1 s, conduits, and embankments arranged to direct the flow of 
surface water around or away from the waste material, and energy dissipa~ors 
tc mode~ate the impact of the flow. 

The complexity and extent of the system will vary widely based on the 
amount of water to be diverted and the arrangement of the site. For a fi11 
on a relatively level site, runon diversion may require only a system of 
channe 1 s and sma 11 embankments to deflect surface flow away from the 1 and
fi 11. In the case of a head-of-valley fill or a cross-valley fi1l, runon 
diversion might include an embankment dam to retain peak flows from the 
design storm until they can be passed through a conduit beneath or around 
the fill. Alternatively, the system may consist of a conduit or channel 
'large enough to pass the design flow without an embankment (without reten
tion). 

The design of a runon diversion system will be influenced by: tne size 
of the drainage area and topography which affect the runon rates, retentions, 
and embankment material quantities; the size, length, and complexity of 
controlled release structures and channeling systems; and the need for and 
extent of energy dissipaters and/or drop structures. For example, the runon 
from a site with a large drainage area in a gently sloping topography could 
be diverted quite efficiently by an unlined canal or channel; another site 
with small runoff rates, but highly erodible steep topography, may necessi
tate cost-intensive lined channels, flumes or conduits, as well as drop 
structures or energy dissipaters. 

Runoff Collection System--

A runoff collection system usually consists of a system of channels, 
ditches, and conduits arranged to prevent the surface water that has con
tacted the waste material from leaving the site. Another purpose of this 
system is to drain the surface water from the wastes to limit the erosion and 
infiltration potentiaL Collected water may also be used to meet process 
needs. 

The basic elements of this system are backsloped benches on the face 
of t:he 1 andfi 11 and a means of collecting the water from the fi 11 surface. 
Genera"!ly, ha1f-round pipes, impervious membranes, or highly compacted soil 
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TABU. 5. 3··3. KEY FEATURES OF SURFACE HYDROLOGY CONTROl TECHNOLOGIES 

Principle 

Uses channels and embank
ments to prevent surface 
water from contacting 
the waste material. 

Embankment dam holds 
peak flows for controlled 
release, evaporation, or 
percolation into the 
ground. 

Channel OF conduit is 
sized"to convey peak flow 
with no retention of 
water. 

Drained benches collect 
and remove precipitation 
falling on the disposal 
site. 

Lined ponds are used to 
retain leachate and 
runoff. 

Purpose 

Reduces erosion and 
i11credses site stability. 
Reduces the amoupt of water 
contacting the waste 
material, thereby reducing 
the pot~ntial for surface 
water pollution. 

Reduces erosion of fill and 
infiltration into fill. 
Collects water for reuse or 
discharge. 

Prevents release of contami
nated waters. 

Comments 

Reduces the amount of water 
contaminated, thereby reducing 
treatment costs. 

Requirements for the channel 
or conduit are greatly 
reduced. Provides flexibility 
in the use of the collected 
water. 

Eliminates the need for runon 
retention structures and 
associated maintenance. More 
expensive than using an 
embankment for retention and 
controlled discharge of the 
peak flow. 

Decreases erosion and 
infiltration. Requires main
tenance. 

Collects water for reuse, 
treatment and discharge. 



or wastes are used to line ditches which co)_lect the runoff from the bench 
and the segment of the landfill s.lope ·aoove it, as shown. in Fig.ures 5.3-2 
and 5.3-3. The ditches empty into central ~onduits leadtng to a ·containment/ 
evaporation pond at the toe of the landfill.- On'largerpiles or in areas 
with extensive rainfalls, small embankments on the crest of the landfill or 
on the benches might be used to retain the runoff and thus limit the peak 
flows into tne rest of the drainage system. 

A problem with limiting the peak flows using embankments on the waste 
pile is that the water ponded on the 1 andfi 11 wi 11 have a greater tendency 
to infiltrate the waste material. This increased infiltration could have a 
detrimental effect on the stability of the slope and will somewhat increase 
~he amount of water which must be handled by the leachate collection system 
(discussed under subsurface hydrology). 

The costs for a variety of runoff collection system designs for surface 
landfills were estimated and these are plotted in Figure 5. 3-4. Example 1 
used shaped benches with unlined ditches for lateral conveyance and concrete 
weir collectors and corrugated metal pipe with energy dissipaters for 
vertical conveyance. It also incorporated some temporary retention of runoff 
on the waste pile surface, which reduced the necessary capacity and cost of 
the vert i ca 1 conveyance portion of the system. Example 2 used sp 1 it cor
rugated metal pipe to line the collection ditches to facilitate lateral 
conveyance, and concrete weir co 11 ectors and corrugated metal pipe with 
energy dissipators for vertical conveyance. Example 3 used the lined ditches 
for lateral conveyance, w1th a concrete flume and a stilling basin for 
vertical conveyance. 

The cost data, as can be seen in the plot, are highly dependent on the 
particular design, and no single cost curve relationship can be drawn through 
the data points. Example 1, which assumes a more modest design! defines the 
lower boundary of the cost envelope, and Example 3 defines the high end of 
the cost envelope. 

The design of the runoff collection system for open pit backfills 
would differ from that for surface 1 andfi 11 s because the runoff has to be 
pumped to the surface for its disposition. Hence, a system for an open pit 
project might consist of a series of collection sumps located at the junction 
of the pit wa 11 and 1 andfill, from which the co 11 ected water is pumped to 
the surface and probably used for processed shale moistening. Both the 
sumps and pumps require only operating expenditures, as any associated 
capital expenditure is considered to be a part of the mining plan. The total 
annual operating costs for the sumps and pumps for an open pit mine, as 
described in Sections 2, 3 and 4, were estimated to be $63,000 and $16,000, 
respectively, while the total annual control costs were estimated to be 
$64,000 (0.3 cents/bbl of oil) and $16,000 (0.1 cents/bbl of oil). The 
details of cost computation are presented in Section 6. 

Runoff/Leachate Collection Ponds--

At the outlet of the collection system for surface runoff, a structure 
is needed to contain the collected water for reuse, treatment and discharge, 
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Example 1 utilizes shaped benches as unlined ditches for later~l runoff 
::cnveyance. 

Examples 2 & 3 utilize split corrugated metal pipe to line ditches for 
lateral runoff conveyance. 

Examples 1 & 2 utilize buried corrugated metal pipe and energy dissipators 
for vertical runoff conveyance. 

Example 3 utilizes a concrete flume with stilling basin for vertical 
runoff conveyance. 

The costs indicated are cumulative for the project life. 

See Section 6.2.3 for details on the solid waste management cost 
methodology. 

SOURC::: SWEC 

FIGURE 5.3-4 RUNOFF COlLECTION COSTS 
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or for evaporation. The structure would cons1 s.t of an embankment across a 
former stream channel to form a pond,. and "the pond may be·-linerl or unlined 
depending upon the nature of the impounded material. If a liner is needed, 
it would be protected from wave action, as necessary, using rip-rap, a sand 
layer, soil cement or similar materials. Since the pond would be located at 
the base of the landfill, it might also be used to collect the leachate from 
the fill. · 

Cost data for four ex:amp1es of runoff/1 eachate collection ponds for 
surface landfills are presented in Figures 5.3-5 and 5.3-6. Figure 5.3-5 
presents the total cost of the embankment and liner as a function of the 
construction material quantities used in each case, while Figure 5.3-6 
isolates the cost of the liner as a function of the liner material quanti
ty only. Examples 1, 2 and 3 utilized compacted processed shale as the 
liner, while Example 4 used Mancos Shale as the liner. The relatively hign 
cost of using an off-tract material (Example 4) is evident in the figures. 
The cost increase is incurred due to the source deve 1 opment, processing 
and hauling of Mancos Shale. Slight cost differences may be observed 
between similar systems, and these can be attributed to site-specific 
features, such as the arrangement and configuration of the embankments and 
ponds. 

A runoff collection and containment system for a pit backfilling 
approach differs from that for the surface landfills. Instead of an embank
ment and pond downgradient from the landfill, a series of collection sumps 
and pumps would be used, as discussed under Runoff Collection System. 

5.3.3 Subsurface Hydrology Control Technologies 

The technologies and practices in the .area of subsurface hydrology 
i nvo 1 ve the handling of groundwater seepage under a 1 andfill to prevent 
infiltration of the pile and the control of water from the pile to prevent 
contamination of the groundwater. The technologies, as summarized in 
Figure 5.3-7, are applicable to a surface landfill, and their key features 
are presented in Table 5.3-4. Detailed descriptions of the technologies, 
along with cost information, are presented below. 

For open pit backfilling, subsurface hydrology control may consist of 
aquifer dewatering. Since this operation would be an integral part of the 
mining plan. additional costs for backfilling would not be incurred. 

Liners and Covers--

A liner is essentially a material with low water permeability that is 
installed at the bottom of a landfill or pond. Its purpose is to prevent the 
contaminated \'laters from the wastes from mixing with the groundwater. It 
a 1 so prevents groundwater from i nfi l trat i ng the bottom of the 1 and fill. 

A cover is also made up of a low-permeability material and it is used as 
a surface sealer for the landfill. It prevents the runoff from infiltrating 
the pile, thereby reducing the quantity of the leachate and minimizing 
stability problems. 

256 



(/) 

0 
u 
..J 
< I 
t-
a.. 
<{ 
u 
0 
w 
X 
1.1.. 

0~--------~--------~--------~--------~--------~ 0 0.1 0.2 0.3 0.4 0.5 

CONSTRUCTION MATERIAL VOLUME, 106 yd3 

NOTES: 

All Examples include cost of embankments and pond liners. 

Examples 1, 2 & 3 include pond liners constructed of processed shale. 

Example 4 includes a 1 iner constructed of Mancos Shale (off-tract 
mate~ial); cost is increased due to processing and transp~rt. 

See Section 6.2.3 for details on the solid waste management cost 
methodo1ogy. 

SOURCE: SWEC 

FIGURE 5.3-5 RUNOFF/LEACHATE POND COSTS 

- •. 2.57 



1000 

eoo 

1- soo 
U') 

0 
0 

..J 
<t 
1-
0... 
<( 400 u 
0 
w 
X 
u.. 

200 

0 0 

NOTES: 

2 

100 200 

LINER MATERIAL QUANTITY, 103 yd3 

Examples 1. 2 & 3 include liners constructed of processed shale. 
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methodology. 
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TABLE 5.3-4. KEY ffATURES OF SUBSURFACE HYDROLOGY CONTROL TECHNOLOGIES 

Control 
Technology Principle 

Liners and Covers low permeability layer 
severely restricts 
seepage. 

Synthetic 

Off-site Natural 
Material 

Compacted 
Processed Shale 

leachate 
Collection System 

Groundwater 
Collection System 

S0urce: SW[C. 

Collects leachate at the 
base of the landfill and 
drains into the pond. 

Collects groundwater 
seepage beneath the 
landfill and drain. 

Pur·pose 

Reduce formation of leachate. 
Prevent contamination of 
the groundwater by leachate 
from the fill. Prevent 
groundwater invasion of the 
fill, which might produce 
instability and additional 
leachate. 

Reduces groundwater con
tamination by effectively 
removing the leachate. 
Prevents loss of fill 
stability due to saturation. 

Prevents loss of fill 
stability due to buildup 
of groundwater pressure 
beneath the liner. 

Comments 

Provide the lowest permea
bility but have the highest 
cost. Long-term durability 
is questionable. 

High cost. Advantage is 
long-term durability. 

lowest cost. Small particles 
may infiltrate adjacent 
drains. Advantage is long
term durab il i ty. 

Collected water may be used 
for process needs. 

Collected water may be used 
for process needs. 



There are several materials which can be considered for the liners and 
covers. Probably the least expensive material would be compacted processed 
shale. It has the advantage of being readily available at the site. A 
similar 1i~ing could be made of processed shale or clay from off site if the 
quality of the processed shale from the site is unsuitable; however. these 
options would be relatively expensive due to the extra handling and hauling 
costs. There is also a variety of synthetic liners which could be con
sidered. High-density polyethylene, for example, would range upward from a 
price simi·ar to that for the off-site materials, depending upon the thick
ness used. This would make it very expensive for use in a processed shale 
1andf~il and it may have questionable long-term durability. Another option 
that coula be considered, particularly for a hazardous waste lagoon, is 
simply a combination of a synthetic 1 iner with one of the other 1 iners 
mentioned above. 

Linings made of natural materials will dry and crack if they are left. 
exposed to the weathering elements for long periods. Therefore, if a pond is 
not expected to remain at a relatively consistent level, a synthetic 1 iner 
mignt be considered. Hazardous waste lagoons sometimes have double liners; 
however, the catchment and evaporation ponds presumably will need only one 
1iner or no liner since they will not contain hazardous materials. If a 
combination of two liners is used, the synthetic liner may be placed above 
the ,atc~ral material liner to prevent its drying and cracking. In cases 
where a synthetic liner is used, it should be covered by a layer of sand or 
g"'ave • to protect it from traffic and wave .action. A 1 so, because of the 
weight of the fill and because the fi 11 may be p 1 aced above an underground 
mine, the liner must accommodate a certain amount of subsidence and stretch
ing and s~ill function properly. 

The cost of 1 iners and covers depends on the quantity and type of 
material ~sed. Figure 5.3-8 presents the costs for three separate liner and 
cover systems for surface landfills. Examples 1 and 2 assumed the use of 
h~gh1y compacted processed shale for construction of the liners, while 
Examp1e 3 assumed the use of Mancos Shale. The compacted processea shale 
represents the lowest material cost option. while Mancos Shale is a more 
ex~ensive natural material since it has associated source development, 
processing and hauling costs. The cost curve in the figure may be used to 
obtain an 11 order-of-magnitude" estimate of liner cost utilizing highly 
compacted processed shale as the construction material. The estimated cost 
fc"' other liner materials would fall above this curve to a degree which is 
dependent on the source development, processing, and hauling costs associated 
with delivering these materials to the disposal site. 

leachate Collection System--

The purpose of a leachate collection system is to collect water which 
infiltra'tes a landfill and drain it efficiently in order to prevent the 
saturation of the landfill and contamination of groundwater beneath the waste 
p~ 1 e, as well as to facilitate handling of the leachate. 

Leachate collection systems typically consist of blankets, or zones, of 
highly pervious sand and gravel. In some cases this is augmented with 
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Examples 1 & 2 utilize 3 feet of highly compacted processed shale for liner 
material. 

Example 3 utilizes 3 feet of compacted Mancos Shale (off-tract material) 
for liner material; cost of processing and hauling this material makes 
this option more expensive than the others. 

The costs indicated are cumulative for the project life. 

See Section 6. 2. 3 for detai 1 s on the solid waste management cost 
methodology. 

SOURCE: SWEC 

FIGURE 5.3-8 LINER COSTS 
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embedded perforated pipe to increase the capacity, and it may also include 
collector ditches where the system emerges onto a broad level area. The sand 
or g~avel layer would be located just above the bottom liner and it may be 
wrapped in fi 1 ter fabric or surrounded by carefully graded sand fi 1 ters to 
prevent infiltration by the processed shale particles. In either case, the 
collection system should be designed so that movement and settlement do not 
~esult in discontinuity of the gravel layer or impede drainage to the 
collectfor. or evaporaticn ponds. 

Tne costs for four distinct leachate collection systems for surface 
!andfi1ls were estimated and these are presented in Figure 5.3-9. In 
Examples 1 and 2, due to the valley shape of the disposal site, only the 
drain materia 1 was necessary for the collection system. The 1 eachate in 
:.hese two cases was drained in the runoff /1 each ate co 11 ect ion pond 1 ocated 
downstream from the landfill. In Example 3, a toe ditch was necessary to 
collect the leachate due to the presence of the broad valley area at the toe 
of the landfill. The ditch was then drained into the common runoff/leachate 
collection pond. Example 4 also required a toe ditch which was drained into 
a leachate collection pond, while the runoff was impounded separately in 
evaporation ponds on the waste pile surface. Examples 3 and 4 required the 
same drainage material quantity. The cost difference between the two 
examp1es is due to the inclusion of a separate collection pond in Example 4. 
Data point 5 on the figure represents the cost of drainage material only for 
Examples 3 and 4. The cost of the toe ditch may be obtained by sub~racting 
data pJint 5 from 4. 

T~e costs for similar systems should be proportional to the volume of 
drainage material used, but slight deviations may be encountered due ~o the 
site-s~ecific conditions. 

For open pit mining and backfilling operations, some leachate is likely 
to be collected in the pit along with the runoff and it may be used for 
processed shale moisturizing. Controlling the leachate after the backfilling 
operations have been completed would not be practical. Therefore, emphasis 
snou'd be placed on minimizing the production of leachate. Some considera
tions in this regard would be to reduce the overall permeabilit.y of the 
backfilled mass and to minimize penetration of surface water by utilizing a 
cover. 

Groundwater Collection System--

The purpose of a groundwater collection system is to relieve pressure 
srom the seeps and springs beneath a landfill. This situation is most likely 
in the cases of cross-valley or head-of-valley landfills. The system will be 
essentially ide11tical to the leachate collection system except it wou1d be 
beiow the bottom liner rather than above it. 

Groundwater collection systems typically consist of blankets or zones 
of pervious sand and gravel drained beyond the perimeter of the landfill. 
This ~ay be augmented with embedded perforated pipe to increase capacity and 
with collector ditches. The sand or gravel layer would be lined as necessary 
with filte~ fabric or surrounded by properly graded sand filters to prevent 
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Examples 1 &. 2 require only drain material due to the valley shape; 
leachate containment is performed by the contaminated runoff catchment pond 
of which the leachate is a negligible component. 

Example 3 includes cost of toe ditch for collection due to broad valley at 
waste pile toe; containment is also by the contaminated runoff catchment 
pond. 

Example 4 includes toe ditch collection and separate containment pond 
because, in this case, contaminated runoff is contained in evaporation 
ponds on the waste pile surface. 

Example S includes only the drain material cost of Examples 3 & 4. 

The costs indicated are cumulative for the project life. 

See Section 6.2.3 for details on the solid waste management cost 
methodology. 

SOURCE: SWEC 

FIGURE 5.3-9 LEACHATE COLLECTION COSTS 
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infiltration of smaller particles from adjacent materials. The system must 
also be designed to maintain its continuity despite possible subsidence or 
sett 1 ement of the landfill. 

""he costs of two groundwater co 11 ect ion systems for surface 1 andfi 11 s 
were estimated and these are plotted in Figure 5.3-10. Both systems used 
grave1 blankets under the pile to collect the groundwater seepage. In 
Examp1e 2 the gravel blankets were used only above the seeps and springs, 
while i'1 Example 1 an extensive network of the blankets was considered, 
:"esu1ting in a higher cost. The cost of the collection system should be 
prooort:Dnal to the quantity of the drainage material used. 

The use of a groundwater collection system under an open pit backfill 
does not appear practical, especially in areas like Tract C-a where a large 
amount of groundwater exists. A control over the groundwater flow in the pit 
during active operations is achieved by dewatering the aquifers. which is 
performed to keep the pit as dry as possible to facilitate mining; hence, it 
is ~ct considered a solid waste management technology. At the completion of 
the project, the dewatering wells are shut down and original groundwater 
levels are reestablished. 

Some conceptual controls, such as hydrologic barriers and bypass, may be 
appl!ed to reduce the groundwater interaction with the backfilled material. 
These are discussed in the MIS-Lurgi PCTM. 

5.3.4 Surface Stabilization Technologies 

The activities and technologies in the area of surface stabilization 
i nvo 1 ve the treatment of the disturbed 1 and surface and the prob 1 ems as
sociated with the disposal and reclamation of the waste material. These 
technclogies are outlined in Figure 5.3-11 and their key featu~es are 
preserted in Table 5.3-5. 

Dust Control--

The purpose of dust suppression is to limit pollution from airborne 
_dust, particularly during the placement of the waste material in a fill. 

Dust suppression can be accomplished by spraying the haul roads and fill 
surface with water or a combination of water and a chemical binder. Haul 
roads could, alternatively, be paved. 

use of water alone for dust suppression would necessitate repeated 
aoplications, often more than one per day, to be effective. Water with a 
chemical binder should necessitate only a few applications to a given 
surface to stabilize it for a year or more unless it receives heavy traffic. 
Finally, vegetation would provide p~rhaps the most permanent means of dust 
control, but this would not be practical except on surfaces which would not 
be disturbed for a number of years. 

The dust suppression technology assumed in developing the cost data for 
two examples consisted of routine spraying of the processed shale pile with 
water an1:1 additives to minimiz~ .the.,dust generated 1:1oe to the wind and the 
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Examples 1 & 2 co~sist of gravel blankets for collection of groundwater 
from springs and seeps; extent of blankets dictated by the existence and 
extent of such conditions. 

The costs indicated are cumulative for the project life. 

See Section 6.2.3 for details on the solid waste management cost 
methodology. 
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FIGURE 5.3-10 GROUNDWATER COLLECTION COSTS 
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TABlE 5.3-5, KEY FEATURES Of SURfACE STABILIZATION TECHNOLOGIES 

Control 
Technology 

Dust Control 

Principle 

Water and Fluid sprayed on the 
Binders surface binds the fine 

particles together. 

Pave Haul Roads A hard surface on the 
haul road prevents 
generation of dust by 
vehicular traffic. 

Revegetation 

Erosion Control 

Mulch 

Revegetation 

Stable Slope 
Design 

Source: SWEC 

Vegetation prevents dust 
caused by wind. 

Various materials are 
placed on the slope to 
1 imit erosion. 

Plant growth is started 
on the slope to limit 
erosion. 

Design slope to minimize 
stability problems and 
maintenance. 

Purpose 

Prevents or limits dust 
pollution from wind blowing 
across exposed surfaces or 
from vehicular traffic. 

Simplifies reclamation, 
prevents blockage of the 
drains, and prevents contam
ination of surface waters by 
eroded material. 

Makes erosion control, 
revegetation, and drainage 
easier. Restricts waste 
material to a definite, 
predefined area. 

Comments 

Well developed technology 
that is commonly used in 
mining operations. 

Should improve traffic 
conditions on the road. 

Not useful in areas with any 
equipment traffic or where 
the surface is being disturb~d 
by other activities. 

Quick and easy to accomplish 
but is only a temporary 
measure. 
Permanent control but slow to 
achieve. 



waste naul ing and placement activities. Depending on the processed sna l e 
characteristics, this operation could either be continuous or intermittent. 
The cost curve in Figure 5.3-12 is based on the assumption that both the 
manpower and equipment operation requirements are continuous. Theoretically, 
these requirements could differ depending on the rate of waste production and 
:he surface area of the particular waste pile; however, both cases estimated 
were assumed to be equivalent in this respect. 

Erosion Control--

The purpose of erosion control is to keep the waste material in ~lace so 
that the surface drains remain free flowing, the slopes remain stable, eroded 
mater'a1 does not pollute surface streams, and reclamation and revegetation 
efforts are not hampered. Some means of limiting erosion include contouring 
the surface with short and gentle slopes. providing for drainage of the 
slopes at frequent intervals, using mulch or filter fabric to dampen the 
impact of water flow, and revegetating the completed faces. Of these 
measures, grading and drainage are essential, take effect immediateiy, and 
last as long as they are maintained. Mulch or filter fabric also provide a 
quick control, but they are of a temporary nature. Revegetation provides a 
permanert control, but it is generally slower to take effect. 

A major consideration in planning erosion control measures is tne 
severity of rainfall in the area. A large proportion of the water from a 
high-intensity rainfall would run off the surface, thus increasing the 
erosior:. 

Reclamation and revegetation consist of placing a subsoi1 and -r.opsoil 
strat.a of sufficient thickness to support vegetation, and then seeding the 
d1soosa1 area with native or introduced species. The greatest contributor to 
the !"lagnitude of cost for this control technology is the thickness of the 
soil s~rata and the costs associated with the delivered soil material, i.e., 
tne source development, processing and hauling costs. Soil and subsoil 
stripped from the disposal site may not be available in sufficient quantity 
to meet the reclamation needs. The cost curves presented in Figure 5. 3-13 
illustrate five examples. Examples l and 5 included 2 feet of subsoil 
(sana-grave 1 materia 1) and 30 inches of topsoi 1, both of which were brc~ught 
i~ from off-site sources and thus had additional costs involved. Examp1es 2 
ano. 3 alsb used the same thicknesses, but the soils were available ol"l the 
site. Example 4 used no subsoil and only 6 inches of topsoil which was 
available on the site; therefore, additional material costs were not in
volved. All examples included the cost of revegetation. It is evident from 
the figure that the cost of erosion control can vary significantly depending 
on the factors considered; however, in any category, the costs are propor
tio~al to the area reclaimed and revegetated. 

Stable Slope Design--

l!le purpose of designing the slopes to be stable under prevailing 
conditions is to minimize the maintenance of the landfill and to avoid 
hampering of the reclamation and revegetation efforts. The techniques used 
in designing stable slopes are a well -developed part of soils engineering. 
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FIGURE 5.3-12 DUST CONTROL COSTS 
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obtained off site. 
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T~e costs indicated are cumulative for the project life. 

See Section 6.2.3 for details- on the solid waste management cost 
methodology. 
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FIGURE 5.3-13 RECLAMATinN AND REVEGETATION COSTS 
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To arrive at the most advantageous slope-design, other factors besides basic 
stability, such as er~sion, ease of placement, reclamation·and revegetation, 
must be considered. However, the physical characteristics of the waste 
matedal will dictate a limiting slope angle. The costs of achieving a 
stable slope design are incidental to the placement and revegetation of the 
fil1 material; hence, additional costs are not involved. 

5.3.5 Hazardous Waste Control Technologies 

The control of hazardous waste involves its permanent impoundment in a 
permitted disposal facility. This facility may be built on the project site 
or the wastes may be sent to an existent, off-site permitted facility. These 
options are outlined in Figure 5.3-14 and their key features are presented in 
Table 5.3-6. 

On-site Disposal--

Hazardous waste lagoons are a well developed and accepted approach to 
solid waste management. They are actually an integration of several control 
technologies discussed in Sect1ons 5.3.2, 5.3.3 and 5.3.4. Some of the in
cluded technologies would be an embankment surrounding the lagoon, a runon 
diversion system, one or two bottom liners, a surface cover, reclamation and 
revegetation, and monitoring. 

There are certain advantages to building a hazardous waste facility on 
site. This option automatically assumes segregation of the hazardous and 
nonhazardous wastes and, hence, their separate disposal. An advantage of 
this approach is that much of the material necessary for the lagoon would be 
available on site or it already would have been brought in for the non
hazardous waste 1 andfi 11. Furthermore, transport of the wastes beyond the 
property boundaries will not be required. A significant advantage may be 
that the producer of the hazardous wastes (the oil shale developer) will have 
complete control over the disposal of the wastes. 

There are also certain disadvantages to on-site disposal of the 
hazardous wastes. To be efficient in evaporating the liquids and consoli
dating the sludge, the lagoon should be located preferably on a level site, 
which may not be readily available. Rugged. uneven terrain would increase 
the cost of site preparation, runon control and reclamation. There is also 
a possibility that the lagoon may interfere with other ongoing activities 
and the resource recovery. 

Off-site Disposal--

Off-site existent facility. This would be an already existing facility 
where the wastes can qe disposed of on an 11 as needed11 basis. A payment is 
required for every shipment, but the cost may be lower than that of building 
and maintaining a new facility. Also, a significant amount of time and 
effort involved in the licensing, design, and construction of a new facility 
can be saved. The capacity and distance of the existent facility must also 
be considered in selecting the disposal approach. 
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Control 
Technology 

On-site Disposal 

Off-site Disposal 

Source: SWEC. 

TABLE 5.3-6. KEY FEATURES OF HAZARDOUS WASTE CONTROL TECHNOLOGIES 

Principle 

Dispose of hazardous 
wastes in a lagoon 
established on site. 

Establish lagoon off 
site or pay for disposal 
in existing permitted 
facility. 

Purpose 

Dispos~ of hazardous wastes 
produced by processing of 
oil shales. 

Dispose of hazardous wastes 
produced by processing of 
oil shales. 

Comments 

The oil shale developer has 
complete control of hazardous 
wastes produced by the 
facility. 

Provides a broader selection 
of sites, although the wastes 
must be transported. Poten
tially less involvement wft~ 
the wastes. 



SECTION 6 

POLLUTION CONTROL COSTS 

This section provides an analysis of estimated pollution control costs 
for the Lurgi-Dpen Pit case study analyzed in this manual (see Sections 2 
and 3 for a description of the case study). Section 6.1 presents fixed 
caoital and direct annual operating costs for each control and explains how 
they were developed. These costs are referred to as the 11 engineering costs. 11 

Section 6.2 explains the cost analysis methodology used to develop the 
total annual and per-barrel pollution control costs. These costs combine 
capital and annual operating costs, allow for taxes, and incorporate a return 
on 1nvestment. This is an approach similar to that which a private developer 
mignt use to determine costs or assess the economic feasibility of a project. 
Section 6.2 also aetails the economic assumptions that are incorporated into 
t~e ca~culation of total annual control costs. 

Section 6.3 presents estimated total annual control costs and per-barrel 
costs for each control using a set of standard economic assumptions. These 
costs are assembled into total per-barrel costs for air and water pollution 
cor.tro1 for the case study examined in this manual. This section also 
Exa'llines the sensitivity of the per-barrel control costs to a series of 
changes in the engineering costs and economic assumptions. 

Section 6.4 provides more detailed information supporting Sections 6.1, 
6.2 and 6.3. Section 6.4.1 provides the algorithms that were used to 
determine total annual control costs and per-barrel control costs, a~d 
Sections 6.4.2 and 6.4.3 provide examples, respectively, of fixed charge rate 
calculations and cost levelizing calculations. 

Section 6 uses a large number of cost and economic terms. The inter
relationships among the more important of these terms is illustrated in 
Figure 6.0-1. Each term is explained when it is first used in the text, but 
the reader may find it helpful to use this figure to provide an overview 
while reading the various sections. In addition, Table 6.2-4, presented 
1ater in this section, indicates the estimated relative magnitude of the 
components of per-barrel control cost for a typical major pollution control. 

6.l ENGINEERING COST DATA 

6.1.1 Bases of Engineertng Cost Data 

Throughout this manual a distinction is made between capital costs a~d 
annua1 operating costs. There are two types of capital cost, fixed capital 
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and working capital, and two types of annual operating cost, direct and 
indirect. 

Fixed capital is investment in construction and equipment, whereas 
working capitai is money that is required to operate the plant, e.g., that 
which is tied up in inventories. 

Direct annual operating costs include maintenance, operating supplies, 
operating labor and utilities costs. Indirect annual operating costs com
prise additional annual costs, i.e., property tax and insurance, an allowance 
for extra start-up costs, a credit for severance tax not paid and by-product 
credits. 

Section 6.1 only considers fixed capital costs and direct an~ual 
operating costs. Working capital and indirect annual operating costs are 
considered in Section 6.2. 

Assumptions Used to Develop Costs--

A1l costs are expressed in mid-1980 constant dollars. The following 
data apply to air and water pollution control costs. Solid waste management 
costs were developed on the basis that these activities are contracted out, 
since they are all construction-type activities (see discussion later in this 
subsection). 

Fixed capital costs-. tixed capital costs are of 'the 11 preliminary 
estimate'' category. Physical plant costs for a1r- emission controls were 
developed by Stone and Webster Engineering Corporation (SWEC) and for water 
pollution controls by Water Purification Associates (WPA). Actual vendor 
cuo~es were used for major items of equipment; costs for other equipment were 
obtained from data files maintained by SWEC and WPA. Total physicai plant 
costs were developed from the equipment costs by adding appropria"te allow
ances for the following: 

w Site preparation, excavation and foundations 

* Concrete and rebar 

~ Support structures 

~ Piping, ductwork, joints, valves, dampers, etc. 

$ Duct and pipe insulation 

• Pumps and blowers 

o Electrical 

~ Instrumentation and controls 

& Monitoring equipment 

~ Erection and commissioning 

lll Painting 

o Bui1 dings. 
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To arrive at the total fixed capital. cost, the followJng factors were 
added to the p~ica1 plant cost: 

Engineering and 
construction overhead: 

Contractor 1 s fee: 

Contingency: 

25% of physical plant cost. 

3% of bare module cost {physical plant 
cost plus engineering and construction 
overhead). 

20% of bare module cost. 

For an explanation of this method of developing estimates of fixed 
capital costs, see Uhl (June 1979). A 20% contingency factor was chosen 
because there are only pilot plant data for the Lurgi retorting process. 

It is considered that the accuracy of these cost estimates is within 
±30 percent. Although the accuracy of a preliminary fixed capital cost 
estimate is normally regarded as ±20 percent, uncertainties about stream 
magnitudes and composition decrease the accuracy of these estimates to 
±30 percent. 

Direct annual operating costs. There are two components which make up 
the total annual operating cost. The direct annual operating cost can be 
regarded as the bask (or engineering) cost, while calculation of the in
direct annual operating cost makes some adjustments to this cost. By-product 
credits are included in the indirect annual operating cost. Data on the 
bases of direct annual operating costs are given below, while the bases of 
indirect annual operating costs are outlined in Section 6.2. ' 

Direct annual operating costs are made up of the following components: 

• Maintenance 

• Operating supplies 

• Operating labor 

• Utilities 

--Cooling water 

--Steam 

--Electricity. 

Maintenance costs include maintenance labor and replacement parts, 
consumables used for maintenance, etc. 

Operating supplies are consumable items (such as chemicals) used in 
the regular operation of the control (as opposed to use for maintenance). 
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Operating (and maintenance) labor is costed at $30/hr. This is a 
nloadedu rate, meaning that it incorporates some overhead-type costs tc avoid 
developing them separately. The rate is made up as follows: 

A. Wages for direct labor $11.00/hr 

8. Fringe benefits (45% of A) 4.95 
I' Field supervision (15% of A + B) 2.40 .... 
D. Overhead (50% of A + B + C) 9.20 

E. General & administrative charge 
(9% of A + B + C + D) 2.45 

Total $30.00/hr 

In mid-1980, examination of union agreements showed that oil refinery 
direct operating labor was rece1v1ng approximately $10/hr in Coloraao. 
Mowever, it is anticipated that when oil shale development occurs, this will 
bid up local labor rates, so $11/hr, which was used for the oil shale PCTMs, 
is a reasonable value. The multiplier factors, used to arrive at t~e 
11 1 oaded'1 1 abor rate of $30/hr, were suggested by SWEC based on project 
experience in the western U.S.A. 

Cooling water is casted at 11.3 cents per 103 gal circulated (3<l:/m3). 
This is only a charge for the use of the cooling tower. The cost of treating 
tre makeup water is included under water pollution control. 

~rocess steam is charged at $3.00 per million Btu. 

electricity is charged at 3 cents per kW-hr.* 

There is no contingency factor in the direct annual operating costs for 
air and water pollution controls. 

Solid Waste Management Costs--

Solid waste management costs in the form of year-by-year cash flows were 
developed by SWEC using company cost data files. They include the same 
engineering and construction overhead, contractor•s fee, and contingency 
factor (20%) as the fixed capital costs discussed earlier. The use of a 20% 
contingency factor is appropriate since all solid waste management costs are 
of a construction nature, subject to uncertainties similar to those inherent 
in fixed capital costs. 

* To be consistent among the three oil shale PCTMs. electricity is charged at 
3 cents per k.W-hr, whether purchasetl or generated on site. This figure 
represents a compromise between the v-alue of electricity sold by plants 
that will have surplus on-site generated power and the higher ~ost of power 
purchasedfromautility. ,,, ... -· 
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6.1.2 Details of Engipeerin~ Costs . 

Tables 6.1-1 and 6.1-2 pr.e~ent details of·the fixed capital and direct 
annual operattng costs for each air and water pollution control. The oper
ating costs relate to a year of normal operation. i.e., full production. For 
the start-up period~ direct annual operating costs are modified to an appro
priate level by the cost analysis methodology. 

Table 6.1-3 details the solid wa-ste management costs on a year-by-year 
basis. These costs are allocated to fixed capital or direct annual operating 
categories in Section 6.2 {Table 6.2-3). Insufficient information was 
available to develop a complete plan for solid waste management operations. 
Consequently, the solid waste management costs presented here are for certain 
items only and do not represent the total pollution control cost for solid 
waste. 

6.2 COST ANALYSIS METHODOLOGY 

In the cost analysis, engineering cost data are tl"ansformed into two 
primary measures--the total annual pollution control cost and the control 
cost per barrel of shale oil. These costs incorporate both capital and 
annual operating costs and consider project timing, taxes, and the necessary 
return on investment. 

6.2.1 Overview of Cost Analysis Methodology 

In private industry, one of the most widely accepted methods of evalu
ating the economics of a project is the discounted cash flow (OCF) approach. 
Using this approach, a project must be able to demonstrate that it can 
produce some established mini mum rate of return on investment-- known as a 
11 hurdle 11 rate--to be acceptable. 

One method for applying the OCF approach to a complete oil shale project 
is to determine the selling price which would provide the revenue required to 
produce a minimum acceptable rate of return (DCF ROR). With this method, a 
selling price for oil can be established by distributing the required revenue 
uniformly over every barrel of oil produced. 

The same technique can be ut i1 i zed to determine the tota 1 annua 1 and 
per-barrel costs of pollution control. In practice, pollution control is 
not a separable aspect of an oil shale project. Consequently, a private 
deve 1 oper wi 11 requi l"e the same DCF ROR on, po 11 uti on contra 1 s as for the 
entire project. 

If the revenue necessary to provide the required OCF ROR for each 
control (expressed in constant dollars) is distributed uniformly over each 
barrel of shale oil produced, then this also implies a constant total revenue 
requirement in each year of normal (full) production. However, in the 
star~-up years, less oil is produced, with the result that the annual revenue 
requirement is prorated. Additional costs incurred in the start-up period 
were spread over al1 production in order to produce a uniform per-barrel 
control cost. 
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TABLE 6.1-1. DETAILFO ENGINEERlNG COSfS FOR AlR POLLUTION CONTROLS 

------
f1X€'d fomponents or Onect Annual OperatlillL fo_s_t __ {l.Q.OQ~_3JYr) Total 0 i reel 

Control Cap1tal Cost Operat1ng Operating Anntldl Operating 
(No of Units) Control location ($OOO's) Ma1ntenancc Supplies Labor Electnc1ty Cost ($000's/yr) 

PartJculate Controls 
FabrJC Filters (2) Pr1mary Crusher (ore) 987 19 44 63 

Fabric filte~ (1} Pr·1mary Crusher ('iubore} ]05 2 4 6 

Fabric Hlter (1) Pr1mary Crusher (overburden) 552 11 23 34 

fabric F11ters (3) Raw Shale Conveyor Transfer 1,051 21 44 65 
Po1nts 

Fabric Filters (2} Conveyor to Stockpile 628 12 73 85 

fabric ffl ters (8) Secondary Crushers 4,628 94 203 297 

Fabric Fi ltfi>rS (8) Secondary Screens 4,626 94 203 297 

Fabric filters (9) Tert1ary Cr~shers 5,432 106 228 334 

Fabric Filters (9} Tertiary Screens 5,432 106 228 334 

Fabric F1lter (1) Fine Ore Storage 249 5 10 15 

Fabric Filters (2} Processed Shale Conveyor 559 11 23 34 
Transfer Points 

~ Fabric F1lters (3) Processed Shale load-out 559 11 23 34 

1-' Hoppers 
Fabric Filters (2) Conveyor to Secondary 348 7 15 22 

Crushers 
Fabric Ftlters (2) Conveyor to Secondary Screens 348 7 15 22 

Fabric Filters (2) Conveyor to Tertiary Crushers 348 7 15 22 
Fabr1c Filters (4) Conveyor to Tert1ary Screens 696 14 30 44 

Fabric Filters (2) Conveyor to Fine Ore Storage 346 7 15 22 

Fabr1c F11ters (2} Conveyor to Retort feed 346 15 22 
Hoppers 

Water and Foam Open Stockpiles, etc 909 117 1,065 274 1,456 
Sprays 

fabrH: f1lters (4) Retort Feed Hoppers 1,837 36 77 113 
Fabr1c f11ters (13) Conveyor to Retorts 2,059 40 87 127 

flue Gas Treatment 
Electrostat1c Flue Gas Discharge System 50,734 330 1,814 2,144 

Precipitators ( 13) 

(Continued) 



Contro 1 
(No. of tln1ts) Control Location 

Miscellaneous Controls 
Stretford (1) OEA Unit 
Ammonia Storage Ammonia Recovery 

Tank (1) 

Float1ng Roof Oil Product Storage 
Storage Tanks (2) 

Proper Ma1ntenance Valves, Pumps, etc 
Catalytic Converters Diesel Equipment 

* This includes $24,000 for steam. 

TABLE 6 1-1 (cont.) 

F1xed 
Capital Cost 

($000's) 

6,860 

466 

300 

61 
170 

Components of Direct Annual Operating Cost ($000's/yr) 
Operat1ng Operat1ng 

Maintenance Supplies Labor Electric1ty 

134 

55 

60 

164 350 121" 

6 

Source· ORI estimates based on information provided by SWEC. 

Total Otrect 
Annual Operating 
Cost ($000's/yl') 

769 

61 
60 



TABLE 6.1-2. DETAILED ENGINEERING COSTS FOR WATER POLLUTION CONTROLS 

Components gf Direct Annual Operating Cost ($000's/yr) 
Operating Operating Cooling 

Control 

fixed 
Capital Cost 

($OOO's) Maintenance Supplies Labor Water Steam Electricity 
----------------------------------
Ammonia Recovery 

Unit 

API Oil/Water 
Separator 

3,627 

161 

Mine Water Clarifier* 2,560 

Cooling Water 
Treatment* 

Bailer Feedwater 
Treatment"' 

Equalization Pond 

Runoff Oil/Water 
Separator 

Aeration Pond 

TOTAL 

122 

181 

41 

430 

7,122 

118 

4 

84 

4 

3 

1 

14 

228 

428 

235 

51 

14 

728 

237 

40 

99 

376 

60 1,565 

60 1,565 

*These technologies could be considered as part of the process rather than pollution control. 

Source: DRI estimates based on information provided by WPA. 

11 

11 

40 

62 

Total Direct 
Annual Operating 
Cost ($OOO's/yr) 

2,419 

4 

319 

51 

69 

3 

1 

......ill 
3,019 



TABL£ 6.1·3 ENGINEERING COSTS AND TIMING Of SOLID WASTE MANAGEMENT ACTIVITIES 
(Thousands of Dollars) 

Project Year -> 

Activity 1 2 3 4 5 6 7 8 

SURFACE HYDROLOGY 
Runoff Collect1on Sumps 58 58 58 58 58 58 56 58 

Runoff Collection Pumps 15 15 15 15 15 15 15 15 
Deep Monitor1ng Wells 858 
Shallow Monitor1ng Wells 

Piezometers 

SURFACE STABILIZATION 
Dust Suppression 6,204 9,196 11,079 11,079 11,079 11,079 11,079 11,079 
Revegetation 
Topsoil 

Seed 

N 
00 
.j:l. 

Project Year -> 
Activity 11 12 13 14 15 16 17 18 

SURFACE HYDROLOGY 
Runoff Collection Sumps 58 58 58 58 58 58 58 58 

Runoff Collection Pumps 15 15 15 15 15 15 15 15 
Deep Monitoring Wells 

Shallow Monitoring Wells 
P1ezometers 

SURFACE STABILIZATION 
Oust Suppression 11,079 11,079 11,079 11,079 11,079 11,079 11,079 11,079 

Revegetat1on 
TopSOll 
Seed 

Note Year 1 1s the first year of production. This 1 s o;ubsequent to the 30-year open pit development per1od 

Source. DRI estimates based on information provided by SWEC 

9 

58 
15 

11,079 

19 

58 

15 

11,079 
18!1 
46 
11 

10 

58 

15 

26 

432 

11,079 

20 

58 

15 

11,079 

185 
46 

12 

21 

185 

46 
11 

' '. 



The tota 1 annua 1 required revenue is uti 1 i zed to satisfy two major 
components: the total annual operating cost, and a component that provides 
the necessary return on investment, called the total annual capital charge. 
Note that with the DCF approach, profit is based solely on investment; 
operating costs are passed straight through as one component of the tota 1 
~evenue requirement, without addition of any profit element. This is normal 
p~actice for industrial project assessments. 

To relate an annual capital charge to the corresponding investment, a 
1'capitai charge rate 11 was used. In practice, there are two types of capit.a1 
investment: fixed capital (i.e., physical equipment) and working capital 
(which is nondepreciable investment). The 11 fixed charge rate11 is defined as 
the proportion of investment in fixed capital that must be recovered i11 a 
year of flormal production in order to provide the required DCF ROR. The 
11 working capital charge rate11 performs a similar function for the working 
capitai. The total annual capital charge for a pollution control is the sum 
of the annual fixed capital charge and the annual working capital charge. 

F~xed charge rates have several economic assumptions embedded in them. 
Some o"*' these assumptions are common to all pollution controls, i.e., the 
project 1 ife and operating (stream) factors, the income tax rate, and the 
required DCF ROR. 

Other assumptions vary according to the pollution control or group of 
controls. These are: the timing of the investment in fixed capital, the 
depreciation period, and the investment tax· 'credit details. Consequently, 
different fixed charge rates are used for' different groups of pollution 
controls.~ (These rates, as well as ·the underlying standard economic ass·ump-
tions, are listed later in Table ·6.2-2.) · 

The working capital charge rate depends only on the project life and 
operating factors, the timing of the investment in working capital and the 
requ~red DCF ROR. Since none of these assumptions varies among controls, the 
same working capital charge rate is used for each control. 

As already indicated, the total annual cost for a control is the sum of 
the total annual capital charge and the total annual operating cost. The 
tota: ar.nual operating cost comprises two components. The 11 direct annual 
operating cost11 consists of maintenance, operating supplies, operating labor 
and Jt:1ities. The 11 indirect annual operating cost11 comprises an annual 
allowance for property taxes and insurance, any annual by-product credits, 
a.1d an a1lO\IIance for extra start-up costs, i.e., those that are in excess of 
the direct annual operati1ng cost prorated in accordance with production. It 
also includes a credit reflecting a reduction in the Colorado severance tax 

* The use of several different fixed charge rates in the same oil shale 
PCTM may appear complex. However, since the manuals examine several 
alternatives for pollution control, an accurate evaluation of capital 
charges is needed~ A less accurate approach, such as assuming a single 
capi-:al expenditure profile for all controls, could conceivab1y affect 
the per-barrel cost ranking of pollution control alternatives. 

' --·zes 
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that must be paid, because the cost of- each pollution control reduces the 
severance tax liability.* Extra start-.up costs and the severance tax credit 
are 11 1evel ized11 to distribute them uniformly over each b·arrel of shale oil 
produced since they· do not vary in proporUon to production. (Levelizing 
takes a cost that does not vary i·n proportion to production and finds an 
economically equivalent cost that has the same time-prof·ile "as production 
[see Sections 6.2.3 and 6.4.3].) To summarize: · 

Total Annual Control Cost = Annual Fixed Capital Charge + Annual 
Working Capital Charge + Direct Annual Operating Cost + Indirect 
Annual Operating Cost. 

For air and water pollution controls, direct annual operating costs are 
specified for a normal year of production and are implicitly prorated during 
the start-up years. In practice, operating costs during the start-up period 
will be highert but this is allowed for via the extra start-up costs 
discussed in Section 6.2.2. The solid waste management costs are developed 
in the form of a year-by-year cash flow (see Table 6.1-3) which must be 
converted into equivalent fixed capital and direct annual operating costs 
for a full production year (see Section 6.2.3 and Table 6.2-3). 

The per-barrel control cost is obtained by dividing the total annual 
control cost by the production in a normal (full production) year. (Per
barrel operating costs and capital charges can be calculated in the same 
way.) The detailed algorithms for these calculations and for determiring 
fixed and working capital charge factors are given in Section 6.4.1. 

6.2.2 Economic Assumptions Used in Total Cost Calculations 

To transform engineering cost data provided in Section 6.1.2 into total 
annual capital charges, total annual operating costs, and total annual or 
per-barrel control costs, a number of economic assumptions were made. Most 
of these assumptions are listed in Table 6.2-1, and Table 6.2-2 summarizes 
those assumptions that vary from control to control. The values given in 
these two tab 1 es are the standard va 1 ues, known as the 11 standard economic 
assumptions, 11 which have been used for the cost ana lyses presented in the 
oil shale PCTMs. Some of these are varied in the sensitivity analyses which 
are used to show how control costs change in response to alternative economic 
assumptions and to changes in the engineering costs. 

* The distinction between the two components of operating cost is made for 
convenience in performing the calculations and is not fundamental. The 
direct annual operating cost is comprised of basic cost elements, whereas 
the indirect annual operating cost comprises a series of adjustments that 
are influenced by other factors, such as tax assumptions. Direct annual 
operating costs for each control are given in Tables 6.1-1, 6.1-2 and 
6. 2-3. Indirect annual operating costs for ali controls are ca1cu1ated 
using a standard algorithm (see Section 6.2.2), except for any by-product 
credits which are given in Tables 6.3.3 and 6.3.4. 
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TABLE 6 2-1. SU114ARY OF STANDARD COST AHD ECONOMIC ASSUMPTIONS 

Assumptions 

COST ~SSUMFTIONS 

~ Base Year Mld-1580 dollars 

& D1rect Labor Rate· $11.00/hr* 

., ''Loaoed" Labor Ra-ce*: $30. 00/hr 

~ ~;xed Cap1tal Costs 25% eng1neering and construction overhead and 3% contractor's fee included* 

6 :ont1~gency A11owances: 20%, all fixed cap1tal costs* 
0%, most operating costs* 

20%, solid waste direct operating costs 

ECC~OMIC ASSUMPTIONS 

e ProJeCt L'fe: 20 years* 

o No~al Output. 63,140 Barrels per Stream Day (BPSD) 

• Operat1ng (stream) Factors: Year 1 - 50% 
Year 2 - 75% 
Years 3-20 - 90%* 

~ Approach Discounted Cash Flow Evaluation (OCF)* 

• D1scount Factors D1screte,* year-end basis 

• Method; Determ1nat1on of Revenue Requ1red to provide specified DCF ROR* 

• Tecnnique Annual Capital Charge plus Annual Operating Cost 

~ Required OCF ROR. 12% (100% Equ1ty Basis)* 

~ Cost Escalatlon. None (constant dollar evaluation)* 

~ Combined State and Federal Income Tax Rate: 48%* 

9 Deoreciat1on: Mechod - Sum-of-Yea~'s Oig1ts* 
Per1od - 16 years, most 1tems* 

10 years, solid waste area 
5 years, mob1le equ1pment 

* !~vestment Tax Credit: 20%, most items* 
13 l/3%, mobile equipment 

• Addit1onal Start-up Costs (in Year 1): 3% of fixed capital, plus 20% of a normal year's ct1rect 
operating cost 

e Working Capital: 30 days' total operating cost (excluding by-product credit), plus 60 days' 
by-product credit 

e Annual Allowance for Property Taxes and Insurance: 3% of fixed capital 

c Colorado Severance Tax: Credit allowed 

• Timing of Investment: Initial fixed capital expenditures can occur in Years -3 through +1, 
expend1tures and tax considerations for each control are phased in accordance w1th the construct1on 
and 1nitial operat1on of each control {see Table 6.2-2 for schedules) 

$ Conoora•e F1nanc1ng: Tax credits and allowances can be passed through to a parent company that can 
be~efit from them 1mmediately, without waiting for the project to become prof1table* 

• Federal Depletion Allowance: Does not affect pollut1on control costs 

~These wethods and factors are 1n accordance w1th the recommendations, dated April 22, 1980, of EPA's 
ad ~oc synfuels cost committee. 

Sou;oce:: ORl 
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TABLE 6.2-2. ECONOMIC ASSUMPTIONS THAT VARY FROM CONTROL TO CONTROL 

Capital Expend1ture 
Prof11e 

Retort T1mlng 
Controls associated with retorting: Year -2: 10% 
certa1n fabric filters, electrostatic Year -1: 30% 
precipitators, Stretford, ammonia Year 0: 60% 
recovery unit, API oil/water 
separator, boiler feedwater and 
cooling water treat~ent 

Mine Tim111g 
Controls governed by mine and project Year ~1· 30% 
start up most fabric f1lters, water Year 0 70% 
and foam sprays, ammonia and oil 
storage, maintenance of valves, pumps, 
etc 

Earl~ Water Management 
Controls associated with mine and Year -3: 100% 
site water treatment· mine water - clarifier, equalllation pond, runoff 
o1l/water separator, aeration pond 

Catal~tic Convertersc 
(on diesel equipment) Year 0 100% 

Year +7· 100% 
Year +14 100% 

Sol1d Waste Management (Year 1) 
Deep mon1toring wells · Year +1. 100% 

~olid Waste Management (Year 10) 
Shallow mon1tor1ng w~ll$ and Year +10: 100% 
piezometers 

a For standard economic assumptions (see table 6 2-1). 

b Qualifies for investment tax credit progress payments. 

c Capital is replaced twice during project life. 

Investment Tax Credit 
- Rat~> %-------profile 

20 Same asb 
capital 

20 Same asb 
capital 

20 Year -2: 100% 

13 l/3d Year +1: 100% 
Year +8: 100% 
Year +15· 100% 

20 Year +2: 100% 

20 Year +11: 100% 

d Investment tax credit is reduced because equipment life is less than 7 years 

Source DRI 

life 
Oeprec1ation 

(years) Starts 

16 Year +1 

16 Year +1 

16 Year -2 

5 Year +1 100% 
5 Year +8 100% 
5 Year +15 100% 

10 Year +2 

10 Year +11 

16 17 

15.61 

21 64 

23,36 

12 49 
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Where appropriate, the standard econom1c a~sumptions are discussed 
below. Others are discussed in connection with the sensitivity analyses in 
Section 6.3.2. 

Timing of Control Capital Expenditures--

;at:le 6.2-2 includes the fixed capital expenditure profiles for each 
category of control. Although a number of developers and other organizations 
have published construction schedules for oil shale plants, no schedule is 
available that is appropriate to a Lurgi-Open Pit plant of this size. 
Instead, the schedule was based on data for a 51,500 BPSD TOSCO II plant for 
which comparatively good data are available (Nutter and Waitman, 1978; 
te1ep!1:one interview with C. S. Waitman, Tosco Corp., February 1979; Colony 
Oevelo~ment Operation, 1977). Engineering judgment was then used to deter
min:e when the pollution controls would be procured and installed, incorpo
rating the impact of payments made during off-site fabrication. In general, 
expenditures on pollution controls tend to be incurred later than those for 
~ost retort construction activities, since the controls are usually among the 
ast items to be installed. 

Part of the water pollution control system constitutes an exception to 
t~e above discussion. Basic site water management facil1ties must be 1nstal-
1ed and operational before most other activities can commence. Consequently, 
these items were assumed to be installed in Year -3 (i.e., 4 years before 
production commences) and placed into service in Year -2 for depreciation 
pt.rposes. The mine water treatment system was given the same timing, but 
this is somewhat arbitrary since the mine is assumed to be fully developed at 
~he commencement of this case study analysis. Also, because no mine develop
ment is included in this case study analysis, it was assumed that the mobile 
diesel e~uipment was purchased in Year 0 and placed into service in the first 
year of crocuction, Year 1. 

Ass~mptions for Taxation*-~ 

Qepreciation. All oi1 shale PCTMs used a 16-year depreciation period 
for most assets. This corresponds to the mid-point of the IRS 1 Asset 

iatior~ Range (ADR) guidelines for 011 refineries. In practice, many 
;:or.;pan~es wot:ld use the lower end of the AOR range, which is 13 years; 
ho'.,;ever, ~ t nas been found that this wou 1 d make very 1 itt 1 e difference in 
the results of the analysis. 

* Al1 analyses were conducted prior to enactment of the Economic Recovery Tax 
Act o+ l981 (PL 97-34). As far as an oil shale project is concerned, the 
main impact of this act is to permit very rapid depreciation under the 
Accelerated Cost Recovery System (ACRS). Using ACRS, most property would 
be depreciated over 5 years and mobile equipment would be depreciated over 
3 years. A rough estimate of the effect of the provisions of the Economic 
Recove-y Tax Act of 1981 on the pollution control costs is given in 
Section 6. 3. l. 
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Some equipment clearly qualifies for a shorter 1 ife. Capital items 
associated with processed shale disposal, i.e., the monitoring we11s and 
piezometers, were regarded as mining equipment, for which a 10-year depre
ciation period was used. A 5-year depreciation period was used for the 
mobile diesel equipment, and it was assumed that this equipment was replaced 
twice during the project life. 

The depreciation method used for all taxation calculations was the 
Sum-of-the-Year's Digits method. 

Investment Tax Credit (ITC). A basic 20% ITC was used for all items in 
accordance with the Energy Tax Act of 1978 (Pl 95-618). The mobi1e equipment 
has a depreciation period of only 5 years, so the credit is reduced by 
one-third, to 13 1/3 percent. 

Where payments for a control extend over more than one year, the tax 
credit can be taken as the capital is expended, in accordance with the IRS' 
progress payments rule. Otherwise, it is taken when the asset is placed into 
service. 

Income tax rate. A combined State and Federal tax rate of 48% was used. 
In pract1ce, Colorado has a 5% tax rate, so the effective percentage rate 
should be: 5 + ([1- 0.05] x 46) = 48.7%. The error introduced by using 48% 
is negligible. 

Depletion allowance. The Federal depletion allowance has not been 
incorporated into the calculation of taxes. The justification for this is as 
follows. The percentage depletion allowance is 15% on the 11 gross income11 

from an oil shale property. In this case, since the sales or transfer price 
of shale oil (and, hence, gross income) is independent of pollution control 
costs, ~he depletion a11owance will not affect those costs. However, there 
is a limitation that the percentage depletion allowance cannot exceed 50% of 
the taxpayer's taxable income from the property, computed without allowance 
for depletion. Since pollution control costs reduce the taxable income, they 
could affect the depletion allowance if it was limited under the above rule, 
and this would then be a cost attributable to pollution control. Whi1e this 
might well be the case in a start-up year, it appears that this limit is 
unlikely to apply during a normai year's operation. This is because the 
complete project 1 s total annual operating costs are a comparatively low 
proportion of its tota1 annual costs, including capital-related costs {based 
on data for an open pit mine with unspecified type of surface retort 
producing 100,000 barrels per day [Peat, Marwick, Mitchell & Co., 
September 1980]). 

Hence, the impact of the Federal percentage depletion allowance on 
pollution control costs has been disregarded. This may introduce minor 
errors during start-up years, but complete project cost data are not publicly 
available to permit the effect to be calculated. Cost depletion, which might 
at times be taken instead of percentage depletion, 1s clearly irrelevant to 
pollution control costs. 
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Other AssY!Ptions--

DCF ROR. Twelve percent (per year) was used as a standard assumption 
(see Section 6.3.2). 

Project life. The expected project life {measured from the commencement 
of production) will be determined by exhaustion of the oil shale reserves or 
by technc1ogica1 obsolescence. Planned project lives used for evaluations of 
oil shale developments range from 18 to 30 years. Twenty years is a co.mon 
period to use for economic eva 1 uat ions and was used in this manua 1. 
Increasing the life has a very small effect on the results at nor.al DCF RORs 
{L e., 12% or more). 

Start-up profile. The start-up profile and normal year operating factor 
are based on projections for a TOSCO II plant (Nutter and Waitean. 1978). 
lurgi representatives consider that a Lurgi plant should achieve a better 
start-up profile than a TOSCO II plant, but they feel that a 90% operating 
factor may be slightly optimistic for a normal year {interview with H. Weiss 
and J. Arnhold of Lurgi Kohle und Mineralotechnik GmbH, in Denver, Colorado, 
Janua~ 1981). The operating {stream) factors used (i.e., Year 1: sal, 
Year 2: 75%. Years 3-20: 90%) are considered to be the 110st appropriate 
assumptions that can be made at this time. 

CQ!pOnents of Annual Indirect Operating Costs--

The annual indirect operating cost is coaposed as follows: 

Annual property tax and insurance allowance 

~ Extra start-up costs (levelized) 

- Severance tax credit (levelized} 

- Annual by-product credit (if any). 

~roperty tax and insurance allowance. The annual indirect operating 
cost includes 3% of the fixed capital cost as an allowance for property tax 
and insuram:e. This value was selected by ORI after review of a wide variety 
of sources. 

~xtra start-up cost. The total extra start-up cost (which is treated as 
an operating cost, as opposed to being capitalized) is derived from the fixed 
capital and direct annual operating costs. The capital-related component is 
3% of the fixed capital cost as an allowance for 11 fix it11 costs. The oper
ating cost-related component, which is 20% of a normal year's direct 
operating cost, allows for hiring and training employees before production 
commences and for higher unit costs during the start-up period. This value 
for the extra start-up cost for surface retorting plants with a 2-year start
up period was selected by ORI after a review of several sources, including 
estimates for TOSCO II (Nutter and Waitman, 1978} and Paraho (Pforzheimer and 
Ku~cha~, March 24, 1977) plants. The extra start-up cost was assumed to be 
incurred during the first year of production but is levelized to spread it 
uniformly over every barrel of oil produced (see Sections 6.4.1 and 6.4.3). 
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Severance tax credit. Under Co 1 or ado HB 1076, enacted in 1977, 
severance tax is levied on the productio~ of a commercial oil shale facility 
at the rats of 4% of the "gross proceeds 11 for surface retorted oi 1. 11 Gross 
proceeds 11 is defined as the value of the oil shale at the point of severance 
arid is calculated by subtracting costs (e.g., retorting and mining) fy.om t.he 
gross sales income. Since pollution controls add to costs, they reduce the 
gross proceeds by a corresponding amount. Hence, a credit for severance tax 
not paid should be deducted from the pollution control costs. 

Wnile operating costs are clearly a11owab1e in calculating gross 
proceeds. return on capita 1 does not appear to be (the statute refers to 
allowing " ... costs, including direct and indirect expenditures for: 
(a) equipment and machinery .... "). Hence, when this credit is calculated, 
the capital charge must be replaced by some form of amortization. For this 
analysis, tne severance tax credit calculations are based on direct and 
indirect annual operating costs, plus 5% of the fixed capital cost to provide 
capita1 amortization over the 20-year project life. 

In applying this credit, allowance was aiso made for exemptions to the 
tax for the first 10,000 barre 1 s per day of production and for p 1 ants that 
have not achieved 50% of their design capacity, together with red!Jced rates 
of tax in the early years. The credit is leveiized in order to achieve a 
urdform per-barrel cost. The met-hodology utilized (LFAC2 in Section 6.4.1) 
is no~ precise, but since the severence tax correction is typically 1ess than 
2% of the tota i annua ~ or per-barre 1 contro 1 cost (see Section 6. 2. 4), 
further refinement fs not justified.* 

8£-12!0duct credit:_s. The by-product credit (if any) for each control is 
shown in Tables 6.3-3 and 6.3-4. (The~~'e are no salable by-products +'rom 
solid waste management.) By-product values of $110 per ton for ammo11ia. $30 
per long ton for sulfu~. and $32 per barrel for oils were used. 

At present, tnere is no significant market for sulfur in the Rocl<y 
Mountain Region; in the past, shipping costs to move recoverea sulfur to a 
chemicai complex could have been greater than its delivered value. However, 
t~e price of high ouality sulfur has gone up substantia1ly in recent years, 
reaching values as high as $129 per 1ong ton (U.S. DOI, August 1981). Higi1 
demand for sulfur is projected through the yea·r 2000 (Rangnow and rasu11o, 
September 28, 1981). Hence, a nominal $30 per long ton has been included for 
recovered sulfur. However, if in the future a sulfuric acid piant and 
fertilizer complex are developed in the area, the values of by-product sulfur 
a~d ammonia would be raised. 

* Since this analysis was conducted, the Colorado Legislature has amended the 
severance tax legislation pertaining to oi1 shale. While the basic rate 
for aooveground retorting is unchanged, the various exer 1pt ions discussed 
above are reduced. This will result in plants paying slightly more sever
ance tax. which marginally increases the severance tax credit, thereby 
marginally (much less than 1%) reducing the pollution co~trol cost. 
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The by-product va 1 ue of $32 per barre 1 for 1 i ght oi 1 s recovered by 
pol iution control activities is higher than the selling price assumed for 
sna1e oil, which is $30 per barrel. Light oils are more valuable than heavy 
oils, a~d it is the lighter fractions that would be prevented from evapora
ti'an by the pollution controls. Consequently, a higher value is justified 
for recovered shale oil as opposed to whole shale oil. 

Working Capital--

The working capital associated with a control was taken as one month's 
total operating cost plus three months' by-product credit. This is equiv
a"iailt tc be one month's total operating cost disregarding the by-product 
credit, p 1 us two months 1 by-product credit. Two months 1 by-product credit 
represen~s one month's inventory and one month's receivables. These values 
were selected by DRI after review of a variety of data sources. 

Working capital is advanced in accordance with the direct annual oper
ating cost plus the extra start-up cost, as follows: 

Operating 
(On-Stream) 

Factor 

Year 1 50% 

Year 2 75% 

Year 3 90% 

Output as 
%of Full 
Production 

56% 

83% 

100% 

Operating Cost 
Relative to Full 

Production 

76% 

83% 

100% 

Working 
Capital 

Increment 

76% 
7% 

17% 
100% 

Seventy-six percent of the working capital is advanced in Year 1 because 
this includes the 20% extra start-up cost (56%+ 20% = 76%). In Year 2, the 
operating cost increases from 76% to 83% of normal, hence 7% more worKing 
capital is required. A similar argument applies to Year 3, leading to a 17% 
working capital increment. All working capital is recovered in Year 20. 

The working capita'l charge rate (RW) is calculated in a similar way to a 
fixed charge rate (see Sections 6.4.1 and 6.4.2). For 12% OCF ROR and normal 
project-timing assumptions, RW = 20.83%. 

6.2.3 Solid Waste Management Costs 

Throughout this manual a distinction is made between fixed capital costs 
and annual operating costs. The importance of this distinction is related to 
the treatment for determining income tax liability. Operating costs can be 
claimed as an expense in the year in which they are incurred, whereas a fixed 
capital cost must be depreciated over the period for which the asset is 
expected to be used. The effect of classifying a cost as an operating cost 
ratner than a capital cost is to reduce the tax liability in any given year. 

For air and water pollution controls, the distinction between fixed 
capital and annual operating costs is unequivocal. For solid waste manage
ment costs which are developed. in the form of year-by-year cash flows 
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{Tab1e 6.1-3), the distinction is less" clear. The co.st _of deep monitoring 
wells, which occurs ·only in Vear 1 (the first year of production in this case· 
study analysis), was treated as a. fi'xed capital cost, while costs that occur 
throughout the project 1ife were considered as operating costs·. Costs that 
occur at the end of the project (e.g., revegetation) wel'e alsotr:eated as 
operating costs, since there is no remaining project life over which to 
depreciate them. In the Lurgi-Open Pit case study~ there are two costs, the 
shallow monitoring wells and piezometers, that occur only in'Year 10, i.e., 
halfway through· the project 1 s 1ife. Although by no means a clear-cut 
decision, these costs were designated fixed capital costs since there is 
still sufficient time over which to depreciate the assets before the project 
ends. 

Since the solid waste managewent operating costs are not proportional to 
production, they were 11 levelized11 to transform them into equivalent direct 
annual operating costs that are proportional to production, so that they can 
be treated in the same way as other direct annual operating costs. Level
izing involves determining the annual cost that is proportional to production 
and which has the same present value (for a given DCF ROR) as the irregular 
operating cost stream. Further explanation and an example are provided in 
Section 6.4.3. Costs designated as fixed capital were not levelized. 

Table 6.2-3 presents the solid waste management fixed capital costs 
and direct annua 1 operating costs ( 1 eve 1 i zed at 12% DCF ROR) derived from 
Table 6.1-3. 

6.2.4 Control Cost Example 

Table 6.2-4 provides an 
elements of per-barrel control 
electrostatic precipitators. 
to annual costs. 

example of the composition of the various 
cost for a single major pollution control, the 
Per-barrel costs follow identical proportions 

It can be seen that the fixed capital charge amounts to 68.4% of the 
total cost, whereas the working capital charge is only 0. 5% of the total 
cost. It is interesting to note that the fixed capital charge is almost 
entirely return on equity, as the investment tax credit (20% of fixed capital 
cost) almost offsets the income tax liability over the project life when both 
are discounted at 12%, which is the specified DCF ROR. This illustrates the 
effect of the time-value of money, as the tax credit is given before produc
tion commences, whereas the regular tax liability is weighted toward the 
later years of the project. 

The direct operating cost for the electrostatic precipitators is 17.8% 
of the total cost. Electricity (15.0%) is the largest component, followed by 
maintenance. This particular pollution control has no operating labor or 
supplies. 

The indirect operating cost amounts to 13.3% of the total cost for this 
control, of which 12.6% results from the cost of property tax and insurance. 
The extra start-up costs and the severance tax credit are 2.1% and 1. 4%, 
respectively, of the total. 
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TABLE 6.2-3. FIXED CAPITAL AND DIRECT ANNUAL OPERATING COSTS 
FOR SOLID WASTE MANAGEMENT 

Activity 

SURFACE HYDROLOGY 

Runoff Collection Sumps 

Runoff Collection Pumps 

Deep Monitoring Wells 

S~allow Monitoring Wells 

Piezometers 

SURFACE STABILIZATION 

Dust Suppression 

Revegetation 

Topsoil 

Seed 

Fixed 
Capital Cost 

($000's) 

Oi rect Annua 1 
Operating Costa 

($000 1 s/yr) 

63 

16 

11,079 

8 

2 

1 

a The direct annual operating costs are levelized with respect to production 
at 12% DCF ROR. 

b Spent in first year of production, Year 1. 

c 
Spen~ in tenth year of production, Year 10. 

Source: DRI. 
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TABLE 6. 2-4. PER-BARREL COST BREAKOO~ FOR ELECTROST~TIC PRECIPITATORS 

(Stan4ard Economic Assumptions) 

Cost Category Cents/Barr-el Percentage of Total 

Fixed Capital Charge 
Equity Return {12%' ROR) 37.4 64.6 

Income Taxes Paid 9.6 16.6 

Investment Tax Credit 1Z.:.il (12.82 
39.6 68.4 

Working Capital Charge 0.3 0.5 

Direct Operating Costs 

Maintenance 1.6 2.8 

Operating Supplies 

Operating Labor 
Cooling Water 
Steam 
Electricity .J!.:L 15.0 

10.3 17.8 

Indirect Operating Costs 
Taxes and Insurance 7.3 12.6 

Extra Start-up Costs 1.2 2.1 

Severance Tax Credit (0.8) (1. 4) 

By-product Credit 

7.7 13.3 

TOTAL COST 57.9 100.0 

Source: DRI. 

These cost proportions for the electrostatic precipitators are typi
cal of those for air pollution controls. However, for some controls, the 
indirect operating cost or even the per-barrel control cost can become 
negative where there is a significant by-product credit. 

Water pollution control costs tend to be less capital-intensive, i.e., 
the ratio of the total annual capital charge to the total annual operating 
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cost is lower. This is because some controls have high operating supplies 
and utility costs. 

Sol1d waste management costs are different in that they are basically 
either a fixed capital cost or a direct annual operating cost, but not both 
for a given centro L This reduces working capita 1 and indirect annua 1 
operat'r~ costs, respectively, to essentially zero. 

6.3 COST ANALYSIS RESULTS 

The methodo 1 ogy used to deve 1 op the data presented in this section is 
identical to a complete discounted cash flow evaluation; that is, it solves 
for the annual or per-barrel revenue required to provide the specified return 
on tne investment (DCF ROR) associated with a control. This revenue require
me;,t :s know!' as the total annual or per-barrel control cost. The ccst 
metnodology is outlined in Section 6.2, and further details are provided in 
Sect.:; on 6.4·.1. 

Two control items--proper maintenance of valves and pumps and the 
floating roof oil storage tanks--have relatively large by-product credits 
which lead to negative total annual costs (i.e., total annual cost credits). 
Altnocgh these items might consequently not be considered pollution controls, 
the~r costs have been included in the total cost of air pollution co:~trol. 
The ~et credit associated with these items represents a very small proportion 
(less than 0.6%) of the total air pollution control cost using standard 
economic assumptions, 'and :even less using the sensitivity analyses. 

6.3.1 Results for Standard Economic' A~sumptions~ 

The term 11 standard economic' assumptions~' is used 'to describe the normal 
economic assumptions presented in· Tables 6. 2-1 and 6. 2-2. The majority of 
these assumptions are in reasonable accord with normal engineering and 
econowic eva1uation practices. The most critical economic assumption is that 

*As-already mentioned, this analysis was developed prior to enactment of the 
Eco~omic Recovery Tax Act of 1981. The rapid depreciation (ACRS) permitted 
by this act would significantly reduce the values of the fixed charge 
factors, especially for normal ( 11 pass through11

) financing as opposed 1:.0 

stand-alone financing. 

For standard economic assumptions, very rough estimates of the changes in 
to~al annua1 control costs are as follows: 

Air controls: 
Water controls: 
Solid waste mgt.: 

10% decrease on aggregate. 
5% decrease on aggregate. 
0-15% decrease. depending on item. 

As an alternative assumption. if the energy portion (10%) of the iovest~~nt 
tax credit were allowed to expire at the end of 1982, the combine~ effect 
of this and ACRS would be to cause small increases in total annual control 
costs. 

--2.97 
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of 12% required DCF ROR. This figure was adopted far the oil shale PCTMs and 
would be appropriate for a mature industr:Y •. but it is probably low for a 
pioneer plant at,this time (see Sections 6.2.1 and 6:3.2 for a discussion of 
factors influencing the selection of a DCF ROR). 

Table 6.3-1 provides a detailed summary of pollution control costs, by 
control group, developed using the standard economic assumptions for the case 
study considered in this manual. Table 6. 3-2 details the specific controls 
included in each control grouping. Note that total costs for solid waste 
management are not provided. A complete solid waste management plan for the 
Lurgi-Open Pit plant has not been proposed. As a result, cost estimates are 
available for particular items only, and no estimate of total solid waste 
~anagement cost can be made at this time. 

Table 6.3-1 shows that the total fixed capital cost for a11 air pol
lution control equipment is approximately $91 million, while the total 
per-barrel control cost is $1.14. The total fixed capital cost for water 
pollution control is approximately $7 million, and the total per-barrel 
control cost is 19 cents. 

Table 6.3-1 also compares the per-barrel cost of pollution control to an 
assumed $30 per-barrel value for shale oil.* For air pollution control, 
the proportion is 3.8 percent. The total water pollution control cost 
represents approximately 0. 6% of the $30 per-barrel value of shale oi 1. 

The works-gate value of $30 per barrel (mid-1980 dollars), for Lurgi 
retorted shale oi 1 was .based on two sources: a developer• s estimate of $29 
for a light shale oil (Cathedral Bluffs Shale Oil Co., November 14, 1980), 
and a study by Peat, Marwick, Mitchell, & Co. (September 1980) which derived 
current values for shale oil. This·stody concluded that the per-barrel value 
of shale oi 1 (at the project site) was approximately $31.50 to $32. 50' for 
surface retorted oil. In no case was upgrading involved. 

It is generally anticipated that the real price of oil will increase in 
the future. Hence, the value of $30 may be considered to be a conservative 
estimate because it does not include any element of future escalation rela
tive to the general level of prices. For example, if oil prices were to 
escalate at only 2% per annum relative to general cost levels (which can be 
expected to include pollution control costs}, the real value of shale oil 
would reach almost $45 per barrel (in mid-1980 dollars) by the year 2000, 
i.e., at the end of the 20-year project life. 

Cost Details--

Full cost details for each air and water pollution control (using 
standard economic assumptions) are presented in Tables 6.3-3 and 6.3-4. As 
already noted, two items--proper maintenance of valves and pumps and the 
floating roof oil storage tanks--were found to have negative total annua1 

* Other prices for the va1ue of shale oil are used in the other oil shale 
PCTMs, reflecting quality differences. 
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TABLE 6. 3-1. POLLUTION CO~TROL COSTS, BY CONTROL GROUP, fOR HIE 
STANDARD ECONOMIC ASSUMPTIONS 

Total Annual Total Annual 
fixed b Capital Operating Total Annual Per~ barrel 

Control Groupa 
Capital Cost Chargee Cost Control Cost Control Cost 

($000 1 s) ($OOO's/yr) ($OOO's/yr) ($000's/yr) (cents/bbl) 

Air Pollution Control 

Particulate Control 32,451 5,168 4,471 9,639 47 
Flue Gas Treatment 50,734 8,269 3,747 12,016 58 

Miscellaneous Air 7,857 ,1,310 795 2,105 10 
TOTAL AIR 91,042 14,747 9,013 23,760 115 

Water Pollution Control 

Retort Water 3,788 685 1,745 2,430 12 
Miscellaneous Water 3,334 727 701 1,428 7 

TOTAL WATER 7,122 1,412 2,446 3,858 19 

a Refer to Table 6.3-2 for a listing of the items that are included 1n each control group. 

b Ooes not include working capital 

c Includes charge for working capital. 

d Assuming shale oil is Vdlued at $30/barrel 

Sour·ce: DR I. 

Per-barrel 
Control Cost as 

a Proport10nd 
of Oil Value 

(%} 

1.5 

1.9 

0.3 

3.8 

0.4 

0.2 

0.6 



I. 

Group Designation 

Air Pollution Control 

Particulate Control: 

Flue Gas Treatment: 

Miscellaneous Air: 

Water Pollution Control 

Retort Water: 

Miscellaneous Water: 

TABLE 6.3-2. CONTROL GROUPINGS 

Specific Controls 

Fabric filters, water and foam sprays. 

Electrostatic precipitators. 

Stretford, ammonia storage, floating roof 
oil storage tanks, proper maintenance of 
valves and pumps, catalytic converters. 

Ammonia recovery unit, API oil/water 
separator. 

Mine water clarifier,* boiler feedwater 
treatment,* cooling water treatment,* 
eQualization pond, runoff oil/water 
separator, aeration pond. 

* These technologies could be considered as part of the process rather than 
pollution control. 

\ 

Source: DR!. 

costs. In these cases. the annua 1 by-product credits were 1 arge enough to 
more than offset the total annual capital charges and total annual operating 
cost.s. These items were, nevertheless, incorporated into the air pollution 
control cost total. 

Table 6.3-5 presents the costs of nine solid waste management items. Of 
the nine, dust suppression is by far the most costly item--$11.3 million 
total annual control cost, or 54 cents per barrel. This item is entirely an 
operating expenditure (zero fixed capital cost). The only solid waste man
agement items with fixed capital costs are the deep monitoring wells, the 
shallow monitoring wells, and the piezometers, which total $1.3 million. 

It should be remembered that these costs do not represent the full cost 
associated with a complete solid waste management operation. Even so, the 
per-barrel control cost aS1iOCiated with these nine solid waste management 
items is significantly greater than the total per-barrel control cost for 
water pollution control. 
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lABLE 6 3-3 OFTAILS 0~ AlR POLLUTION CONTROL COSTS, ~TANOARO ECONOMIC ASSUMPTIONS 

-- ~- .. - --~---~----~----- ~----
F1xed Fixed Total Annual Direct Annual Jnd1rect Total 
Charge Cap1tal \1orkl ng c~~~;~!a Annual By-produ~t Annual b Annual Total Annual Per-barN! 1 

Control Ident1flcat1on Factor Cost Capital ()p Cost Cr<>dit Op Cost Op Cost Control Lost Control Cost 
(No of Units) (%} ($000 1 ~) ($000's) ($000'~/yr) ($000' s/yr) ($000's/yr} ($000' s/yr) ($000' s/yr) ($000's/yr) (cents) 

Fabric FJ]ters (2) 15.61 987 8 156 63 31 94 250 1 2 
Fabric Filter (1) 15 61 105 1 17 6 3 9 26 0 1 
Fabric Fi Iter (1) 15 61 552 4 87 34 17 51 138 0 7 
Fabr1c Filters (3) 15 61 1,051 a 166 65 33 98 264 1 3 
fabr1 c f i1 ters (2) 1~ (;1 628 9 100 85 20 105 205 1.0 
Fabric F1lters (8) 15 61 4,828 38 762 297 152 449 1,211 5 8 
Fabnc filters (8) 15.61 4,828 38 762 297 152 449 1,211 5 8 
Fabric Filters (9) 15 61 5,432 42 1357 334 172 506 1,363 6 6 
fabric fl Jters (9) 15.61 5,432 42 857 334 172 506 1,363 6 b 
Fabric Filter (1~ 15 61 249 2 39 1!> 8 23 62 0.3 
Fabric Filters (2 15.61 559 4 sa 34 18 52 140 0 7 
Fabric filters (3) 15.61 559 4 88 34 18 52 140 0.7 
l'abrfc filters (2) 15 61 348 3 55 22 11 33 88 0.4 
Fabr1c Filters (2) 15 61 348 3 55 22 11 33 88 0 4 
Fabric Filters (2) 15 61 348 3 55 22 11 33 88 0 4 

< Fabric filters (4} 15.61 696 6 110 44 22 66 176 0 8 
Fabric Filters (2) 15.61 348 3 55 22 11 33 88 0,4 
Fabric Filters (2) 15 61 348 3 55 22 11 33 88 0 4 

w Water and foam Sprays 15.61 909 124 168 1,456 27 1,483 1,651 8.0 s ' Fabric Filters (4} 16 17 1,837 14 300 113 58 171 471 2.3 
· Fabric Filters (13) 16 17 2,059 .1! ~ ..__!IT __§2 192 _ill __u 

Subtotal Particulate Controls 32,451 37S 5,168 3,448 1,023 4,471 9,639 46 5 

Stretford {l) 16 17 6,860 94 1,129 769 72c 146 915 2,044 9 9 
Ammonia Storage (1) 15.61 466 l 73 15 15 .sa 0.4 
Float1ng Roof Storage 

155d Tanl:s (2) 15.61 300 27 52 (141) (141) (89) (0:4) 
Maintenance of Valves, etc. 15 61 61 26 15 61 126d (120) (59) (44) (0.2) 
Catalytic Converters 23 36 _ill ......§ __11 ____§Q __ 5 __§2 _ill _;;_Q_§ 

Subtotal M1sc. Air Controls 7,857 153 1,310 890 353 (95) 795 2,105 10 2 

Electrostatic 
Prec1p1tators (13) 16 17 50,734 312 8,269 2,144 1~ 1...11l 12,016 57 9 

TOTAL AIR POllUTION CONTROLS 91,042 ~1Q !i,]47 6,482 353 2,531 2..!!!1 ~23,760 1146 

a Includes fixed and working cap1tal charges RW 20.83% 

b Includes annual by-product credit 

c for sulfur at $30/long ton 

d For light shale 011 at $32/bbl. 

Sourc~ DR! estimates based on data prov1ded by SWEC 
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TABLE 6 3-4 DETAILS OF WATER POllUTION CONTP.Ol COSTS, STANDARD ECONOMIC ASSUMPTIONS 

F1xed FixPd 
Charge Cap1tal Work1ng 
Factor Cost Capital 

fontrol Identffication (%) {$000's) ($000's) 

Ammon1a Recovery Un1t 16.17 3,627 349 
API 01l/Water Separator 16.17 161 1 

Subtotal Retort Water 3,768 350 

M1ne Water Clarifierd d 21 64 2,560 33 
Cooling Water Treatment d 16.17 4 
Boiler Feedwater Treatment 16.17 122 6 
Equalnation Pond 21 64 181 1 
Runoff 01l/Water Soparator 21.64 41 <1 
Aeration Pond 21.64 --..llQ ...!! 

Subtotal Mise Water 3,334 58 

TOTAL WATER POllUTION CONTROLS 7,122 408 

a Includes f1xed and working capital charges. RW = 20.83%. 

b Includes annual by-product credit. 

c For amrnon1a at $110/ton. 

Tota 1 Annua 1 Direct Annual 
Capital a Annual By-product 
Charge Op, Cost Credit 

($OOO's/yr) ($OOO's/yr) ($000's/yr) 

659 2,419 
~ 

__ 4 

.685 2,423 816 

561 319 
1 51 

21 69 
39 3 

9 1 
~ 153 

nt 596 

1,412 3,019 !ill 

d These technologies could be cons1dered as part of the process rather than pollut1on control. 

Source· DRI est1mates based on data prov1ded by WPA. 

Indirect Total 
Annual b Annual 

Op CMt Op Cost 
($OOO's/yr) {$OOO's/yr) 

(683) 1,736 
_2 __ 9 

(678) 1,745 

81 400 
(<1) 51 

4 73 
6 9 
1 2 

_11 166 

105 701 

(573) 2,446 

Total Annual Per-barrel 
Control Cost Control Cost 
($000's/yr) {cents) 

2,395 116 
~ _!!.:1 

2,430 11.8 

9Eil 4.6 
52 0.3 
94 0.5 
48 0 2 
11 0.1 
~ ..1:_1 
1,428 7,0 

~.8W 18.8 
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TABlE 6.3-5. DETAILS OF SOLID WASTE MANAGEMENT COSTS, STANDARD ECONOMIC ASSUMPTIONS 

Fixed f1Ked 
Charge Capt tal Work111g 
Factor Cost Capital 

Control Identification (%) ($000's) ($000's) 

SURFACE fiYQROLOGY 
nunoff Collection Sumps 5 

Runoff Collection Pumps 1 

Deep Monitoring Wells 12.49 856 2 

Shallow Monitoring Wells 4.51 26 <1 

1'1e;r:ometers 4.51 432 1 

SURFACE STABILIZATION 
Dust Suppression 923 

Revegetation 1 

Topsoil <1 

Seed 

K Includes fixed and working capital charges RW = 20 83% 

Note There are no by-product credits. 

Source: DRI estimates based on data provided by SWEC 

Total 1\nnual 01rect Indirect Total 
Capital Annual Annual Annual 
Charge* Op Cost Op Cost Op Cost 

($000's/yr} ($000's/yr) ($OOO's/yr) ($000' s/yr) 

1 63 (<1) 63 

<1 16 16 

106 27 27 

1 1 1 

20 14 14 

192 11,079 (14) 11,065 

<1 8 8 

2 2 

1 1 

Total Annual Per-barre 1 
Control Cost Control Cobt 
($OOO's/yr) (cents) 

64 0.3 

16 0 1 

135 0 7 

2 <0.1 

34 0 2 

11,257 54 3 

8 <0.1 

2 <0 1 

1 <0.1 



6.3.2 Sensitivity Analyses 

This section explores the sensitivity of the results to changes in the 
engineering costs and economic assumptions. In general. only a single change 
from the standard economic assumptions was made in each case, enabling the 
impact of this change to be isolated. Table 6. 3-6 summarizes the changes 
made for each case, while Table 6.3-7 displays the fixed and working capital 
charge rates used to calculate per-barrel control costs. Per-barrel pol
lution control costs, expressed as a percentage of a $30 per-barrel shale oil 
value, are given in Table 6.3-8. Table 6.3-9 provides additional detail for 
the absolute per-barrel control costs and includes percentage changes from 
the standard economic assumptions. Comparative results for the various 
sensitivity analyses are presented graphically in Figure 6.3-1. No sensitiv
ity analysis has been performed on the solid waste management costs, as only 
partial cost estimates were available. Each sensitivity analysis is dis
cussed below. 

Twenty Percent Increase in Fixed Capital Costs--

Cost escalation is always a problem with pioneer plants because of tne 
numerous uncertainties (Merrow, September 1978; Merrow, Chapel and Worthing, 
July 1979). A 20% increase is not at all unreasonable despite the inclusion 
of a 20% contingency in fixed capital cost estimates. 

Table 6.3-9 shows that a 20% increase in fixed capital costs has a 
moderate effect on pollution control costs. As would be expected, the more 
capital-intensive air pollution controls show the greatest increase. The 
total air pollution control cost increases by 15% (16 cents per barrel), 
while the total water pollution control cost increases by 8% (only 1 cent per 
barrel). 

Twenty Percent Increase in Operating Costs--

Operating costs are often better defined than capital costs, which is 
why an operating cost contingency is not normally included in the direct 
annual operating costs. However, there are many reasons why operating costs 
could be higher than anticipated. For example, regional shortages of skilled 
labor could result in higher wages and reduced productivity. Also, labor 
costs may escalate faster than other costs. Maintenance costs could be 
higher than expected, and both utility requirements and utility unit costs 
could deviate from expectations. 

For air pollution controls, the overall effect of an increase in direct 
annual operating cost is much less than that of the same percentage increase 
in fixed capital cost. For a 20% increase, the total air pollution control 
cost increases by only 6 cents per barrel (a 6% increase). The more oper
ating cost-intensive tota; water pollution control cost increases by 3 cents 
per barrel (a 16% increase). This is a reversal of the results obtained for 
a 20% increase in fixed capital costs, and confirms that the air pollution 
controls are much more capital-intensive than the water pollution controls. 
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TABlE 6 3-6 A~Sm4PliONS FOR SEN~IT!VITY ANALYSES* 

F1•ed Capital D1re't Operating By-product 
S<1nsitwity Analysis DCF ROR Costs Co•ts Cred1ts Comments 

/ 
+20% Fixed Cap1tal Costs 12% Increased 20% SEA SEA 

+20% Direct Operating Costs 12% SEA Increased 20% SEA 

+66 7% Utilities Costs 12% SEA Ut1 hty portion SEA 
Increased 66 7% 

80% of Plal!ned Output 12% SEA Decreased 10% Deueas!'d 20% 

Delayed Start-up 12% SEA SEA SEA A 2-year delay was incorporated 1nto the RC 
and RW calculations by halting production in 
Years 2 and 3 and resum1ng 1n Year 4 Project 
life was 1ncreased to 22 years 

15% DCF ROR 15% SEA SEA SEA 
(<.) 

Stand~alorte Fwanc1ng 12% SEA SEA SEA 

l 
For RC and RW ~alculat1ons, Investment tax 0 

(J't credit and depreciation earned 10 or before 
¥ear 3 were accumulated and taken as a lump 

Stand-alone F1nanc1ng 15% SEA SEA SEA sum 1 n Year 3. The schedules after Year 3 
at 15% OCF ROR remained unchanged 

+20~ Fixed Capital Costs, 15:1: Increased 20% SEA SEA A 2-year delay was Incorporated Into the RC 
De 1 ayed Start-up and and RW calculations by halt1ng production in 
15% DCF ROR Years 2 and 3 and resum1ng 10 Year 4 ProJect 

life was Increased to 22 years 

+:iO% Fixed Cap1tal Costs, 15% Increased 20% SEA SEA A 2-year delay was incorporated 1nto the Rc 
Delayed Start-up, 15% and RW calculations as obove, and the 
!lCF ROR and Stand-a lone investment tax credit and deprec1at1on were 
F1nanc1ng accumulated to Year 5 

*SEA 1od1cates that the costs are the same as those used fm• andlysis based on standdtd econom1c assumptions 

Source· ORI. 



TABLE 6 3-7 CHARGE RATES FOR SENSITIVITY ANALYSES 

Standard +20% rixed +20% D1rect +66 7% 80% o( Stand-alone Assumptions lolith 
Economic Capital Operating Utllities Planned Oelayed 15% Stand-alone Financing at 1\;=~=;~~:nsa Stand-alone 

AssUIIIptlons Costs costs Costs Output Start-up OCF ROR Financing 15% DCf ROR fioanctnga 

Retort hm1 ng 16 17 16.17 16.17 16 17 16 17 19 92 20 92 18.52 24.31 26 94 33 92 

f.hne T1mfng 15 61 15 61 15 61 15 61 l!i,61 19 23 20 06 17.81 23.23 25 El2 32 53 

Early Water 
Management 21 64 21 64 21.64 21 64 21 64 26 66 30 01 26 82 37.62 38.63 51 89 

w Catalytic 

0 Converters 23 36 23 36 23 36 23 36 23 36 26 46 27.03 25 14 29 53 n 91 38.91 
Ol 

Working CaQital 
Char!J!1 Rate 20.83 20 83 20 83 20 83 20 83 20 96 25 58 20 63 25 58 25 eo 25.80 

a Comlllned assumpt1ons are 20% increase in fixed cap1tal costs, 15% OCF ROR and delayed start-up 

b Refer to Table 6.~-2 for pollutiou controls 1ncluded in each category 

Source DRI 



TABLE 6.3-8. SENSITIVITY ANALYSES EXPRESSED AS 
A PERCENTAGE OF SHALE OIL VALUE 

Per-barrel Control Cost as a 
Percent of $30/Barrel Shale Oi1 value 

Ssnsitivity Analysis 

Standa~d Economic Assumptions 

20% Increase in Fixed Capital Costs 

20% Increase in Direct Operating Costs 

66.7% Increase in Utilities Costs 

80% of Planned Output 

Delayed Start-up 

15% DCF ROR 
Stand-alone Financing 

Stand-alone Financing at 15% DCF ROR 

Cowbined Assumptions* 

Combined Assumptions with Stand-alone 
Firancing* 

Air Water 

3.8 0.6 

4.4 0.7 

4.0 0.7 

4.2 0.8 

4.7 0. 7 

4.4 0.7 

4.5 0.7 

4.2 0.7 

5.0 0.8 

6.3 0.9 

7.5 1.0 

* Combined assumptions are 20% increase in fixed capital costs, 15% OCF ROR 
and de1ayed start-uo. 

Sou:--ce: JRI. 

66.7% Increase in Utilities Costs--

Operation of various controls requires inputs of e1ectricity and steam. 
Under standard economic assumptions, electricity is valued at 3 cents per 
kW-hr, and it is assumed that steam is generated at a cost of $3/~~Btu. The 
electricity charge of 3 cents per kW-hr may very likely underestimate the 
true cost of power purchased from the grid (should this prove necessary) as 
it is a compromise value between plants that can sell power and those that 
must ourchase power (see Section 6.1.1). Since the Lurgi-Open Pit plant is 
likely to require electricity from outside sources, a 5 cents per kW-hr rate 
(a 66.7% increase) was considered. At the same time, the cost of steam was 
a1so increased by 66.7%, as the standard rate for this input of $3/MMBtu may 
also prove to be conserv-ative. Three dollars per million Btu is a typical 
1980 value used for heat inputs in engineering studies, but no detailed cost 
evaluation was conducted for this manual. Hence, the steam cost 111ust be 
considered uncertain. 
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TABLE 6.3·9. SENSITIVITY ANALYSES BY MEDIUM 

Sensitivity Analysis 

Standard Economic Assumptions 

20% Increase in Fixed Capital 
Costs 

20% Increase in Direct Operating 
Costs 

66.7% Increase in Utilities 
Costs 

80% of Planned Output 

Delayed Start-up 

15% DCF ROR 

Stand-alone Financing 

Stand-alone Financing at 
15% DCF ROR 

Combined Assumptions* 

Combined Assumptions with 
Stand-alone Financing* 

Air Pollution 
.Control 

cants/bbl % change 

115 

131 

121 

126 

140 

131 

136 

125 

150 

188 

224 

+14.8 

+5.6 

+10.2 

+22.0 

+14.3 

+18.5 

+8.8 

+31.2 

+64.2 

+95.9 

Water Pollution 
Control 

cents/bbl % change 

1Q. 

20 

22 

24 

22 

20 

21 

20 

23 

26 

30 

+8.1 

+16.0 

+28.6 

+20.2 

+8.1 

+12.9 

+6.7 

+22.7 

+39.4 

+61.1 

* Combined assumptions are 20% increase in fixed capital costs, 15% DCF ROR 
and delayed start-up. 

Note: Percentage changes may not agree with figures calculated from cents 
per barrel due to rounding. 

Source: DR!. 

The results indicate that utility costs constitute a moderately impor
tant component of pollution control costs. The total water pollution control 
cost increases by 28% (5 cents per barrel). This increase can be attribu~ed 
to the large quantities of steam required by the ammonia recovery unit. The 
effect on air pollution control costs is less significant (although the 
abs o 1 ute increase in costs is greater). The 66. 7% increase in ut il it i es 
costs causes the tota 1 air po 11 uti on contra 1 cost to rise by 10% (11 cents 
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per barrel)_. __ This increase is due ·largely to the significant amounts of 
electricity r.equ-ired'"to op~rate the .e1ectrostatk pretipitatoi's and' fabric 
fi 1 ters. · · ' 

Eighty Percent of Planned Output--

A frequent problem with pioneer process plants is that they fail to 
achieve their planned output. Occasionally they produce more. When a p1ant 
fa11s to reach its planned output~ the annual fixed capital charges must be 
spread over reduced output, and the direct annual operating costs decrease by 
a lesser proportion than the output because some components (such as main
tenance) are virtually unchanged. 

For the case of a plant that achieves only 80% of planned output, it was 
assumed that direct annual operating costs fall to 90% of the full production 
costs. Production in the start-up years and by-product credits were prorated 
to 80% of the standard values. 

Overall, the results are relatively severe 1 with the more capital
intensive air pollution controls showing the greatest increase. Total air 
pollution control cost increases 22% (25 cents per barrel), while the total 
water pollution control cost increases 20% (3 cents per barrel). 

Delayed Start-up--

Because of the time-value of money implicit in the discounting proce
dure, anything that delays or curtails production raises annual capital 
charges and, hence, the per-barrel control cost; conversly, dnything that 
accelerates or ext~nds production reduces the costs. 

For this analysis, production is halted for two years (Years 2 and 3) 
and then follows the normal build-up profile displaced by two years. (The 
project life is extended by 2 years to 22 years.) This profile corresponds 
to the scenario that the plant initially starts production according to 
schedule; then, at the end of Year 1, the plant is closed down because 
serious operational problems have developed a~d must be solved, which takes 
two years. 

The effects of this case are only moderately severe. Total air pollu
tion control cost increases 14% (16 cents per barrel). The less capital
intensive total water poliution control cost increases by 8% (1 cent per 
barrel). 

Fifteen Percent DCF ROR--

The minimum acceptable OCF ROR used in a project feasibility study is 
normally not divulged by developers and, in any event, is influenced by 
alternative investment opportunities and other factors. However, there is 
broad confirmation that a rate between 12% and 15% per annum (in constant 
dollars) is appropriate for evaluating oil shale investments (Denver Research 
Institute, et al., July 1979; also see Merrow, September 1978). This ROR, 
which is called a 11 hurdle rate, 11 is higher than the return that a company 
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actually earns on its capital for a number of reasons. First, it is aP 
'-!llfor-tunate fact of 1 ife that many projects earn less than the projected 
"ate because things do not work out as expected. This is only partly 
~f~set by the few that do better than anticipated. Second, project eva1ua
tions do not usually include such costs as R and D, exploration, and reserve 
acquisition; also, they may not include recovery of some general corporate 
expenses. 

The single most important factor that influences the required DCF ROR is 
the perceived riskiness of the·project. A high risk project is expected to 
pass a higher ROR hurdle than a low risk project. Some of the types of risks 
that might be subjectively taken into account in selecting a minimum a:cept
able ~0~ for a mining project in the U.S. include: 

• Unproven technology (and, hence, uncertain equipment costs); 

~ Geologic uncertainty; 

• Very large investments in relationship to total corporate assets; 

~ Rapid inflation in some cost components; 

e Long construction and start-up periods;· 

@ Market uncertainty; 

e Regulatory uncertainty (leading to delays or added costs); and 

6! Difficu'lt working tondition's'or adve:rse.socioeconomic impacts 
leading to manp~wer problems. · · ~ 

., 

For any first g~~eratio'n commercial sY~fuel plant:,.: all :the ·above factor's 
are present, with the possible exception of geologic uncertainty. At this 
t1me, most of these factors are strongly present in oil shale projects. The 
standard economic assumption is 12% DCF ROR, which is p:robably the lowest 
acceptable ROR for a' private enterprise shale'oil plant with proven technol
ogy. For a pioneer plant, industry is likely to require at least 15% ROR, 
unless it wishes to 11 buy into" a new industry. Of course, if another party 
(e.g., the Federal government) were prepared to share the risk in some way, 
the required ROR would. be reduced. Even though spme of the risks listed 
above do nor. apply to 'po11u'tion controls, industry does not 'perceive environ
menta· costs to be s~P,arable from the total project.' Hence, all components 
o<= a project, includ~ng po1·1ution controh,.must earn the specified DCF ROR. 

!ncreasing the required DCF ROR from 12 to 15% has a substantial effect 
on pollution control costs. Once again, air pollution controls show the 
grea':est increase. The total air pollution control cost increases by 19% 
(21 cents per barrel), whi'le the total water pollution control cost increases 
by 13% (or 2 cents per barrel). 

Stand-alone Financing-· 

The term ••stand-alone financing" is used to describe a project in 
which investment tax credits and allowances for depreciation cannot be 
passed through to a parent comp~ny (or companies) which can benefit from 
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them immediately. {These benefits are treated as negative income tax in 
conducting the alternative 11pass-throughr1 form of project evaluation which is 
used under sta-nda~d economic ass.umptitms.) Instead, 'it is necessar-y •for the 
project to become profitable before the tax benefits can be obtained. It is 
difficult to determine when this might occur because it requires a detailed 
knowledge of the overa11 project economics; in any event, the timing of the 
benefits will be affected by the se11ing price of the shale oil. However, it 
is known that some of t.he developers are assuming stand-alone financinr; for 
their evaluations since it more closely reflects their tax positions than 
does pass-through financing. 

To 'determine the approximate effect of substituting stand-alone 
financing for pass-through financing, it was assumed that no investment tax 
credit or depreciation could be claimed until the third year of production, 
i.e., the first year of full output. This assumption was based on examina
tion of the cash flow analysis for an open pit mine with surface retorting 
presented in a recent oil shale tax study (Peat, Marwick, Mitchell & Co., 
September 1980). It must be emphasized that this assumption is very sim
plistic (and probably conservative), since the relevant details in the tax 
study were significantly different from those assumed in this manual. As 
expected, the effect was larger for the more capital-intensive air pollution 
controls, although the overall effect for both control groups is fairly mild. 
Total air pollution control cost increases 10 cents per barrel (9%), while 
the total water pollution control cost increases 1 cent per barrel (7%). A 
more refined C?1culation might yield substantially greater increases. 
especially if a low. value was used ·for the price of shale oi·l, thereby 
reduc1ng profitaoility. · 

The effect of stand-alone financing was also evaluated at 15% OCF ROR, 
using the same ·assumptions as above'. ·ThiS probably comes closer to a devel
oper's evaluatio~. The resulting increases in costs are quite substantial, 
with the total air pollution control cost increasing 35 cents per barrel 
(31%) and the total ·water pollution control cost increasing 4 cents per 
barrel (23%). 

Combined Cases--

Two combined cases were eva 1 uated using the components a 1 ready dis
cussed. However, it is not sufficient to construct these analyses by simply 
combining the results from the earlier findings, so new analyses were devel
oped. The two cases are as follows: 

Combined assumptions 

• 20% increase in fixed capital costs 
• Delayed start-up 
• 15% DCF ROR 
• Everything else as standard economic assumptions. 
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Combined assumptions with stand-alone financing 

~ 20% increase in fixed capital costs 
0 Delayed start-up 

~ 15% DCF ROR 
$ Stand-alone financing 

~ Everything else as standard economic assumptions. 

These combined cases are intended to be quite plausible adverse scenar
ios (i.e., 20% increase in fixed capital costs and delayed start-up) looked 
at ~rom industry's viewpoint (i.e, 15% DCF ROR, with or without stand-alone 
f"inarcing, depending on ,the company). 

The results indicate that these cases would impose significant burdens 
on industry. The more capital-intensive air pollution controls increase in 
cost by 64% (73 cents per barrel) for regular (''pass-through11

) financing and 
by 96% ($1.09 per barrel)· for stand-alone financing. Total water pollution 
control cost rises approximately 39% (7 cents per barrel) for the regular 
case and 61% (11 cents per barrel) for the stand-alone case. The absolute 
1 eve 1 of po 11 uti on contro 1 costs reaches $1. 88 per barre 1 for a 11 air con
vo's and 26 cents per barrel for water pollution controls for tl'le regular 
(pass-through) case. For combined assumptions with stand-alone financing, 
abso1ute pollution control costs are $2.24 per barrel for total air and 
30 cents per barrel 'for total water. ,These results represent an almost 
doub1ing of the absolute cost of air pollution controls. 

Summary--

Returning to Table 6.3-8, it can be seen that the total cost of air 
pollution control is roughly 4% of the assumed $30 per-barrel value for shale 
oil ur.der the standard economic assumptions. The total water pollution 
contra: cost is roughly 0.6% of the value of the oil. 

With respect to air pollution controls, only the two sets of combined 
assumptions produce major increases in cost. In these two cases, the total 
control cost reaches 6.3 and 7.5% of the assumed $30 value for shale oil. 

Water poll uti on control costs have proven to be less sensitive to 
changes in the engineering costs and economic assumptions. Only the last two 
sensitivity analyses (the two sets of combined assumptions) produce notice
able increases in total water pollution control costs. From a base of 0.6% 
of the shale oil value under the standard economic assumptions, water pol
lutiol1 control cost rises no higher than to 1.0% of the oil value (for 
comb~ned assumptions with stand-alone financing). When compared with air 
po1iution control costs, water control costs are more sensitive to changes in 
d~rect ope~ating costs and utilities, as opposed to changes that affect fixed 
capital charges. Increase-s in direct operating costs and utilities 'costs, 
however, do not produce significantly larger increases in total water pollu
tic~ control costs than those sensitivity analyses which affect fixed capita! 
cha"'ges. 
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Fig.ure ·6. 3-1 s-pl'its the pollution' cantro1 costs into ·a per-barre·l· total 
.capital cha·rge and a p~r-barre1 wta:l 'operating cost. This figure· effec
tively· i11astrates the response of capital-intensive controls (air) vs. 
operating cost-i-ntensive contro1s (water) to the different sensitivity 
analyses. 

6.4 DETAilS OF COST AftALYS'l'S METHODOLOGY 

6.4.1 Cost Algorithms 

This section provides the algorithms used to calculate total annual and 
per-barrel control costs and capital charge factors. 

Calculation of Total Annual and Per-barrel Control Costs--

The total annual control cost (TC) of each item considered for pollution 
control is the sum of the total annual operating cost (TOC) and the total 
annual capital charge (CC). That is: 

and 

wl'lere: 

and 

where: 

TC = TOC + CC 

TOC = DOC + IOC 

DOC = Direct annual operating cost 
roc = Indirect annual operating cost 

cc = {FCC X RF) + (WC X RW) 

FCC = Fixed capital cost 
WC = Working capital 
RF = Fixed charge factor 
RW = Working capital charge factor 

The cost per barrel (CPB) is the total annual cost divided by the ~ormal 
annual production, i.e.: 

CP~ = TC + (BPSD x 328.5) 

where: BPSD = Barrels per stream day 

The factor, 328.5, is the number of normal operating days per year. 

The derivation of each cost component is explained below. 

Direct annual operating cost. DOC is a data input derived from the 
engineering cost analysis. It is the annual cost for a normal year and is 
taken from one of the data Tables 6.1-1, 6.1-2 or 6.2-3. 

Indirect annual operating cost. The indirect annual operating cost 
(lOC) is calculated as follows: 
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where: 

!DC = TIA + ESC - STC - BP 

TIA = Annual property tax and insurance allowance 
ESC =Annual extra start-up costs (1eve1ized--see below) 
STC =Annual severance tax credit (levelized--see below) 
~p = Annual by-product credit 

BP is an input generated from stream data and shown in one of the tables in 
Se=ticn 6.3, and: 

TIA = 0.03 x FCC 
ESC= (0.03 x FCC+ 0.20 x DOC) x LFACl 
STC = 0.04 x [(DOC+ ESC+ TIA- BP) + 0.05 x FCC] x LFAC2 

LFACl and LFAC2 are 1evelizing factors that spread ESC and STC uniformly 
over all units of production. LFAC2 also makes adjustments for the severance 
tax exemptions allowed for low production. These factors are as follows: 

LFACl = ------------
0.56 + 0.83 + L20 --=1 __ 

1 + r (1 + r)2 n=3 (1 + r)n 

= -------------------------------------0.56 + 0.83 + (1 + r)-2 - (1 + r)-2o 
1 + r (1 + r)2 r 

LFAC2 = BPSO - 10,000 
BPSD x 

1 x 0.83 + 1 1 3 1 + (1 + r)-4 - {1 + r)-2o 
4 (1 + r)2 2 x (1 + r)3 + 4 x (1 + r)4 r 

0.56 + 0.83 + (1 + r)-2 - (1 + r)-20 
1 + r (1 + r)2 r 

where: r = Discount rate = OCF ROR 
BPSD =Barrels per stream day (i.e., normal daily output) 

A numerical example of a levelizing calculation is giv-en in Section 6.4.3. 

Capital costs. Fixed capital cost (FCC) is an input taken from one of 
the data tables. Working capital (WC) is calculated as follows; 

~" ,WC = l/12 x TOC + 1/4 x BP 
"'~· .. . 
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Capital Charge factors~-

T~e-fixed charge' factor equation is: 

where: 

N 
I [(1 + r)-n x (Kn - T x On - C

0
)J 

n=J 
RF : ------:-:----------N 

(1 - T) I [(1 + r)-n On] 
n=1 

Kn =Capital expenditure in yearn (~ Kn = 1.000) 

Cn = Investment credit in year n 

0
0 

= Depreciation in year n 

On= Operating income in yearn (On= 1.000 in a norma1 
year) 

r = Discount Rate = DCF ROR 

T = Tax rate 
N = Last year of project 

J =First year of project (i.e., -3) 

Note that the first yeat of production is Year 1. 

The same equation is used to determine the working capital charge factor 
(RW), except that the 0 and C terms are omitted. n n 

6.4.2 Example Calculation of a Fixed Charge Factor 

Table 6.4-1 provides an example of the calculation of a fixed charge 
factor. The data used are for retort timing, using standard economic 
assumptions {see Table 6.2-2). 

The following is an explanation of the calculations in the table. 
Expenditures are shown negative, while income (and taxes avoided) is shown 
positive. Column [2] is a schedule of capital expenditures to be made over 
a three-year period, totaling an arbitrary $1,000. (Unit value is used 
instead of $1,000 in the equation above.) Columns [3]j [4], and [5] deal 
with allowances associated with this capital expenditure. Column [3] is a 
schedule of depreciation, commencing in Year 1 when the asset is placed into 
service. Column [4] gives the value of the depreciation allowed to the 
company. This value is the income tax not incurred as a consequence of the 
depreciation deduction, and it is 48% of Column [3]. Column [5] is the 20% 
investment tax credit available in each year a capital expenditure is made. 
{This is a direct credit against tax and does not have to be multiplied by 
the tax rate.) 

Column [6] represents 
investment {Column [2]). 

the income stream resulting from the $1,000 
Income in a normal, full production year is 
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TAilL( 6.4-l El<IIMPLE OF Fll<ED CHARGE FACTOR CAl CUlATTON 
(Standard fc(}nomlc Assumptions, Retort Tlmlng) 

Allowances O~erat1ng Income Net Present Values 
Gross Oepreciat 1011 Deprec1atlon I nves~tment - Net After Discount Factors After-tax Depreci,;lion l nvesiiilin_i_ 

Year Capital Amount Value @ 48% rax Tax Cred1t Gross 48% Tax at 12% Income" Allowance Tax Cred1t Capital 
(11 [2] [3] [4] [!>] [6) [7) [8] [9] [10] [11] [12] 

-2 (lQD.OO) 0.00 0 00 20.00 0 OOx 0 OOx 1 2544 O.OOOOx 0.00 25 09 (125 44) 

-1 (300.00) 0.00 0.00 60.00 O.OOx O.OOx l 1200 O.OOOOx 0.00 67 20 {336 00} 

0 (60Q.OO) 0.00 0.00 120.00 0 oox o.Oox 1 0000 0 OOOOx 0.00 120.00 {600 00) 

1 0.00 117.65 56.47 0.00 0.56x 0 291x 0.8929 0.2600)( 50.42 0.00 0 00 

2 o.oo 110.29 52.94 0.00 0 83x 0 4l2x 0 7972 0 3441x 42 20 0 00 0 00 

!l o.oo 102 94 49.41 0.00 LOOx 0 520x 0.7118 0.3701x 35.17 0 00 0 00 

4 0.00 95.59 45.88 0 00 LOOx 0.520x 0 b355 0.330Sx 29. 16 0 00 000 

5 o.oo 88.24 42.36 0.00 1 OOx 0 520x 0 5674 0 295lx 24 03 0 00 0 00 

6 o.oo 80.88 38.82 0.00 l.OOx o 520x 0 5066 0. 2634x 19.67 0 00 0 00 

7 o.oo 73.53 35.29 0.00 LOOx 0.520x 0 4523 o 2352x 15.97 a oo 0 00 

w 8 0.1,)0 66.18 31 77 0.00 l.OOx o 520x 0 4039 0 2100x 12.83 0.00 0 00 
...... 

9 0.00 58.82 28 23 0.00 1 OOx o 520x 0 3606 0 1875x 10.18 0.00 0 00 ....., 
10 o.oo 51 47 24.71 0.00 l.OOx o 520x 0 3220 0.1674x 7.95 0 00 000 

11 {) 00 44.12 21 18 0.00 l.OOx 0.520x 0.2875 0 1495x 6.09 0.00 0.00 

12 o.oo 36.76 17.64 0.00 1 OOx 0 520x 0 2567 0.1335x 4 53 0.00 0 00 

13 0 ou 29.41 14.12 0 00 l,OOx. 0 520x 0 2292 O.ll92x 3.24 o.oo 0 00 

14 0.00 22.06 10 59 0.00 l.OOx 0 520x 0 2046 0 1064x 217 0 00 o.oo 
15 0.00 14.71 7.06 0.00 l.OOx 0 520x 0 1827 0.0950x 1. 29 0.00 0 00 

16 o.oo 7.35 3 53 0 00 1 oox 0 520x 0 1631 0.0848x 0.58 0 00 0 00 

17 () 00 0 00 0.00 0 00 1.00)( o 520x 0 1456 0 0757x 0.00 0.00 0 00 

18 0.00 0 00 0.00 0 00 l oox 0.520x 0.1300 0 0676x 0 00 0 00 0 00 

19 0 00 0 00 0 00 0 00 1 OOx 0 520x 0 1161 0 0604x 0.00 0 00 0 00 

20 ~ _!_!!!! __Q_,_QQ 0 00 1 OOx 0 52:0x 0 1037 .Q__Q,539x 0.00 _Q_QQ ___Q_QQ 
(1,000 OOJ 1,000 00 480.00 200 00 3 6093x 265.48 212.29 (1,061 44) 

" After- tax l ncome 1s before deprec1at1on allowance and investmf'nt tax cred1t 

Sour<.e ORl 



designated by 111.,00x. 11 
• Since income· ·i-s proportional -to production,- and 

production in the sta-rt.•up years i·s_less·than full produ*t1on, the-first two 
years of income are appropriately r~duced', 'f;e., 0. 56x in Year 1 (0. 56 is the 
50% operating factor in Year 1 divided _by the 90% factor for a normal year) 
and 0.83x in Year 2. Column [7) shows the residual income to the company 
after income tax is paid on the income in Column [6]. 

The 12% discount ,factors in Co 1umn [8] are used to generate the presertt 
·values in Columns [9], [10], [11] and [12]. After summing the columns of 
present values of after-tax income, depreciation allowance, investment tax 
credit, and capital expenditure, an equation is constructed to determine the 
gross income, x, which must be generated by the $l,DOO of invested capital to 
achieve a 12% OCF ROR; thus: 

therefore: 

3.6093x = 1,061.44- 265.48- 212.29 

[9] = [12] 

X :: 583.67 = 
3.6093 

[10] - [11] 

161.71 

(x represents the gross income in a full production year that is 
necessary to provide the specified DCF ROR, 12%, on $1,000 of fixed 
capital.) 

hence: RF = 161.71 = 16 17% 
1,000 . 

6.4.3 Cost Levelizing Calculations 

While most direct operating costs vary in proportion to plant output, 
the operating tosts for solid waste management do not. A prime example of 
this is the cost of surface reclamation, which only occurs at the end of the 
project. To spread these costs in a pattern consistent with -production, 
these operating costs are transformed into an annual figure which can then be 
applied to each barrel of shale oil produced. This is done by calculating a 
11 1evelized cost11 for a normal year•s production. This technique is also used 
to spread the extra start-up cost and severance tax credit uniformly over 
shale oi1 production. 

A 11 levelizing factor 11 is used to make this transformation. The fol
lowing equation shows how a levelizing factor is used to arrive at a 1eve1-
ized cost (i.e .• a stream of payments having the same profile as production), 
given the present value of a nonuniform stream of payments: 

L l . d C t _ I(Present Values of a Cost Stream) 
eve lZe os - Levelizing Factor 

By dividing the levelized cost by a normal year 1 s output, a cost per unit of 
production is derived. 
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The equation for calculating the levelizing factor (LF) is: 

wf\ere: 

s 
LF = PVFA(r,N) - I (PVF( ) x [1-Ln]) 

n=l r,n 

LF = Levelizing factor 

PVFA(r N) = Present va1ue factor of a uniform series cf 
' payments for N years 

PVF( ) = Present value factor of a single paymen~ in r,n year n 

r = Discount Rate = OCF ROR 

N = Number of production years 

s = Number of years in the start-up period 

n = Any specific year in the start-up period 

L = The p~oportion of normal output during any given 
n start-up year; the series of L values constitutes 

the 11 Start-up profile11 n 

The second term on the right-hand side of the above equation is an 
adjustment to the uniform series represented by the first term. The comp1e
ment of the L figure (:i.e., that portion of each start-up year which is 
less than full nproduction) is discounted, sommed, and then' subtracted from 
the uniform series. Since the start-up years have high present values, ~he 
effect of subtracting this term has a substantial impact on the leve1izing 
factor. Because the 1eve1izing fattor is the denominator in the equaT-ion 
w~ich determines the levelized cost (and, hence, the unit cost), this adjust
went term raises tne per-barrel cost. 

Cost Levelizing Examete--

To illustrate the concept of cost leve1ization, calculation of the 12% 
DCF ROR 1evelizing factor used in this manual is presented below: 

Year 

1 
2 
3 

20 

Hence: 

Proportion of 
Normal Output (L

0
) 

0. 56' 
0.83 
1.00 

1.00 

PVF @ 12% 

0.8929 
0.7972 

5.7793 

7.4694 

(1-L ) X PVF 
n 

0.3929 
0.1355 

0.0000 

0.5284 

LF(r=l2%, N=ZO yrs) = 7.4694- 0.5284 = S.9410 

(Note that all present values are expres=ed with respect to Year 0) 
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This factor is the same as the denominator in the .level,izing expr.essions 
LFACl and LFAC2. 

As an ill!i~Stration of 
revegetation costs·· shown in 
fol J.ows: · 

a· levelizing calculation; consider the 
Table 6.1-3. These costs are incurred .as 

Year 19: 

Year 20: 

Year 21: 

$185,000 

$185,000 

$185,000 

The present value of these costs, expressed with respect to Year 0, is 
calculated as follows: 

Year Ex:eenditure PVF @ 12% Present Values 
19 $185,000 0.1161 $21,478 

20 185,000 0.1037 19,185 

21 185,000 0.0926 17,131 

$57,794 

Thus, $57,794 is the present va 1 ue of a 11 the revegetation costs. To 
turn this into a cost that is distributed uniformly with respect to output, 
it must be divided by lF(r=lZ%, N=ZO years). 

Therefore, Leve1ized Cost= ~:9~ici = $8,326 

Thus, $8,326 (rounded to $8,000 in Table 6.2-3) is the annual cost, in a 
normal productio'1 year, that is equivalent to the irregular cost profile 
given above. This direct annua 1 operating cost can be used in conjunction 
with the algorithms given in Section 6.4.1 for calculation of total aPnua1 
control cost and per-barrel control cost, whereas the irregular stream of 
expenditures from which it was derived could not be used with the standard 
methodology. 

In summary, cost levelization redistributes a cost series that is not 
proportional to production in such a way as to yield an equivalent series 
that is proportional to production and has the same economic value. 
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SECTION 7 

DATA LIMITATIONS AND RESEARCH NEEDS 

A number of 1 imitations associ a ted with stream characterization and 
pollution control technology performance were identified in the data base 
during the preparation of the Pollution Control Technical Manual for the 
Lur>gi oi1 shale retorting process combined with open pit rnir.ing. It is 
important that users of this manual be aware of these limitations. It is 
also important that these limitations be addressed prior to development of an 
oil shale facility of the magnitude analyzed in this manual (e.g., 

.119,000 T~SO oil shale mined, 193,000 TPSD total solids mined, and 
63,140 BPSD shale oil produced). 

7.1 DATA LIMITATIONS 

The description of the Lurgi retorting process and information regarding 
applicable control technologies, performance, and costs used to prepare this 
manual were obtai ned from reports o·n the operation of pi 1 ot Lurgi retorts, 
ve!'dor descriptions, and engineering calculations used in conjunction with 
experience transferred ,from analogue industries such as the petroleum, 
utili-ty, , and ·mineral mining industries \lfhich utilize similar control 
technologies. Until 11 hands on 11 experience is obtained from commercial-scale 
oil shale operations, these sources constitute the best available data base. 
However, the limitations of this data base should be clearly understood. 
Pilot retorts were built and operated primarily to improve process design and 
not for demonstrating operation of a commercial-sized retort with attendant 
pol1ution control systems. Many pollution control systems have never been 
piiot tested with an oil shale retort. Even for those control systems that 
~~<Jere pilot tested, often the data collected have been very limited. 

The primary experience with Lurgi retorting involves two pilot plants 
(5 tons/day and 25 tons/day) and several laboratory-scale retorts operated in 
West Germany during the past few years. Shales from Tract C-a, Tract C-b, 
and the Colony mine in Colorado have been processed recently, and the 
avai1abie data from these tests have been used in this manual. A full-sized 
Lurgi retort is expected to process 8,800 TPSD of raw shale, and 13 of these 
retorts will be needed to produce 63,140 BPSO of shale oil. This represents 
an enormous scale-up of the pilot retorts; therefore. improvements in the 
retort design and operating parameters may be inevitable, resulting in some 
u~certainty about the stream compositions and performance of control 
technologies. 

Variations in the grade of the shale also introduce modifications to the 
operating parameters and, hence, the data. This is evident from the 
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retorting tests on the oil shale from Tracts C-a and C-b 1 from which 
significantly different results were obta:ined. 'Thus., a. linea·r- extrapolation 
of the data from these operations may not be ent1re1y applicable to the 
processing of shales from other locations, and a direct transfer of the 
information to other deve1o.pment sites must be made with cat~ti·on. 

It should also be noted that, to date~ the Ll:lrgi pilot plants have 
consisted of the retort and· flue gas discharge system on1y: Other unit 
processes (e. g., o·i 1 and gas recovery, naphtha recovery, retort gas 
compression) and control technologies (e. g., Stratford, ammonia recovery) 
that form the basis for the complete plant analyzed in this manual have not 
yet been tested with the Lurgi process. Therefore, actual control technology 
performance and compatibility with the Lurgi retorting process have not been 
demonstrated. 

The fact that the processing streams have been measured in terms of 
major constituents only is an additional limitation. Information on minor 
constituents, which may be of concern from an operational as well as an 
environmental viewpoint, is not well documented. Examples of such 
constituents include regulated and nonregulated pollutants (e.g., trace 
elements, specific organics, inorganics), all of which can have an impact 
upon the choice and operation of downstream control. 

The open pit mining and backfilling operation are also prominent 
features of tnis study. Mining a total of 193,000 TPSD of the material will 
constitute the largest mining operation in the world. The issues associated 
with the magnitude of this effort are further complicated due to the 
interception of two aquifers. More mine water may be produced than needed by 
the plant, which may necessitate th~ disposal of the excess water. 
Environmelital implications of surface discharge or underground'injection of 
the excess water are not fully known. Backfilling the pit with the plant 
wastes and reestablishing the aquifers at the end of the project also deserve 
a thorough analysis at the onset of the project. 

Assessing the limitations of existing data sources was an important 
by-product resulting from the preparation of this manual. Since the best 
available information on each subject was selected, this manual represents 
the best currently available data base on the Lurgi retorting and open pit 
m1n1ng processes; also, within the limitations of available data, it 
accurately estimates the control efficiencies achievable. 

7.2 RESEARCH NEEDS 

The limited potential for the transfer of control technology from pilot 
and semi-works retorting tests and from analogue industries to commercial oil 
sha1e operations emphasizes a genuine need for research in certain areas of 
oil shale processing and pollution control. This need is strengthened by the 
fact that, even with several years of experience, the oil shale industry is 
still in a11 early state of development. 

While it is recognized that further research will be essential in all 
phases of oil shale commercialization, the major areas of data uncertainty 
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regarding characterization of streams and control technology performance, as 
revealed during preparation of the Lurgi-Open Pit PCTM, are identified in 
Table 7.1-1. The status of the information is presented according to the 
de·1elopment stage of the source and technology. The specific information 
sources are also identified. A reliability or confidence ranking is assigned 
to ~he data for each stream and technology based on a subjective evaluation 
of the direct applicability of the data to a commercial-scale Lurgi-Open Pi~ 
faci· ity. Some salient features and caveats in the information base are 
no ted, and specific research needs are i dent ifi ed to overcome some of the 
data 'i~itations. 
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Stream• and Control 
Teclmologle; 
(f lgure No.) 

Particulate Ellnss ions 
(3 3-2, 33-10-) --

Baghouses 
(3 3-2) 

Water and Foam 
Sprays 
(3 3-2, 3 3-10) 

Retort Gas 
(3 3-3, 3 3-4, 3 3-5) 

TABLE 7.1·1. DATA liMlTAilONS AND RESEARCH NEEDS 

Information Information Pollutant 
Controlled Statusa Sourcesb Reliabllityc 

Particulates 
(point source) 

Particulates 
(fugitive) 

G,H 

G,H 

c 

10 2 

1 2 

10,11 1 

1 2 

10,11 1 

2 3 

Remarks 

The particulate emfsslon estimates 
have b~~n calculated by using dust 
em1sslon factors for different 
mdt~rials handling operat1ons. 
Actual source testing is not 
documented 

Only the bulk particulates have been 
e~t1mated Trace elements and other 
criteria pollutants have not been 
est1mated 

The technology is mentioned in the 
original Tract C-a DDP as the control 
for po1nt source particulates, but 
the operating experience with the 
lurgl-Open Pit process streams is not 
documented. 

The technology is widelY used in otlter 
industries. The estimated control 
efficienry of 99.7% appears reason
able 

The technologies are mentioned in the 
original ODP as the controls for 
fug1t1ve dust, but the operating 
experience with the Lurgi-Open Pit 
process streams is not documented 

The technologies are widely used in 
other industries. The est1mated 
control efficiencies of 85-96.5% for 
the foam sprays and 50% for the water 

, sprays appear to be reasonable. 

The retort gas composition was 
<iet,.rmined frGm a pilot plant 
experiment with the Tract C-a shale 

Both H2S and S02 have been reported 
to be present fn the gas, but Gther 
sulfut species such as COS and 
mercaptans are not reported. 

Ni troq!"n compounds, other than Nlia , 
are not reported. 

The particulate emission <lata trom 
actual ~ourre testing ~eed to be 
obtalned · 

Data on trace elements an~ other 
criteria pollotants need to be. 
obtained from act~al source tes~jng. 

The operating experience with the 
Lurg1·Dpen Pit stre111115 needs to t>e 
obtained · 

The technology transferability needs 
to be verified. . · ·, 

The operating experience "WH.h thll! ; 
l.urgi·Open Pit- -streams neecls te be 
obtained. 

; 

The technology tNin$ferabiHty needs 
to be ver1 ff ed. 

Scale-up data need~ be obtained.' 

'· 
The presence or abstmce of COS, i:S2 , 
mercaptans, etc., in. the retort gas 
needs to be verHied. 

The 1n·esence or absence of organic 
am•nes, cyan!qes, etc., needs to~ 
verified ~ 

(Continued) 
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TABlE 1.1~1 (cont.} 

------------
Streams and Control Informat10n lnformat1on T <'Chno 1 ogi es Pollutant 

Sourcesb (figUNJ No ) Controlled Stat11sa Re llai:J ilftyc Remarlrs Research Ne .. d~ 
------ ------~ 

Stretford H2 S G,tl, I 10,11 3 In this manual, the technology is 
(3.3·6) used to treat the acid gases obtained 

during the retort gas pur1f1cation 

The operat1ng exper1ence with the The operating data from actual source 
lurgi retort gas 1s not documented te~ting need to be obldlned 

The t~chnology has been tested The p1lot plant data need to be 
recently with the retort gas from a obtained and the transferability of 
pilot Modified In Situ retorting the information to the Lurg1 ac1d 
Pxperiment, but the data are not yet gases needs to be verif1ed. Scale-up 
avail_able data may also need to be obtalned 

The technology ls used commercially The technology transferability needs 
1n other Industries at a scale to he verified. 
necessary to treat the Lurgl acid 
gases 

Non-"2S sulfur compounds may not be The control effic1encies for cas, 
recovered efficiently with the CS2 , mercaptans, etc , need to be 

w technology determined. 
1\) 

Excess1ve amounts of heavy organics The 1mpact on the effic1ency of H2 S (J'I 

tend-to deteriorate the reagents and removal due to the presence of 
t~e quality of the sulfur product condensable organics 1n the feed 

needs to be quantified 

Non-NH3 n1trogen compounds may also The impact of organic amines, HCN, 
degrade the reagents etc., on the Stretford chemicals 

needs to be quant if1 ed. 

E~cessive amounts of C02 in the feed The 1mpact on the efficiency of H2S 
may have an adverse affect on the H2 S removal due to excessive amounts of 
removal efficiency. C02 needs to be quantlfted. 

According to the vendor Information, 
an H2 S removal efflc1ency of 30 ppmv 
1n the treated gas is achievable with 
a s1ngle absorber 

l.ur~i Flue Gas C,l 2 3 The flue gas data have been obtained Scale-up data need to be obta1ncd n -3~ from a pilot-scale experiment with the 
Tract C-a 011 shale 
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Streams and Control 
Technolog1es 
(figure No ) 

Electrostatic 
Preci p l tator 
(3 3-3) 

Pollutant 
Controlled 

Particulates 

Informat1on Informat1on 
Statusa Sourcesb 

C,J 2 

G,H 10,11 

TABLE 7.1·1 (cont.) 

3 

2 

Remarks 

The S02 content of the flue gas is 
reported to be 30 ppmv This amount 
appears to be too low based on the 
mater1al and elemental balances. 
Adsorption of the S02 on the processed 
shale to form calcium and magnesium 
sulfates is g1ven as the explanat1on 
for the low so2 emission. 

Tbe NOx content of the flue gas is 
reported to be 300 ppmv. Based on 
the material and elemental balances, 
th1s amount appears to be too low. 

Only 10% of the fuel-based nitrogen 1n 
the processed shale is reported to be 
converted to NOx, while 90% is 
converted to elemental nitrogen. 
Approximately 50% of the fuel-based 
n1trogen is normally converted to NOx. 

Data on trace elements and several 
cr1teria pollutants are not 
documented. 

An electrostatic precipitator to 
remove the particulates from the flue 
gas has been suggested in the modified 
DDP for Tract C-a 

The operating experience w1th the 
Lurgi pilot plant has been obta1ned. 

The technology is used commercially 
in the utility industry at a scale 
nec~ssary to treat the lurgi flue gas 

The particulate removal efficiency 
depends upon the resist1vity of the 
processed shale and the temperature 
of the flue gas stream 

Moisture in the flue gas generally 
decreases the resistivity, thus 
increases the control effic1ency. 

Resear(:h Needs 

lhe efficiency of S02 adsorptio~ on 
the processed shale needs to b~.> 
determined. " 

The actual NOx content of the tlue 
gas needs to be determined. 

The conversion of t~ fuel-based 
nitrogen to NOx needc to be 
quantified. Also, the extent of 
thermal fixation pf the ptmospherie 
nitrogen needs to be determined 

. . 
The data on tr~ce el~nts arid 
cr1teria pollutants Reed to be . 
obta1ned fr.QIIl actual source testing. 

Stale·up data need.to be obtained. 

The technology transferability need$ 
to be veri fled~ 

lhe effect of variatfons in the shale • 
grade on the resjstivity of tne_ ~ 
particulates ~~s to be guant1f1ed. 

The relationship between the moisture 
content of the flue gas and control 
eff1c1ency nee~s to be studied. 
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Streams and Control 
Techoologie~ 
(FliJUre No ) 

Pollutant 
Controllrd 

fiberglass rabr1c Particulates 
Bagllouse 

Floating Roof 
Tanl<s 

Ma f nte~M~oce 

Catalytic 
Converters 

Gasll!l!!Q!: 
(3.3-4) 

Oil/Water 
Separator• 
(3.3-4) 

llydrocarbons 

Hydrocarbons 

Hydrocarbons, 
co 

Oils and 
Greases 

TABlE 7.1-1 (cont ) 

Information Informat1on 
Statusa Sourcesb Rel1ab1l1ty~ 

G,H,I 10,11 2 

10 

10 2 

G,H 10,11 

G,H 10,11 1 

G,H 10,11 1 

C,I 1 

G,H, I 10,11 z 

Remarks 

lhe fiberglass baghouses have a 
much higher temperature l1mlt than 
corwentional baghouses, but the 
operating experience with the lurgi 
flue gas is not documented 

Research Needs 

The feasib1lity and efficleo•y of the 
tPchnology for the f1 ue gas need to 
be determined Also, the effect of 
temperature needs to be studied. 

The technology is used mother The technology transferability needs 
industries. A particulate control to be ver1f1ed 
effiCiency comparable to that obtain-
abl~ w1th conventional baghousea 
appears to be achieVable 

The fugitive hydrocarbons are 
est1mated from the properties of the 
oil products. 

Oouble~sealed, float1ng roof storage 
tanks have been provided for volatile 
product storage. 

Floating roof storage tanks are used 
commercially for oil storage 

Rout1ne maintenance of valves, 
pumps, etc , 1s a commonly used 
operational practice to control the 
hydrocarbon leakage. 

All diesel-powered machinery is 
equipped with catalyt1c converters 
to control hydrocarbon and CO 
em1Ss1ons The catalyt1c converters 
are a commonly used technology, 

Tlurcomposftion of the gas liquor has Scale~up data need to be obtained 
been determined from the p1lot 
exper1ment w1th the Tract C-a shale 

The operat1ng experience w1th the gas 
liquor is not document~d 

Tiw techno 1 ogy 1 s used commerc 1 a 11 y 
10 other industries. 

The feas1b1lity and eff1cicncy of 
the technology for removal of 01ls 
and greases from the gas liquor need 
to be evaluated 

The technology transferalnl1ty needs 
to be verified 
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Streams and Control 
Technologies 
(r1gure No.) 

Pollutant 
Controlled 

TABLE 7.1-1 (cont.) 

Information Information 
Status11 Sourcesb Reliabilityc Remarks Research Needs 

------------~---------------------- --------------------------------------------------------------------

Ammon1a Recovery NH3 
Unit 
(3 3-9} 

Carbon 
Adsorption (CA} 
(5 2-17, 5.2-25) 

Cooling Tower 
(3 3-11, 5 2-17) 

Dissolved 
Organics 

Dissolved 
Solids 

G,H,l 4,10 2 

G,H,I 5,10,11 3 

G,H,I 6,10,11 2 

Oil emulsions may not be controlled 
by the separator. Addition of 
chenncals or heat1ng the water ~~~ay be 
necessary to break the emulsion. 

Th~ operating experience with the otl 
shale process waters 1S not docu
mented. 

The technology is used commerc1ally 
in other 1ndustries. 

D1ssolved organics in the gas conden-
. sate may have a detrimental impact on 

the efficiency of ammonia recovery 
and the quality of the product. 

The technology is used commercially 
in the treatment of industrial and 
municipal wastewaters. The operating 

·experience with oil shale effluents 
Is not documented. In this manual, 
the technology is used for polishing 
the stripped gas liquor before it can 
be used in the cooling tower. A 50% 
reduct1on in the organics appears to 
b~ achievable witb this technology. 

The cooling tower is a coffimonly used 
technology. It can be used to control 
the dissolved solids in the process 
waters 1f the volatile components have 
been removed previously and the water 
quality Is suitable as the makeup to 
the cooling tower In this manual, 
first the volatile components in the 
gas l1quor are removed by steam strip
pinq in the ammonia recovery system, 
then the organics are removed by 
adsorption on carbon. The water thus 
treated is evaporated in the cooling 
tower and tne dissolved solids are 
concentt·ated in the coo 1i ng tower 
blowdown. 

The potential of forming oil emulsion 
in the gas liquor needs to be 
evaluated. 

The feasibility and·efficie~y of the 
technology for the ltlrgi IJ<lS• liquor 
need to be ~valuated. 

The technology transferabiltty needs 
to be evaluated 

Dissolved organics in the gas 
condensate and thejr impact oo the 
effic1enty of the technology need to 
be estillllited · 

The feasibility and efficiency of ihe 
CA treatment for the turgi gas 1iqUQr 
need to be evaluated and/or the 
technology tr~sferability needs to 
be veri ffed. [ .' 

' .. 

The feasibility and efficiency of i~e 
cooling tawer for the stripped gas,· · 
liquor need to be evaluated and/or. 
the technology transferabllity·need$ 
to be verified, 
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------
'>treams and Control 
Technologies 
(Figure No ) 

Po 11 utant 
Controlled 

Infonnnt1oo 
Status a 

Information 
Sourcesb 

TABlE 7 1-1 (cont 

-------~------------~---------

'iolar 
Fvaporat wn 
Pond 
{5. 2-17) 

Mine Water 
(3 3-2) 

Reverse Osmosis 
(RO) 
(5 2·11, &.2~12) 

Dissolvt>d 
Solids 

Dissolved 
Org;tnics and 
Inorganics 

G,H,I 

c 

G,H,l 

10 2 

3 

7,10 3 

The technology 1s commonly used for 
concentrat1ng the wastewaters. Solar 
energy inc1dent on an open evaporat1an 
pond is used to evaporate the water 
The prec1p1tated salts may be removed 
per1odlcally. In thts manual, the 
stripped gas liquor after the carbon 
adsorption and coollng tower treat
ments is concentrated further in tne 
solar evaporation pond. Suff1clent 
storage capac1ty and surface area are 
prov1ded to hold the water without 
overflowing during the low-evaporation, 
high-preclpitation months 

The composition of the water from the 
upper and Tower a4uifers has been 
determined from the drilling and 
pumping tests on Tract c-a. Based on 
the storage coefficients and 
transmissivity data, it was estimated 
1n this manual that 43% of the total 
m1ne water was contributed by the 
upper aquifer and 57% was contr1buted 
by the lower aqu1fer. The average 
mine water flow rate was estimated 
to be 16,500 gpm, although the flows 
from both aquifers are quite variable 
The water quality also varies 
considerably within an aquifer and 
between the two aquifers 

ThB-operat1ng exp&rience with the mine 
water 1s not documented, but the 
te~hnology Is used commercially in 
other applications In this manual, 
the teChnology is appl1ed to the 
excess m1ne water for the removal 
of pulk dissolved sol1ds 
Approximately 90-99% of the dissolved 
inorgan1cs can be removed by the 
technology The removal eff1c1ency 
for organ1cs may be somewhat lower 
The treated water 15 ~leaned further 
so that 1t can be dlscharged and the 
rejected material is used for proces~ed 
shale moisturizing 

Rc~edlch Neeos 

Characterl<ation and dlspo;al 
approaches for the pl'ec•pitated salts 
need Lo be evaluated 

Additional data on the aquifer water 
quality and flow rates may oe@d to be 
obtained to assess potential reuse, 
treatment, and disposal options for 
the excess m1ne water 

The feasibility and efficiency of the 
technology for the mine water need to 
be evaluated and/or the technology 
transferabil1ty needs to be verif1ed 
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TABLE 7.1-1 {cont.) 

Remarks 
~!~~~:~o:~~s Control Pollutant Information Inforrnat1on 
(Fiqure No.) Controlled Status8 Sourcesb Rel1ab111tyc Research Needs 
-----~~------------------------~~---------~- ----------------------------------------------------

Boron Adsorption Boron 
(5 2-11, 5 2-13) 

Phenol Adsorption Phenol 
(5 2-11, 5 2-13) 

Aeration Pond 
(5.2-11) 

RemJection 
System 

Organics and 
Alkalinity 

G,I 

G,I 

10 4 

10 4 

10 2 

8,10 2 

lhis is an ion-exchange technique 
involving a resin which is specific 
for boron The operating experience 
w1lh mine water 1s not documented 
In this manual, the technology is 
applied to the RO treated water to 
remove the boron 1n order to meet 
dlscharge criteria. 

This is also an ion-exchange 
technique involving a resin which is 
specific for phenol The operating 
exper1ence with the mine water 1s 
not documented I~ this manual, 
the technology i• applied to the 
excess mine water after 1t has been 
treated by the RO and boron 
adsorption technologies. The treated 
water is then discharged on the 
surface. 

W1th this technique, the wastewater 
1s aerated by passing air or pure 
oxygen through it. Thls process 
affords decomposition of the 
chem1cally ox1dizable organic matter 
as well as provides the oxygen for 
the biological growth to carry out 
biooxidation. Some oxidizable salts 
of heavy metals can also be precipi
tated out. In th1s manual, the 
technology is applied to the RO 
treated excess mine water The 
aerated water is discharged on the 
surface. 

The technology is used for the deep 
well iojection of some oil brine 
wastes, but the operating experience 
w1th the excess mine water on 
lract C-a is not documented. In this 
manual, the excess mine water 1s first 
clar1f1ed 1n an enclosed clar1f1er, 
then injected into the upper aquifer. 

The feasibility an~ efficiency of the 
technology for the mine water oeed to 
be evaluated. 

The fea&ibi'tity and efficieney of the 
technology for the mine water need to 
be evaluated. 

The feasibility and effitiency of the 
technology f~t the mine water need to 
be evaluated. ' .. 

The feasibility and efficiency if the 
technology for the mine water at 
Tract C-a need to be ~aluated· and/or 
the technology tran~ferabllity need~ 
to be veri fled. 

(Continued) 



Stream; and Control 
Technologies 
(F1gure No ) 

Sohd Wastes 
(3.3-10) 

Open Pit 
Backfi 111 ng 
(3. 3~10) 

Pollutant 
Controlled 

fABL~ 7 1-1 (cont ) 

Information !nformation 
Statusd Sourc~sb Rol1ab1lityc 

c 2,10 

8 

1 2 

10 4 

A 1,10 4 

Remarks Research Needs 

The lurg1 processed shale composit1on Scale-up data need to be obta1ned 
has been der1ved from the p1lot plant 
1nfarmat1on on the Tract C-a shale and 
the material and elemental balances. 

Some physical properties of the lurgi 
processed shale from Tract C-a have 
been measurPd in laboratory testing 

s~ale-up data need lo be obtained 

The qual1ty of the leachate from the Scale-up data need to be obta1ned. 
Lurgi processed shale has been 
determ1ned in a laboratory experiment 

Large quantities of the overburden and 
subore are produced during mining. 
The phys1cal and chemical character
lstics of these solid wastes have not 
been determined. The wastes are 
disposed of along w1th the processed 
shale. 

Cool1ng tower blowdown, boiler blow· 
down; bo1ler feedwater treatment 
regeneration waste, mine water 
clarifier sludge, storm runoff, 
service and fire water, etc. , are 
combined to form the processed shale 
moistur1zlng water 

Backfilling of the open p1t with the 
solod wastes, after the p1t has been 
developed to a sufficient size, is 
ment1oned in the original ODP for 
Tract c-a, but the design details 
are not gwen. 

The physical and chemical propert1es 
of the overburden and subore need to 
be determined. If these wastes are 
to be mixed w1th the processed shale, 
then the impact on the properties of 
the processed shale should be 
evaluated 

The extent to which the process 
wastewaters oeed to be treated before 
mixing with the processed shale needs 
to be determined. Changes in the 
PhYSical and chemical propert1es of 
the solid wastes due to the mix1ng of 
various plant wastewaters also need 
to be determu1ed. 

The 1ssues associated w1th pit 
configuration, fill slope, logistics 
of simultaneous min1ng and back
filling, etc., need to be addressed 
by a detailed eng1neer1ng analys1s 
specifically tailored for the 
development site 

Careful procedures for waste disposal 
and project shutdown need to be 
developed, keep111g in per>pect1ve the 
potent1al of resuming open p1t m1nlng 
10 the futur>' 

{Cootioued) 



TABLE 7 1-1 (cont.) 

Streams and Control Information Information Technologies Pollutant 
(Figure No ) Controlled Status a Sourcesb Reliabilityc Remarks ResParch !'leeds 

Plncement of the wastes in the path The groundwater eo"taminat1on 
of the two intercepterl aquifers may potential needs to be assessed. 
create the potential for groundwater 
contamination after the mine 
dew ate r mg i s stopped 

The effectiveness of l1ner materials 
to isolate the waste from the ground-
water needs to be evaluated. 

The advantages and disadvantages of 
mix1ng the wastes versus keeping them 
segregated neea to be evaluated from 
the operational as well as environ~-
mental viewpoint. 

Means of reestablisning the aqoffefs 
need to be investigate~ 

long-term lmpatts of ~ombfhing the 
t,t.) 

aquifers in the pit need to be 
w evaluated on the basis' of water 
N quality, recharge rate, regional 

usage, etc, 

Runoff 0JVerS1on leachable 10 2 During the backfilling operation, 
Sumps and Pumps Compounds the runoff from the waste pile and 

the pit walls is gathered in the 
collection sumps located at the 
junction of the fill and walls It 
is then pumped to the surface for 
eventual use 1n processed shale 
moisturizing. After the project 
shutdown, the runoff is allowed to 
flow into the pit. 

Dust Control Particulates lO 2 The control of fugitive dust Alternate systems for dust control, 
generated during waste transport such as appliGation of chemical 
and placement is achieved by water binders and a$)~altlc emulsio~s. 
and foam sprays and by paving tbe need to be eva uated, 
haul roads 

(Continu.,d) 
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TABLE 7 J-1 (cont.) 

Information Informat1on Streams and Contro 1 
Technologies 
(f1gure No,) 

Pollutant 
Controlled Statusa Sourcesb Reltao1l1tyc 

Reclamation and 
Revegetation 

a Information Status: 

Leachable 
Compounds, 
Part1culates,etc 

A Conceptual analysis. 

10 

8 Laboratory, bench-scale studies--oil shale or similar industry. 
C P1lot plant studies--oil shale or similar industry 
0 Semi-works studies--oil shale or similar industry 
~ Commercial~scale studies--oil shale or s1m1lar industry. 
f Pilot·scale studies--related 1ndustr1es. 
G Commercial-scale studies··related industr1es. 
H Vendor provided information. 
I EngineerinG £alcu1ations. 

2. Grubbing, stripping, and clearing of 
the area IS perform~d as part of the 
mining activities. Ttle completed 
surface of the landfill 1s covered 
wtth so1l and vegetated The oper
ating experience with revegetating 
the Lurg1 processed shale 1s not 
docun1ented 

b Information Sources (detailed source information can be found in Section 8, References) 
1 Gulf Oil Corp and Standard Oil Co (Indiana), March 1976. 
2 RIO Blaneo Oil Shale Co., February 1981 
3 Gulf Oil Corp. and Standard Oil Co. (Indiana), May 1977. 
4 U.S.S. Engineers and Consultants, Inc , April 1978. 
5 Cherem1slnoff and Ellerbusch, 1978. 
6 Hart, June 11, 1973. 
7 Hicks and Liang, January 1981. 
8 Mercer, Campbell and Wakayima, May 1979. 
9 WoodWard-Clyde Consultants, October 13, 1980 

10 Engineering calculations (DRI, SWEC, WPA). 
11 Vendor estimates. 

c Reliability: 

1 lnformat1on is judged to be applicable, no problems envisioned 
2 Information applicable, but some design or scale-up problems may be encountered 
3 Information applicable, but significant design or scale-up problems may be encountered 
4 Information may be applicable, but both des1gn as well as scale-up problems may be encountered. 
5 Information may not be applicable without major des1gn and ~cale-up modif1cat1ons 

Source ORI based on the references listed in footnote b. 

Resednh Needs 

Ree~tablishment of the vegetat1on on 
the landfill needs to be studied on 
a long-term bas1s 
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