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ABSTRACT

Historically arid and semi-arid areas of the Southwest have exhibited
a complete or almost complete dearth of manufacturing processes. In
New Mexico's case this fact is emphatically underscored by the effective

absence of any data on New Mexico in recent Census of Manufactures water

use sections.

Because of its relatively limited water supply an area such as the
Southwest must give more careful and considered thought to the water related
impact of an industry than has generally been the case in other areas of
the country. There are at least three significant categories into which an
industrial water-using firm's impact on its surrounding water environment
can be classified: 1) the polluting effect of its effluent, 2) its with-
drawal demand for new water, and 3) its consumptive use of water. TFor
informed planning more detailed information is required concerning the
present operating characteristics of major water-using industries in each
of these categories and their technological ability to adapt to the economic
and environmental conditions of water use in the Southwest.

The industries chosen for detailed study are petroleum refining and
coal gasification. Selection criteria were based on s high probability
of the industry locating in New Mexico, a differing water use pattern, and
process substitution possibilities. Of the industries chosen the petroleum
refining industry currently has several facilities located within the state,
and in the adjacent Southwestern area as well as one new refinery currently
under construction. No commercial coal gasification‘facilities are in

existence in the United States although several permit applications to



build plants in New Mexico have been filed. Attention is given to process
descriptions particularly in terms of wastewater generation, treatment process
and process unit costs where avallable. Brief discussions are presented of ‘
the major New Mexico river and water basins, water quality measurement concepts,
and wastewater treatment processes currently being used or having a high
potential for use. An example of the application of a linear programming

model predicting the response of a petroleum refinery to water costs is shown.
The results of this work are felt to permit a ranking of other industries from

a water-use viewpoint through the application of the concepts presented and

to allow comparative evaluation of industries of interest to be made.
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INTRODUCTION

Historicelly arid and semi-arid areas of the Southwest have exhibited E
a complete or almost complete dearth of water-using industrial manufacturing
processes. This paucity of water-using menufacturing in such areas is not
an especially surprising phenomenon since from an economic perspective it
is to be expected that firms which are large water users will locale in
areas where water is cheap and plentiful rather than where it is dear and
scarce. However, in recent years a number of different factors have varied
in such a way as to require a reexamination of the possibility of locating
large weter-using firms in semi-arid areas both with respect to the feasi-
bility of such an occurrence and to its desirability from both the firm's
and the areas's point of view. A listing of these variable factors would
include: 1) the increased demand for water in all uses which has occurred
in the non-arid areas of the country as a result of their growth in population
and industrial output, 2) the increased cost of preparing new water for use
which has occurred as a result of the growing pollution of the watcr sources
in these areas, 3) the growing outcry against pollution which has led to
legislation and controls which either prevent a firm from emitting an
effluent high in polluting character or impose & high cost for such an
emission, and U4} numerous non-water related changes in labor costs,
transportation costs, market for output, ete.

The first three of these changes have in combination essentially
created a geographic cross-sectional stiructure for water costs which is
much more favorably oriented toward areas such as the Southwest than
previously existed. If the balance has not changed so dramstically as to

meke New Mexico absolutely advantageous with respect to water costs {and even



this is not clear), then at least the balance may have been altered
sufficiently so that water expense is no longer a deterrent to an industry's
locating in the Southwest from the point of view of the firm. As evidence
of this increased interest, one cén point to the Kaiser-Fontana steel plant
in a water scarce area of California, or locally, the recent interest of

the Parsons & Whittemore Company in locating a pulp and paper plant near
Albuguerque.

The associated question, however, is the desirability from the point of
view of the state in having heavy water-using industry locate here. Obviously,
the firm that simply wishes to move its sewer from New York to New Mexico is
to be avoided. But does there not exist a course of careful and informed
planning which can result in the locating of a large water-using industry in
the Southwest which is acceptable to the people of the area with respect to
its water-using characteristics? Because of its relatively limited water
supply an area such as the Southwest must give more careful and considered
thought to the water related impact of an industry than has generally been
the case in other areas of the country.

There are at least three significant categories into which an industrial
water-using firm's impact on its surrounding water environment can be classi-
fied: 1) the polluting effect of its effluent, 2) its withdrawal demand for
new water, and 3) its consumptive use of water. For informed planning more
detailed information is required concerning the present operating charac-
teristics of major water-using industries in each of these categories and
their technological ability to adapt to the economic and environmental

conditions of water use in the Southwest.



It is the purpose of this report to isolate and separate the water
connected characteristics of manufacturing firms from the overall question
of the desirability of the firm's locating in a semi~arid region and seek t01
make operational Judgments sbout the relative abilities of the various
industries to adjust to the water use conditions of such a region. Also
included is an example of the applicability of a linear programming model for
describing the economic response of a petroleum refinery to the costs of
water.

It must be recognized that the overall decision to attract heavy
wvater-using industry to semi-arid areas requires information beyond the
waterwrelatéd effects of the industry in that other costs such as non-water
environmental effects and the totality of benefits derived from the intro-
duction of the industry must be weighed. Consequently a study of water
characteristics alone is not a sufficient basis for providing an absolute
ranking of industries as to their desirability. However, as noted previously,
until recently the restrictions on industry created by the water enviromment
of semi-arid areas have been a central factor in the lack of water-using
industries in such areas. Now that there exists a realistic possibility
that an industry of this type will move into a semi-arid region, the study of

the water related effects of such movement becomes a subject of prime concern.



AN OVERVIEW OF THE PETROLEUM INDUSTRY

With the recent concentration of public sttention on the petroleum
industry, many conflicting explanations are belng advanced concerning recent
events in this industry and the circumstances that have given rise to them.
It is not within the objective of the research reported here to attempt an
unraveling of this confused tangle. Nevertheless, some perspective on
existing market conditions in this industry was considered essential, and
this section presents that perspective.

U. S. petroleum refining was carried out in 232 individual plants in
1971l. For convenience, these are divided into three groups according to
capacity; 100,000 barrels a day or over is described as large, 25,000-
100,000 barrels a day is described as medium, and 25,000 barrels a day or
less is described as small. The average size of a plant is approximately
54,000 b/cd and the median size is 25,000 b/cd. Sixty-~three percent of the
crude is processed in the 40 large refineries with the 75 medium-size
refineries processing 30% of the crude, and the 117 small refineries pro-
cessing the remaining T7%.

The trend in recent years has been for a growing proportion of the
crude to be refined in large plants, while the smaller, older plants have
gradually been eliminated from the market. From a 1947 total of 350
refineries, plant closings have accumulated at a rate of 2% per year with
the trend accelerating in recent years. In previous years these closings
have followed a natural economic evolutionary process due to changing
technology which has lowered costs in large plants and lowered transporta-
tion costs. More detailed comment on this circumstance will be presented

later. In recent years, however, controversy has surrounded many of the



closings as charges have been leveled from many quarters that these recent
closings are more the result of concerted efforts by the major companies to
rid the market of the smaller independents than of changing economic
circumstances. Although investigations of these charges have been under-
taken by various official agencies, further comment on them is beyond the
scope of this report.

Although the absolute number of plants has been declining, the additions
to crude capacity have been increasing at approximately 1.5% per year since
1947, This trend has also been accelerating in recent years. The increases
in capacity, however, have not been enough to keep up with current demand.
This failure to maintain sufficient domestic refinery capacity is due to
several factors that are summarized below: 1) Domestic production of crude
0il has been declining since 1971. This circumstance, combined with a wide
shortage in sweet crudes, has created a shortage in feed stock available
domestically, even in the face of continued high demand for refinery
production. In the face of this idle capacity, new refinery capacity has
seemed superfluous. OSweet crudes are crudes with low sulfur content.
Refineries are usually designed to accommodate one or two crude types. Most
U. S. refineries were designed for sweet domestic crude., With domestic
production declining, pressure was put on foreign sweet crudes creating a
world wide shortage of sweet crudes. 2) The U. S. economy was in an
unstable state generally as price controls, inflation, and dollar devaluation
have created much economic uncertainty. The oil industry has expressed
strong feelings that price controls have prevented effective competition
for world oil supplies. 3) Although the U. S. Congress has passed a series

of stringent clean air and water laws, much industry sentiment has supported



a wait-and-see attitude in the hope that less costly modified regulations
will eventually emerge. It should be noted that these regulations affect
the processing industry directly in respect to the effluents that they are
permitted to discharge, while at‘the same time changing the specifications
of the finished products that they produce. These accunulating factors have
led the industry to export most of their new capacity abroad, primarily to
the Carribean. The question for New Mexico is the prospect for continuation
of this trend and the possibility of a reversal. In order to provide some
assessment of probable answers to this question, industry behavior must be
examined more closely.

A common economic measure of monopoly power is the amount of capacity
that is controlled by the largest companies. As portrayed by Table 1, the
refining sector of the petroleum industry exhibits significant monopolistic
conditions.

A similar conclusion cen be documented in each of the other three
sectors of industry operations--mining, transportation and marketing. When
the international aspects of the major domestic oil companies' operations are
included it becomes clear that the major companies do, in fact, dominate
the industry. The question of ﬁhether this dominence has been used to
non-competitively exclude the smaller independenﬁs is, once again, not
pursued here. However, in assessing the prospects for introduction of sddi~
tional refining capacity into New Mexico, judgement must be made as to the
future viability of the smaller independents, since it is the smaller
refining plants commonly operated by these independents that have the
greatest probability of being constructed in this state. That assessment

must inevitably be made in the face of the industry dominance by the major



companies. Before exploring further the future of the independents,
arguments must be presented which justify the low probability assigned to

the construction in New Mexico of large refineries by the major companies.

Table 1. Percent Capacity Controlled by Largest Companies

1972 refining

4 Largest .33
8 Largest .59
16 Largest T

Source: 0il and Gas Journal, April 2, 1973

One of the major factors influencing the oil companies are the numerous
regulations that they face from all levels of government. Most of the
regulations on a national scale come from the numerous quotas and tariffs
imposed on foreign crude oil and various petroleum products. This system is
important because of its effect on the demand for domestic crude. Crude
0il is not a homogeneous product. Its price is primarily dependent upon its
specific gravity of API measurement and its sulfur content. In the past, the
average world price of crude was considerably below the average U. S. crude
price. Increased world demand and pricing decisions of oil producing
countries have in recent months reversed this disparity for sweet crudes.
Although this reversal has tended to shift the pressure for increased pro-
duction to the domestic markets, the past decline in domestic production
plus increased U. S. demand for petroleum products has kept the demand for
foreign oil high. Traditionally, crude production has been protected by
only allowing a set amount of foreign crude to enter the U. S. With the

relaxation of the import restrictions as a consequence of the severity of




the shortage, the pricing mechanism would ordinarily tend to equilibrate
foreign and domestic prices. However, embargo and pricing policies have -
prevented this convergence.

The beneficial effects of these policies are the increased demand for
domestic crude with the resulting price rise stimulating new exploration
and the development of additional supplies. For the short run, however,
continued domestic shortages force a reliance on imported crude, thus
placing & premium on ocean access for any major new refinery capacity. What
remains of New Mexico prospects must rest instead on the need for relatively
small amounts of additional refining capacity to support localized uses for
finished petroleum products that are not adeguately served by existing or
planned major refining plants. But to satisfactorily understand those
prospects, there must be some discussion of the markets for finished petro-
leum products with principal emphasis on U. S. import policy with respect
to these commodities. It is the restrictions imposed by this policy that
foster the development of domestic production of many of these finished
commodities.

To understand the import policy on finished petroleum goods it is
necessary to digress momentarily into a brief discussion of these refinery
products. As the crude petroleum enters the plant it is broken down in a
distillation unit into gasoline, naphtha, kerosene, fuel oil and heavy
bottoms. These products, in turn, go through other production processes.
Bvery downstream process from the distillation unit exists solely for the
purpose of changing the initial product mix into something more profitable.
The degree of mix alteration is dependent on the type of crude as well as

econoniic and technological counsiderations. Economic theory teaches that



the profitable product mix is determined by the product transformation
curves and the marginal revenue of the various products. It is beyond the -
scope of this study to explain ali of the technological considerations that
are necessary to derive the transformation curves. The shape of the trans-
formation curves, however, explains a product's sensitivity to changes in
margingl revenue. Gasoline, the most important product for U. S. refiners,
has increased from 33% to 60% yield per barrel crude possible. The marginal
revenue is determined by the market structure existing for each product.

The two main uses of petroleum products are in transportation and as heating
or power sources. Currently no widely acceptable substitute exists in the
transportation market. The value of petroleum products used for heat or
power can be compared with other energy sources by measuring its value in
terms of Btu (British thermal units) per dollar of cost. In the past, coal
was the cheapest source of Btu's. Recently natural gas hes replaced coal as
the cheapest energy source in major regions of the country. But the price
of natural gas has been kept artificially low creating the shortages that
currently exist. As gas is deregulated, the price should increase. The
only areas where fuel o0il has been competitive as an enerpgy source is on

the Eastern sesboard, where large natural gas transmission costs and large
quantities of cheap foreign residuals have given fuel oil the price
advantage. The competitiveness of alternative fuel sources have kept the
price of fuel o0il at a low level.

The import quota system is Jjustified by its proponents on the basis of
security arguments. Its purpose is to protect and encourage U. S. produc-
tion and refinery capascity. Fuel oil, however, is exempted from quots and
tariff restrictions on the basis of a judgement that is a relatively

unimportant determinent of U. 8. refining capacity. The result of this
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exemption is that 70% of all residual oils used in the U. S. are imported,
with 80% of the imports coming from U. S. owned companies in the Caribbeaird.
Quotas on other finished products vary. Gasoline is only allowed into the
country under special hardship clauses., These hardship clauses rest princi-
paily on a determination that U. S. refiners will be unable to meet the
projected U. 5. demand for these products. Canada and Mexico are exemnpted
from the import quotas. Recently Canada has limited all exports to existing
levels and Mexico has reserves.

In the presence of these conditions U. S. refiners have tended to opti?
mize gasoline production with fuel oil assigned a secondary role. In most
other countries of the world, fuel oil production is optimized with gasoline
production playing a proportionately smaller role. Two current problems, the
national concern with air pollution and what has been described as the
"energy crisis", are changing this picture. As noted above, fuel oil is &
potential competitor to both coal and gas in the production of heat and
pover. The natural gas moving in interstate commerce is highly regulated.
Whereas oil industry regulation has been indirect, natural gas prices are
directly regulated by the Federal Power Commission. The FPC has interpreted
its court ordered role in the natural gas industry by holding prices down
below a market equilibrating level. In recent years this policy has led to
gas shortages, with the FPC forced into playing the role of a natural gas
rationer, giving first priority to residential users. The courts also have
ruled that gas companies engaging in interstate commerce must sell to all
home owners first, including those residing out of state. Only the remain-
ing natural gas can be sold to industrial customers. It should be noted that
the price of gas is still cheap enough to encourage some industries to over-

come restrictive capital costs and establish two alternative fuel systems
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(i.e., natural gas 3/L of the year and coal the remaining 1/b4 of the year).
These natural gas curtailments to industrial uses have created a larger
demand for alternative fuels.

From the industry standpoint the problem is exacerbated by the new
clean air requirements. Natural gas is a clean fuel where oil and coal
contain numerous impurities. For an industry under pressure to meet cleen
gir standards, curtailment of gas means the industry must find an alternative
clean fuel or be faced with large capital investment in pollution control
equipment. By 1975 clean air standards will also effect coal consumers.,
Technologies which remove sulfur from coal before it is burned along with
technologies for cleaning stack gases are still quite costly. Although the
quantities of coal available remain plentiful, low sulfur coals are not as
plentiful and are located in areas away from the centers of demand. Plants,
primarily electricael utilities, that burn coal are often custom designed
for one kind of coal and can only switch with losses in efficiency. The
use of fuel oil is seen by most experts as the only way this energy demand
will be met over the next five to ten years. The additional stress that

clean air requirements will put on crude demand is shown in Table 2.

Table 2. Crude 0il Demand

1975 Volume

Sources barrels/day
Unsatisfied demand for gas (1) 1,750,000
Coal replacement (1)} 3,700,000
For reduction of auto emissions 700,000
Total 6,150,000

(1) Btu equivalents
Source: 0il and Gas Journal, November 13, 1972.
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The 6,150,000 barrels/day is out of a projected 25,000,000 barrels/day
representing an additional demand of about 25%. It should be noted that
most of the addition is for residual fuel oils. Sulfur is also a pollutanf
in fuel oil and to meet air stahdards, Jow sulfur fuel oil is required.

The resulting demand for low sulfur fuel has been great enough in
recent years that the price of these fuels has risen to that of gasoline.
This new pricing structure created largely by the market imbalance in the
natural gas industry can be expected to shift some of the U. S. refinery
capacity away from gasoline to fuel oil. The new refinery being built in
New Mexico is an example of this phenomenon. Basically, the refinery is
producing a high grade fuel oil that will meet all clean air standards.
This will be sold exclusively to a gas company who will in turn sell it to
the industrial customers that they were forced to curtail.

It is difficult to predict demand behavior for fuel oil and other
finished petroleum products in the future. Industries can not afford to
pay the current high price for fuel oil on a long term basis. It can only
command the currently prevailing high prices since it is primarily used as
a supplementary short term source. Several pressures exist to change this
picture. The price of natural gas is expected to rise, bringing market
forces into closer alignment, although it is still unknown how much of a
price rise will be required to balance the market. The demand for fuel oil
will depend on its competitiveness given the new market situation. The
price of low sulfur fuel oil can also be expected to fall as refineries
install desulfurizing equipment, making it more competitive with the higher
priced natural gas. Measures designed to increase the available amount of

gas exist through the importation of LNG, coal gasification, or pipeline
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gas from Alaska. Prices of these substitutes, however, are such that it is
likely that it can be afforded on a short term supplementary basis only,
and in the long run can't compete with fuel oil or natural gas. The demana
for fuel oil will go up in the iong run, and U. 5. refiners can be expected
to shift some of their capacity in this direction. However, if the current
quota policy is maintained, foreign refineries will install desulfurizing
equipment and the shift in demand should be dampened. In this event, the
long run market situation will not change dramatically.

The relative degree of monopoly power in the industry.- has already been
discussedi The giants that dominate the refining industry also dominate the
mining and distribution ends. Vast financial resources are required for the
exploration and production of new fields which eliminate all but a few
"wildeatters." The distribution end is dominated by non-price competition
between majors who sell "differentiated" productions. The independents who
process oil seldom own their own oil fields or distribution systems. The
ability of the independents to survive, and even slightly improve their
position relative to the majors in recent years was due to the relatively
competitive behavior of the whole crude oil and products markets.

A major factor behind this competitive behavior was the transportation
system. Pipeline transportation of crude and finished products is the
cheapest method available besides water transportation. Pipelines, however,
require enormous capitel investments ($1 million dollars/10 miles is a
reasonable figure). Economies of scale exist, and operating costs are not
related to capacity utilization. These circumstances have made joint
construction ventures by the major firms profitable. The courts have ruled

that these pipelines are "common carriers" thereby giving the independent
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the right to ship their products by these pipelines. Common carrier
statutes also guarantee an equal price being offered to all buyers. In the
past, this condition has assured the small company of crude transportation
at the same price as the majors and a way of competing on an equal basis

as far as transportation costs of its finished product. Consequently,
buyers and sellers have largely ignored company lines and buy and sell
solely on a short-term least cost basis. The situation has changed with
current shortages. Company lines assumed a previously undefined importance
as the majors tried to keep their facilities running at capacity. Indepen-
dents had no problems selling their products but sources of crude became
scarce. This has led to a system of semi-voluntary allocations in which
suppliers of crude divide their supply smong the refineries by a percentage
of last year's demand. Congress has given the executive branch the pover to
make these controls mandatory in order to protect the competitive position
of the independents.

The second factor important to the independents' survivel is that a
large percentage of the refiners' sales are made directly to customers.
These products are produced to specification on contracts that are subject
to competitive bidding. The demand for these products is, consequently,
highly elastic as far as the individual refiners are concerned, thereby
reinforcing competition. The servicing of specialized markets by the
independents has also partially countered the trend to large coastal
refineries.

Originally, refineries were built in oil fields. The atmospheric
distillation unit was the only process used. The light upper fractions

were marketed while the heavy bottoms were burned. The part of the crude
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used was less than 50% of the total volume. Although the cost of transporting
the finished product was slightly higher, the reduced volume favored a
refinery in close proximity to tpe 0il field. A modern refinery, howaver,-
converts all of the crude into finished prodﬁcts. It has been estimated

that the cost of transporting sll of these products is twice the cost of
transporting crude. Refineries have shifted so that most of the locational
emphasis is now on market proximity. Small refineries are able to compete
with larger refineries by servicing the special markets that are unsconomical
for large refineries to service. These special markets include asphalt manu-
facture or Jjet fuel for an air base, or geographically isclasted markets.

It is interesting to note that the average size of refinery built by a
major in the 1964-72 period was 113,000 barrels of crude per day, while the
average size built by an independent was 15,000. If the two types of refin-
eries were competing for the same markets, only the larger refineries would
remain. This is due to the considerable economies of scale that are
associated with the capital and labor costs in refining. As the size of &
process unit increases, both labor and capital costs increase less than
proportionately. It has been estimeted that a 30,000 barrels of crude per
day refinery operates at a total 5% cost disadventage when compared with a
100,000 barrel a day refinery. A refinery smaller than 30,000 barrels of
crude per day would operate at an even greater cost disadventage.

Assessment of the future prospects for additional refining capacity
construction in New Mexico rests, then, Jointly on the future viability of
the independent producers and the development of significant local demand
sufficient to justify the construction of a small refinery to serve this

local need.
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ANALYSIS OF REFINERY WATER REQUIREMENTS

Introduction

A general analysis is presented of the water requirements of the
petroleum refining industry. Specific attention is devoted to the use of
water in refining processes, the contaminants, their sources, and the
treatment of such contaminated water either for reuse within the industry or
prior to discharge to the surrounding environment. For background purposes
and to provide a better understanding of areas of water use a brief descrip-
tion of the processes comprising the total refining operation is made.
Similarly described are the treatment processes used to bring the refinery
products within customer specifications.

It is the intention of this work to compile and interpret information
which will be of use to the nontechnical person who is interested in the
petroleum refining industry and its impact upon water in a water-deficient
region. Any detailed feasibility study must be done by a team of technical
specialists after management has defined the products, the precise process,
and feed stock availability. However, the present generalized study should -
allow persons charged with the industrial development of an area to determine,
if, from a water-use viewpoint, a refinery is desirable.

Two federally sponsored investigations of the water requirements of the
petroleum refining industry have been documented--a U. S. Geological Survey
water supply paper published in 1963 of a survey done in 1955-1956 {T8] and
a FWPCA survey in 1967 [107]. A number of reference books and periodicals
exist which also give some insight into the water requirements and wastes
of the refining industry [3, 10, 11, 38, 39, 76, 87, 88, 121, 123}. Typical

gross water requirements--water intake plus water recirculated--are estimated
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to vary from 800-3,000 gallons per barrel of crude oil (gpbc) processed

{3, 38, 39, 76, 78, 121]. The average fresh water requirement was estimated
in 1950 to be 200-500 gpbe. Since 1950, these requirements have decreased1

to 30-100 gpbe with the use of newer technology. The wide ranges shown

reflect differences in availability of water, in-plant reuse, and technologies.
Approximately 21% of the total water requirements in a refinery is raw vater,
with the remaining 79% being supplied by reuse of in-plant water [121].

Petroleum refining operations use water both consumptively and ini-
consumptively. The major consumptive uses are evaporation and wind blown
losses from cooling towers and from the discharge of steam to the atmosphere.
Water consumed averages 2-5% of the total water used or 30-60 gpbc. Dis-
charge of cooling water blow-down and steam condensate are typical
nonconsumptive uses. The extent of water reuse within a refinery is
dependent upon the availability of a satisfactory quality water supply.
However, with higher reuse the actual consumption of water usually increases.
This is because of higher evaporative losses even though a decrease in
refinery wvater intake and net effluent slso occurs.

The largest water requirement in a refinery is for cooling purposes;
this factor accounts for an average of 95% of the water demand. Most cooling
water is used primarily for indirect cooling and does not come directly into
contact with hydrocarbons and other process fluids. However, water used in
washing petroleum products and the recovered steam condensate from stripping
and vacuum operations have had contact with petroleum stocks and thus
usually contain various dissolved or suspended contaminants.

The second major use of water in petroleum refineries is boiler feed

wvater. Approximately 3% of the petroleum refinery water requirements are
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uged in boiler Teeds. OStemm is used for atripplng, heating, pumps, vacuum
ejectors, and distillation. Because such uses of steam result Ln contact .
with petroleum precducts, the condensate is usually contaminated with

pelroleum or other wastes which decreases its reuse potential.

Petroleum Crude Material

The constituents of crude petroleum consist of hundreds of different
individual chemicals ranging from methane to asphalt components. Most of
these constituents are hydrocarbons but small quantities of nitrogen, sulfur,
and oxygen may also be present. The hydrocarbons of crude petroleum may be
separated into two chemical classes: aliphatic, or open-chain, compounds
and ring compounds. Aliphatic compounds consist of the normal paraffin
series, or saturated compounds such as methane, ethane, propane, butane;
isoparaffin series, which are saturated compounds containing side groups or
branched chains, such as isobutane; and the olefin series which are unsatu-
rated compounds such as ethylene, propylene, and butylene. The paraffin
series exist in crude petroleum in larger quantities than any other group
while the olefins are not present cr exist only in small quantities. The
ring compounds may also be divided into several subgroups. Haphthene series
are ring compounds corresponding to the olefin series of the aliphatic
compounds but in the ring form are saturated, that is, all the chemical bonds
are singly bonded rather than double or triple bonds. Naphthene series
compounds are the second most occurring series in most crudes and consist
of such chemicais as methylcyclopentane, cyclohexane, dimethyl cyclopentanes,
and methylcyclohexane., The other ring series is the aromatic or benzene
series which are the unsaturated ring compounds based on the benzene ring.

Typical compounds are benzene, toluene, ethylbenzene and the xylenes. Only
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small amounts of the aromstic compounds are present in most sources of crude

petroleum [LO].

Petroleum Refinery Products

Some 2500 products may be derived from the petroleum refining of crude
0il. The products from the crude petroleum may be essentially pure compounds
such as acetylene, ethylene, propane, butasne, benzene and toluene. Other
products are mixtures of compounds which may be distilled off in a certain
reange of boiling temperatures such as the fuel oils and naphthas. Gasoline
is a blend of petroleum based compounds while waxes are crystallized from
the petroleum }iquid. Some typical petroleum refining products are described
as follows.

Gasoline-~primerily composed of small-branched chain, cyclic, and
aromatic hydrocarbons boiling in the range of 60~200°C. The natural material
is only a small percentage of crude petroleum and the majority of the actual
product sold must be produced by cracking, hydroforming and reforming of
heavier hydrocarbons.

Naphtha--loosely defined petroleum fraction containing primarily
aliphatic linear hydrocarbons with a boiling range from 125-240°C. It is
recovered as a distillation fraction and is the intermediate between gasoline
and kerosine containing compounds of both. It is used as a solvent, paint
thinner, feed stock for gasoline production, and as a raw material for
organic chemical preparation.

Kerosine--the fraction of petroleum boiling between 180-300°C. It
contains hydrocarbons slightly heavier than those found in gasoline and
naphtha. Its primary uses are fuels for jet engines and gas turbines. It

may also be catalytically converted to gasoline and naphtha.
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Diesel Oil--petroleum fraction consisting primarily of aliphatic linear
hydrocarbons distilling in the rsnge of 250~-400°C. It is used in diesel
engines and as a light fuel oil (No. 2).

Fuel Oils--the petroleum ffactions having a higher boiling range than
kerosine.

Residual Fuel Oil--high viscosity fuel oil collected after all lower

boiling fractions have been distilled off.
Lubricants—-ocils obtained from residual fuel oil by solvent extraction.
Residues—-material remaining after distillation of lighter hydrocarbons.
and contains asphalts, residual fuel oil, greases, coke and petrolatum.
These are by-products of the refining process and may be separated and

purified to produce valusble materials by proper techniques.

Petroleum Refining

The refining of crude oil is accomplished by a series of complex manu-
facturing processes involving both physical and chemical changes of the
hydrocarbon mixture comprising the crude to create a variety of marketable
products. The main processes by which crude oil is separated into its
original component fractions are distillation and extraction. The yield of
products having the specified desirable properties from these two operations
is determined by the type of crude oil processed. Crude oils from various
sources have much different properties.

Ideally, a refinery should be able to produce processed saleable
products in the quantities demanded by its markets. If the yield is not in
balance with the market requirements, other processes must be used to convert
the excess products into different saleable products. Cracking, or chemical

conversion by heating and/or catalysis, is the main process used to balance
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the product distribution. In the cracking process, surplus fuel oil may be
converted into gasoline and gaseous petroleum products. Alkylation is used
to synthesize larger molecules from gases, the gases mostly originating frém
the cracking process, thus increasing gesoline production end quality. Other
conversion processes, isomerization and reforming, are used to improve the
quality of gasoline fractioms (40, 55, 73, 75, 101, 111].

Further refining of the products of these manufacturing methods is
necessary since they are insufficiently pure for their ultimate application.
In these processes, called treating, the small quantities of impurities are
removed. Sulfur compounds contained in many products are odiferous and if
not removed may be converted to non-~odiferous compounds by a process
generally referred to as sweetening; that is, the removal of the odor. The
trend today is towards actual removal of the sulfur to meet the stringent
quality standards placed on sulfur containing fuels.

No two petroleum refineries are identical. The varied properties of
the crude oil along with the numerous possible products have resulted in
diverse refinery processes, or treatment of the crude oil and resultant oil
fractions, requiring different operations and equipment within each refinery.
According to the processes used, refineries are normally classified by the
complexities of their operations and finished products.

The simplest refining operation is called topping or skimming. In this
type refinery the crude oil is distilled, or fractionated, by heating,
usually at atmospheric pressure, and the petroleum fractions separated at
various boiling ranges. Such refineries produce only a limited range of

products. This operation alone is not considered a very economical process
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since principally low grade products result. A schematic of a topping
process with typical products is shown in Figure 1.

The next level of refinery operation consists of topping and cracking.
Cracking, or pyrolysis, is the conversion of long molecules into smaller
molecules by the application of heat and/or catalysts to product hydrocarbons
more suitable for gasoline. Catalytic cracking is preferred because of
economic considerations since it produces larger yields of higher octane
gasoline at lower unit costs than does thermal cracking. Alkylation units
may be added for the production of premium automobile and aviation gasolines.
Figure 2 shows a schematic of such a plant with products indicated.

The most complex refinery will consist of topping, cracking, and lube
0il production. The bottoms from the crude fractionation tower are
fractionated under vacuum and then further specifically treated to obtain
the motor oils (wax-free) and the by-product, paraffin waxes and petrolatum.
Figure 3 shows a schematic of a typical plant. These schematics are greatly
simplified and do not show the interdependence of each unit on the others.

Some refineries also include asphalt plants and many refineries provide
fuel oil and diesel fuel products as part of their regular production.

The distinctions among the various types of refineries is not clearly
defined and there exist a number of borderline cases depending upon the crude
0il supply and the readily available markets.

The present trend is towards integrated refineries, that is, refineries
consisting of topping, cracking and lube oil production. It is this type of
refinery which will be discussed in terms of its operations, water require-

ments, and agueous waste streams.
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Refinery Processes and Wastewater Generation

The generation and sources of agueous wastes within a petroleum refinery
operation can be shown by considering a typical fully integrated refinery,
the schematic of which is shown in Figure 3. Typical agueous wastes are
shown[in Figure 4 for the subprocesses within the refinery and Table 3 lists
representative quantities of aqueous vastes according to source {11, 15, 38,
76]. For the major poten?ial sources of aqueous pollutants, representative
pollutant concentrations are listed in Table 4 {15]. It must be realized
that these are a general approximation of the quantity and quality of refinery
waters. Because of the efficiency of water reuse and waste control facil-
ities, size of refinery, type of crude oil charged, and complexity of
processing, it is impossible to give'exact figures in a general discussion.
However, it is felt these quantities are indicative of present agueous
streams discharged from the various processing units.

Principal operations used to produce the products within a petroleum
refinery are: fractionation under pressure and vacuum distillations, thermal
and catalytic cracking, reforming, polymerization and alkylation. Other
operations such as acid treatment of lube stocks, sweetening of gasoline,
extraction and stripping are used to make products meeting certain specifi-
cations and quality.

In addition to the equipment used directly to produce the petroleum
products, other equipment and operations are required. Steam is used
extensively for heating, stripping, and in vacuum systems, thus boilers are
necessary. 1f the production capacity is sufficiently large and steam
requirements are great, electrical generation equipment may be added to the

facility.
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Table 3. Sources of Refinery Wastewater

Crude oil storage

Crude oil desalting

Crude oil fractionation
Thermal catalytic cracking
Alkylation HF

Sweetening and drying
Cooling tower blowdown
Boiler water blowdown

Caustic washes

Water evaporated from cooling

g/bbl

nil
2.0
13.0
2.1
ho

34.7 gal. per bbl.

towers 27 gal. per bbl.
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Crude oil brought into a refinery contains salty water; the quantity of
water depends upon the source of the crude and the transportation method
used. Some of this water will settle out in the crude oil storage tanks and
is withdrawn. The water is very oily, generally has a high salt content, and
usually contains sulfides or other sulfur compounds.

In addition to water, all crude oils contain inorganic salts and
suspended solids which must be removed prior to refining. Arsenic and other
similar salts, in particular, are poisons for the cracking catalysts and
must be removed. Desalters are used to remove these salts. Water is added .
to the crude oil and an emulsion formed by agitation. Water supplied is
usually 3-10 volume percent of crude treated. The salts transfer to the
aqueous phase and then the emulsion is broken by using a high voltage
electrostatic field of 10,000-16,000 volts. The water and oil are separated
by gravity in a settling tank. The salty water is withdrawn continuously and
the desalted crude oil is sent on for refining. The aqueous waste stream
contains free and emulsified oil, large quantities of dissolved inorgsnic
solids, usually of high chloride content, and has a pH of about 8. The
dissolved salts are the major waste problem since oil and sulfide levels are
not extremely high.

Fractionation of the desaited crude oil is done to separate the crude
into intermediaste fractions of specified boiling point ranges. The overhead
product is gasoline and sidestreams withdrawn may correspond to naphtha,
kerosine, light diesel oil, and heavy diesel oil. The gasoline is debutanized,
removal of butane, to raise its boiling point and stabilize it. Butane,
propane, and methane are gaseous products of stabilization. The heavy crude

leaving the bottom of the tower may be treated to produce gas oil, lube oil
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side streams, catalytic crecking feedstocks, and asphalt base stocks. Steam
is used in the crude oil fractionator for stripping the low boiling components
from the reduced crude and the sidestreams. The vacuum may be produced fo;
vacuum fractionators by the use of steam ejectors. Aqueous waste streams

from crude oil fractionators result from the condensed stripping steam in

the accumulators and water not separated in the desalting operation which
distills with the lower boiling crude oil components. Such water contains
oil, large amounts of sulfides, chlorides, ammonia, mercaptans, and phenols.
Large quantities of water are required to condense the overhead and sidestream
product vapors but this water does not contact the products and is therefore
not contaﬁinated.

The heavy crude from the bottom of the crude oil fractionation tower is
usually further separated in a vacuum fractionator and this residue thermally
cracked to produce lighter fractions of more economic value. Steam ejectors
produce the needed vacuum. The light fractions may be used for fuel oils or
gasoline production. Again water is the major source of waste, it being
recovered from the overheads and the ejectors. Cooling water is required
for condensation of the vapors. The water may be high in ammonia, phenols, °
sulfides and usually contains various oil fractions. The waste is usually
alkaline and may contain a high dissolved solids content.

Catalytic cracking of naphthas, gas oils and deasphalted oils is done
to increase the yield and quality of gasoline and other desirable products.
Catalytic cracking is similar to thermsl cracking except that the cracking
process is accomplished at lower temperatures and pressures due to the
catalyst. Better yields of high octane gasoline are obtained as conmpared

to thermal cracking. Steam is used to remove the products from the cracker
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end to seal the cracking vessel from the catalyst feed hopper and the kiln.
Stripping steam is generally used to regenerate the spent catalyst. The
steam condensates represent the major waste streams. Other aqueous streams
are formed‘by condensation of the stripping steam in the fractionators which
are used to separate the various hydrocarbon fractions produced in the
catalytic crackers. The aqueous streams have high sulfide contents, are
oily, contain phenols and ammonis, and are highly alkaline.

Hydrocracking is catalytic cracking in the presence of hydrogen,‘thus
producing gasoline, high quality middle distillates, LPG or low suifur
residual fuels from distillates, gas-oils, heavy sour crudes, end crude
fractionation residues. Steam is used for product removal and stripping in
product separation fractionators. The aqueous wastes contein sulfides,
phenols, ammonia, and oil. Most hydrogen sulfide will leave with gaseous
products.

Reforming is used to convert naphthas to finished high octane gasoline
and produces aromatics. Steam may be used for temperature control and
regeneration of silica-alumina base catalyst. Aqueous waste materials from
the reforming process are very small and contain sulfides, ammonia,
mercaptans, and oil. The wastes are of an alkaline nature.

Conversion of isoparaffins, usually isobutane, into iso-octanes is
accomplished in the alkylation process. These high octane alkylates are
used as & gasoline blending component. The principal reaction occurs
between an isoparaffin and an olefin to produce a larger isoparaffin and
hydrogen in the presence of a catalyst under precisely controlled temper-
atures and pressures. Of the three major catalysts used, aluminum chloride,

sulfuric acid, or hydrofluoric acid, the sulfuric acid process has most
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potential for wastewater production since it has a spent acld reactor waste
having a pH of three or less and an acid content of about 85%. The overhead
accumulations in the fractionators contribute small quantities of water
containing oil and sulfides. Spent caustic washes are also released from
the neutralization of the alkylation reactor hydrocarbon stream. If lesks
or spills occur from hydrofluoric acid alkylation units, serious waste
problems may arise; but, in normal operation, aqueous waste is negligible.

Processing to saturate olefins and to remove sulfur, nitrogen, and
oxygen compounds from straight~run or cracked petroleum fractions is called
hydroprocessing. The feed is combined with hydrogen, heated, and passed
through a cetalytic reactor. Aqueous waste streams have high sulfide and
ammonia contents and are the result of stripping stesm condensing in the
overhead fractionator accumulators.

The deasphelting step is used to remove asphalt and resins from viscous
hydrocarbon fractions by dissolving the desired hydrocarbons in the appro-
priate solvent, for example, propane, while leaving the asphalt and resins
in the residues. Wastewater results from the steam stripping process used
to separate the asphalt, solvent, and deasphalted oil. This water contains
some ammonia, sulfides, and oil.

The remaining process operations used to produce petroleum products
are relatively free of aqueous wastes.

Processes used for the purification of petroleum products contribute
to the aqueous wastes and have high contaminant levels. Spent caustic
solutions result from neutralization and extraction of the acidic materials
present in the crude oil, from the acid reaction products of chemical

treating processes, and from acidic materials formed during cracking. These
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solutions contain sulfides, mercaptans, sulfates, sulfonates, phenolates,
naphthenates, and many other similar inorganic and organic compounds. -
Sulfuric acid is used frequently both as a treating agent and catalyst. The
resulting acid sludges and spend acids may contain up to 60 percent hydro-
carbon content with a titratable acid as high as 90 percent. Other wastewater
streams are created by the regeneration of the treating materials used to
purify the petroleum products. Steam heating and stripping is extensively
used for regeneration of the absorbent chemical solutions and the steanm
condensates will contain sulfides, phenols, oils, etc.

Feed water for the boilers must be treated to lower its hardness,
particularly in the Southwestern areas. The effluent from the back washing
of the wvater softeners, although of an intermittent nature, is a source of
very salty water. The blow-downs from the boilers, used to keep the
dissolved solids from building up too high a level, are another small but
highly salty stream.

The cooling water system also must be replenished frequently, espe-
cially if evaporative cooling is used to lower the temperature of the heated
used cooling water. Blowdown of the cooling water system is necessary to
prevent the buildup of dissolved solids and subsequent deposition of salts
within the system. The amount of blowdown and its qualify is determined by
the quality of the replacement water, the evaporation level, and the
corrosion and algae inhibitors used.

Water from sealing glands on pumps, water used to clean up spills and
leaks, water from rains, water from laboratories, and water from sanitation

facilities must also be considered.
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If all of these sources of water were disposed of with no treatment,
problems would arise. However, the petroleum refining industry has been
among the leaders in waste water pollution abatement particularly in water-
scarce regions. Treatment and reuse of the water has been very common.

With many refining operations in the Southwest any effluent water is sent

to oxidation ponds, settling ponds, and evaporation lagoons. If there is
discharge from the facilities, it is usually by percolation through the soil
around the ponds. Normelly this causes no problems unless the water table
is quite near the ponds and the local geological structure permits seepage

into the water.

Treatment of Wastewater

Treatment of aqueocus streams within the petroleum refining industry can
be classified as: physical, chemical, and biological. Physical methods
involve the use of gravity separators, air flotation, or evaporation. Ten
to eighty~five percent of the suspended solids and 50-99% of the free oil
may be removed by gravity separation-air flotation. Chemicel methods
include coagulation-sedimentation, and chemically assisted air flotation.
These methods are more effective for removal of emulsified oil than simple
physical methods. Biological methods, such as activated sludge, trickling
Tilters, aerated lagoons, and oxidation ponds are effective for removal of
organic materials, thus lowering BOD and COD levels, but usually require
pretreatment to remove oily or toxic materials. Physical-chemical treatment
has been used for final clean-up of waters to produce a high quality effluent.
Apparently only activated carbon and ozonation have been commercially used

for final treatment to any appreciable extent.
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Present disposal of waste water effluents in Southwestern petroleum
refineries appears to be lagooning, with subsequent biological oxidation Ofi
biodegradeble materials followed by solar evaporation of the water. Sour
waters or water containing hydrogen sulfide, mercaptans and¢ other odoriferous
compounds are previously steam stripped of the odor forming materials. If
the salt content is not too large, the stripped water is then either used in
the desalters or as make-up water feed in the cooling system. OSalty water
is sent to the lagoons. All refineries use separators to remove suspended
or free oil from the waste water prior to reuse or discharge. Segregation
of water according to the type of treatment required for reuse of the water
or removal of contaminants prior to discharge is common practice.

Treatment necessary for refinery waters depends upon the source of the
water and its ultimate use or disposal. Waters are classified as sour if
sulfur compounds are largely present, phenolic if phenols comprise the bulk
of the contaminants, salty if high dissolved salt levels exist, and oily if
free or dissolved oil is present. Water may also be caustic or acidic.
Combinations of these conditions may exist.

Separation of free oil and suspended oil is accomplished in an API
separator. Advantage is taken of the density differences between the oil
and water and sediment present. Gravity separation is used in the slowly
moving liquid with the oil rising to the surface where it is skimmed off
and heavy sediment settling to the bottom to be dragged off and the water
passing through. Efficiencies of such separators are highly dependent on
0il golbule size, rate of flow through separator, water temperature, and

design. Fifty-eighty percent free oil removel is normal.
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For improving the quality of wabter leaving the API separators, filtration,
chemical flocculation and sedimentation, and air flotation may be used. These
methods further reduce the oil and suspended solids content and result in é
greatly lowered BOD, as well as improving color.

Emulsified and dissolved oils are not separated from water in gravity
separators. Fmulsified water oil mixtures can be broken but the treatment
depends upon the type of emulsification, water-in-oil, or oil~in-water, and
the other molecular species present. Most emulsifications of interest are
wvater-in~oil which can be broken by heating, centrifuging, filtration, use
of chemicals, electrical fields, or combinations of these methods. Usually
emulsion bresking is done in a series of batch operations and the separated
0il returned to the appropriate processing unit.

To remove volatile impurities such as hydrogen sulfide or ammonia,
stripping processes are used in which the solution is heated and the more
volatile components separated. Stripping operations are highly effective
for volatile components but for less volatile materials, such as phenolics,
heating and equipment costs become prohibitive.

Extraction techniques may be used for removal of low volatility mate-
rials. A solvent, immiscible in water, is used to remove the contaminant
from the water phase by dissolution; Phenolics can be removed by these
techniques using benzene or light petroleum fractions. Extractive techniques
are not commonly used in the treatment of refinery wastes unless the material
being recovered has a high economic value.

Adsorption techniques, removal of dissolved materials by contact with
a porous solid, has not been used extensively in refinery waste treatment.

The undesired materials become attached to the surface of the solid either
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by physical or chemical means in this technique. After the solids become
saturated, they are either disposed of or regenerated for further use. -
Activated carbons may be used for removal of dissolved organic materials
and some metal ions. Adsorption processes are more commonly used in fresh
water purification but if good quality effluent or water for reuse is
required, adsorption offers a potential treatment method.

Ton exchange processes have been used extensively to replace ions in
solution with ions from a solid phase, for example, softening of water by
replacing the calcium ions with sodium ions. Jon exchange techniques,
although extensively used for water conditioning, have been little used for
refinery waste water treatment. A few special applications have been
developed but ion exhange resins are expensive and unless the cost of such
treatment can be justified, immediate use is not anticipated except on a
smell scale. |

Reverse osmosis in which high pressure and specific membranes are used
to produce low salt content water from salty or brackish water offers possi-
bilities for clean up of water from the desalters and water conditioning
wnits. However, reverse osmosis operations are quite expensive and are
still in the application development stage as far as refinery effluent waste
treatment is concerned. They do offer an exciting potential for reclaiming
high quality water from aqueous waste streams. For example, Westinghouse
has recently announced the availability of reverse osmosis units which can
treat weters containing up to 5,000 ppm of dissolved solids and have
capacities ranging from 10,000 to more than one million gallons per day.

Oxidation processes have been used to lower the oxygen demand of

refinery wastes, particularly the removal or reduction of phenolies.
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Chemical oxidants, such as chlorine, chlorine dioxide, peroxides, and ozone,
have been effectively used. For easily oxidized wastes, air may be used,

for example, the oxidation of sulfides to thiosulfates and the treatment of
sulfates in caustic mediums. For highly concentrated, low flow rate streams,
oxidation by incineration may be used. This latter method is particularly
applicable for toxic materials.

Since many waste streams contain oxygen consuming materials which are
biodegradable, biological treatment is necessary. Activated sludge processes,
trickling filters, oxidation and stabilization ponds, and anaerobic treatment
methods more commonly associated with treatment of municipal wastes may be
required. In any biological process the organic materials are converted to
cellular products vwhich if decomposed would constitute a source of high
oxygen demand. Deposition of these cellular products must be considered.

The stabilized sludges from activated sludge treatment are dewatered and
may be used as soil conditioners.

Newly constructed refineries have been designed and built to treat all
potential waste waters. Existing refineries are making the necessary modifi-
cations and adding treatment facilities. A treatment scheme which would
produce usable water is presented in Figure 5. Such a facility would be
expensive; however, future requirements to protect the environment may demand
such treatment. At this level of treatment much of the water may be reused

with fresh water required only to make up for losses.

Water Economy

Water economies within the petroleum refining processes can be practiced
by some revisions of the processing techniques. Although older refineries

will be slow to change equipment because of the large investments required,

t
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never refineries are incorporating processes designed to reduce water usage,
to reduce process contamination of water, or to clean up contaminated waters.
The replacement of barometric condensers and steam ejectors with surface |
condensers and vacuum pumps for vacuum distillations will eliminate the oily
waters generated in the barometric condensers. Hlimination of the steam
ejectors would greatly diminish steam demand.

A source of large quantities of oily and sour waters results from the
use of stripping steam to stabilize petroleum fractions by removal of lower
boiling components. The use of steam for stripping purposes is likely to
continue since there are many economic advantages with its use. The
stripping steam condenses with the hydrocarbon vapors resulting in much
smaller sized condensers being required as compared with stripping by non-
condensible gases. However, much more cooling and condenser water is
required to condense the vapors and stripping steam than if non—cbndensible
gases were used. The use of such an inert gas for stripping purposes would
greatly reduce the water requirements but would increase costs of condenser,
compressors, and vacuum producing eguipment.

Facilities using cooling towers to lower the temperature of the
circulated cooling water lose water to the atmosphere by evaporation and
windblown losses. The evaporation losses are directly proportional to the
temperature change achieved. These water losses could be reduced by using
air cooling in closed cooling water exchangers. Such cooling water could be
used for higher temperature range cooling. Where cooling is necessary near
ambient temperatures, cooling towers or refrigerated cooling could be used.

Reductions in the use of cooling water could further be accomplished by
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using air cooled condensers on some of the higher temperature boiling

fractions rather than water cooled condensers as 1s presently done.

Permitted Effluent Levels

The Environmental Protection Agency has been working on a set of
effluent guldelines for the petroleum industry. The tentative acceptable
levels are shown in Table 5 [68]. These recommendations were based on-
activated sludge facilities being used to treat the agqueous effluents.
Further reductions in effluent levels can be reached if necessary but the
cost increases rapidly as the complexity of treatment facilities becomes

greater.

Costs

The determination of the construction costs of a new refinery entails
the design of & plant, its layout, and detailed itemlzations of the units of
equipment to be purchased. The geographic area needs to be considered also.
An estimation of $1,025 per barrel of crude processed daily based on 1973
Nelson Coét Indexes will be used for the cost of a newly constructed
integrated refinery [Th]. Operating costs of $1.47 per barrel of crude are
estimated as shown in Table 6 [T4, 80]. The costs of effluent treatment for
discharge or treatment of effluents for reuse are not included in the above
estimations. For effluent treatment facilities, it is assumed 50 gallons of
aqueous material will need to be treated for every barrel of crude processed.
Thus, for a 50,000 barrel per day refinery 2.5 million gallons of effluent
need to be treated. This effluent will be treated so as to produce reusable

wvater and will assume no discharge of aqueous material from the facilities.
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Table 6.

Typical Operating Costs of U. S. Refineries

cents per barrel

Purchased Fuel 18.0
Total Labor 50.0
Purchased Power 3.5
Chemicals and Supplies 30.6
Maintenance Materials 8.1
Insurance and Taxes 5.9
Royalties or Research 5.7
Obsolescence and Improvements 13.0
Interest on Capitalization 12.4

Total 147.2

At this point in time the purchased fuel costs are
changing rapidly.
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The estimated construction and operating costs for such a treatment system

is tabulated in Table T.

Table 7. Treatment Costs

Construction Treatment

$1000 ¢/1000 gal.
Activated Sludge 1370 18.8
Coagulation-Sedimentation 130 L.1
Activated Carbon 950 16.0
Reverse Osmosis 15h40 22.0
Total 3990 60.9

#50,000 barrel per day refinery treating 2.5 million gallons of agueous waste.

Source:

It is felt that although the petroleum refining industry might be
considered a major user of water, its wastes are amenable to treatment
producing a water of high quality which may be reused. As has been demon-
strated in the Southwest, most refineries do not ordinarily contribute to
aqueous pollution; nevertheless improved water economies can be effected.

It might be noted that some of the smaller, 4,000 or less barrel per day of'
crude processed, topping plants which produce straight run gesoline, diesel
fuel, and residue use no water in the process except for sanitation and
laboratory purposes.

Two hundred forty-~seven refineries have an average capacity of 53,000
barrels per day exist today in the United States. Projections for energy
requirements in 1980 will require 58 new refineries with an average capacity

of 160,000 barrels per day [99].



46

INTRODUCTION TO COAL GASIFICATION

The gasification of coal is an old process, first used in the eighteenth
‘century. In the late nineteenth century most of the gas used was manufac-
tured or synthetic gas. Natural gas did not become widely used until the
1920's and national markets for natural gas were not fully developed until
the late 30's when major transportation problems were overcome. Because of
the large reserves of natural gas and the development of cheap transporta-
tion, the use of manufactured gas has declined in the United States, as a
percentage of total gas used since 1935, and in actual volume since the
early 50's. Table 8 illustrates this trend.

The manufactured gas produced ranges widely in Btu values, but is, in
general, significantly lower than natural gas. Producticn of manufactured
gas costs more than the wellhead price of natural gas. During the 30's
this price differential was as high as five to one. However, the major
natural gas producing areas of the United States were in the Southwest,
creating a large divergence between production and market aress. The advent
of the seamless pipe made possible the development of a naticnwide pipeline ’
network which was not completed until the late 30's. Because of the
competitive advantage of natural gas, the use of manufactured gas has been
generally reserved for emergencies, and facilities for producing this gas
have not been replaced as they deteriorated.

In Europe, where supplies of natural gas and oil were not as plentiful,
the technological development of manufactured gas continued. During the
late 30's three German processes were developed that permitted the continuous
gasification of coal. Of these processes, the Lurgi process continues to

have wide commercial application in many areas of the world. The Bitu value



Table 8, Total Gas Customers¥® of Utilities 1932-1966

(thousands)
Type of Gas

Liquidified
Year Total Natural Manufactured Mixed Fetroleum¥*#
1932 15,532 5,499 8,L76 1,557
1935 15,819 5,556 8,352 1,911
1938 16,876 6,742 8,097 2,037
19&0‘ 17,600 7,257 8,221 2,122
1943 19,06k 8,381 8,365 2,318
1945 19,977 8,91k 8,582 2,400 81
1948 22,246 11,k66 8,503 1,962 315
1950 2k,001 14,267 7,618 1,789 327
1953 26,708 19,960 2,795 3,653 300
1955 28,479 22,864 1,296 4,078 2o
1958 31,242 28,023 ho1 2,643 175
1960 33,054 30,554 176 2,198 125
1963 35,551 33,940 1ko 1,399 12
1965 37,338 36,537 128 617 55
1966 38,228 37,513 99 573 b3

*Gas customers were compared because of the difficulty in convert-

ing gas to Btu values.

#*¥*],iquidified Petroleum gases are tabulated with manufactured gas
before 1945.
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of the gas derived from this process is 450-500 Btu per standard cubic foot,
about half the Btu value of natursl gas in the United States.

The resurgence of interest in manufactured gas in the United States
has paralleled the decline in our natural gas reserves. Manufactured gas
can be made from a variety of feedstocks through many different processes.
In terms of construction time and capital costs, gas from oil and oil pro-
ducts has a definite advantage. One plant is on stream currently that
converts oil products to manufactured gas, seven others are under construc-
tion, and 28 additional plants are either in the planning or engineering
state. The Famariss 0il and Refining Company facility under construction
in southeastern New Mexico will produce naphtha and fuel oil. A unit to
convert the naphtha into manufactured gas is planned for the future. The
largest disadvantage of this process is its primary dependence upon oil.
Over 80% of the cost of the finished gas is due to the costs of feedstocks.
The current oil shortage, and the subsequent higher prices for oil products
will affect the commercial feasibility of these plants.

Synthetic natural gas from coal has higher initial capital costs and s
longer time from conception to completion of a plant. As the costs of other
fuels raise, however, the relative position of coal improves. A complete
description of the various processes that cean be used to convert cosl to SNG
are included in the engineering section. These break down into two main
types, a direct conversion process that is still being researched, and the
indirect processes used in Europe. Both of the companies that are building
plants in northern New Mexico use the German developed, Lurgi process. The
low Btu valued gas will then be subject to a methanstion process which will

upgrade the Btu value to make it comparable with natural gss.
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In the past, the major advantage of manufactured gas has been that it
could be created close to population centers. Because of clean sir legis—
lation and the location of large coal deposits in less developed areas, the
newest emphasis is the creation of cosl gasification plants outside the
major population centers, primarily in the western states. The gas produced
is then easily transported in existing natural gas pipelines. This is a
major benefit to the pipeline companies who now face the existence of a
large fixed capital investment in terms of existing pipelines and dwindling
gas supplies to fill them. Both gasification plants in northern New Mexico
are being built primarily for pipeline companies.

The equipment to consume gas in the United States is so specifically
designed around the high Btu value of natural gas that any use of another
fuel of a lower Biu value would require modification of existing equipment.
This, and the higher transportation costs implied in a lower valued Btu gas
has caused major importance to be attached to the manufacturing of a gas
with sufficient Btu value, i.e. at least 950 Btu/feet 3.

Once manufactured gas is converted to the comparable Btu value of
natural gas, these fuels become natural gas substitutes. In order to
examine the potential market for manufactured gas it 1s necessary to examine
the market for natural gas. The position that manufactured gas will occupy
in the future will depend upon its price in relationship to the price of
natural gas, and the relative position of gas as compared to other fuels.
These wilil be discussed below.

One of the major influences in determining the relationship of natural
gas to other fuels has been the regulation of the gas industry. Gas sales

to consumers were regulated by individual cities and states very early

because they were deemed to be affected with the "public interest".
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The Natursl Gas Act of 1938 extended the regulation, and gave the
Federal Power Commission the responsibility of regulating gas transmissioni
in interstate commerce and its sale for resale. The act required pipeline
companies to file, publish, and adhere to their rate structures, and gave
the commission the right to suspend price changes except to industrial
consumers. 1t also gave the commission the right to approve changes in the
transportation system (i.e. pivelines) and order the extension or prohidit
the contraction of services. Although the act specifically exempted the
production and gathering of natural gas, it has since been broadly inter-
preted to give the commission the power to regulate the wellhead price of
zas that will be sold in interstate commerce.

The power to regulate the wellhead price of gas moving in interstate
commerce, in effect gave the commission the control over the pricing struc-
ture of the major sectors of the industry. Several methods of regulating
the wellhead price, all of which have hed major flaws have been used by the
commission. The regulation of wellhead prices has followed the usual
utility practice of trying to price on some form of a cost plus basis,
either for the individual well or the general arca. Lately demand for
natural gas has been exceeding the discovery of new resources. Many experts
believe that part of this deficiency should be attributed to the artifically
low price of natural gas which has been encouraged by regulation. The
current feeling by the commission and other supporters is that this area of
regulation should be abandoned, and expectations are high for the deregulation
of natural gas at the wellhead. Even if this move fails, the current
commission is moving away from cost as a determinant of gas pricing, and

using & more demand oriented approach.
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Besides the power over the pricing structure of natural gas, the act
firmly established the right of the commission to regulate natural gas in‘
the public interest. This gives them the implied powers to determine the
distribution of gas between consumers. The commission has done this by
establishing as the most important use of natursl gas, the right of every
consumer to have gas available for home heating. Commercial establishments
have secondary priority, and industrial establishments are given last
priority.

The regulation of the natural gas industry has had major effects on
the industry. As mentioned previously, regulation has been blamed for the
decline in exploration of natural gas. Because of the low price to consumers,
regulation has encouraged the large expansion in the demand for natural gas.
It has affected the structure of the industry by discouraging vertical
integration. And, finally it has affected the distribution of final users
of natural gas.

The increase in production and the corresponding decline in res=rves
of natural gas for the United States is shown graphically in Figure 6.
Because the reserves committed to natural gas pipelines are considered
critical to all interstate markets, the trends of these reserves are shown
in Figures 7 and 8.

As the price of natural gas has increased in the last few years, the
total number of wells drilled have also increased. There is a definite lag
time between the discovery of new gas reserve and the sbility to bring
it into full production, often as long as five years. The full effects of
the current price increases on the supply of natural gas will not be known

for a number of years. If the move to deregulate the wellhead price continues,
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future price increases will occur. As this stimulates exploration, and
more gas is produced, and as the raise in price decreases consumption, a
nev equilibrium will occur. There are no good estimates on the price thét
this will occur at. It is this equilibrium price that is critical to the
long run profit ability of any manufactured gas.

There are several factors that will probably reinforce each other to
keep this price fairly high. New sources of natural gas are becoming
increasingly harder to find, and more expensive to recover as the drilling
depth becomes deeper. Other energy substitutes for natural gas prices have
been rapidly increasing. The price of foreign cil, which had accounted for
a full 35% of domestic consumption, has increased sharply, in some cases
more than quadrupled. Domestic oil prices which are controlled have slso
increased more than 25% in the last year with future increases likely.
Finally, natural or synthetic gas has the advantage of being the cleanest
fossil fuel energy source. With clean air legislation, and the imposition
of standards, natural gas will maintain a competitive advantage even if its
price/Btu is slightly higher than alternative fuels.

The future demand for natural gas has been estimated, on the assumptién
that its relative price remains constant. One such estimate is shown
in Table 9 and Figure 9. This also shows the relative position that
alternative sources of gas are expected to occupy. According to this
estimate, demand for gas will grow at a steady rate, while domestic produc-
tion of natural gas declines. Liquid natural gas (LNG) imports, natural
gas from Alaska, and synethic natural gas from coal are expected to make up
some of the deficit, but a net deficit of approximetely 18 trillion cubic

feet is predicted for 1990. Recently the ability to import LNG in the
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quantities originally planned have been questioned making the predicted
deficit worse.

The supply and demand will have to be brought into balance by a
decrease in demand, either by an increase in the price of gas or a rationing
system. Currently e form of rationing exists, as mentioned previously,
where preference is given in descending order to residential, commercial,
and industrial users. During the 19T71-72 heating seasons, curtailments to
industrial users amounted to 500 billion cubic feet. During the 1972-T73
season curtailments amounted to over a trillion cubic feet, which represented
a 10% deficiency in demand. The FPC estimates that curtailments by 1975
will amoﬁnt to 3.6 trillion cubic feet, with curtailments of 9.5, 13.7, and
17.1 trillion cubic feet in 1980, 1985, and 1990 respectively. Whether the
industrial sector will continue {10 gbsorb all of the curteilments will
become a very sensitive political question. The 1972 breakdown of final

consumption of gas was: [125]

Residential and commercial 32.6%
Industrial h6.5%
Electrical Power 17.9%
Transportation 3.0%

In the short run, a higher price of gas is unlikely to have much
influence on the demand for gas due to the difficulties in finding ways to
reduce consumption and converting to alternative fuels. Demand will equal
vhat is available at even very high prices. In the long run, substitution
will occur both in terms of energy saving capital and other fuels. If the
price increases in other fuels are maintained, the relative position of gas
will not shift that drastically and most savings will have to come from

reduced consumption.
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It is difficult to compare coal gasification costs with alternative
sources of gas because of the unstable nature of the energy market. Even
if coal gasification costs more it might be preferred because of its riskless
nature. One method of comparing alternative sources used in National Gas
Supply and Demand 1971-1990 is to compare estimated capital costs required
to develop equivalent volumes of natursl and synthetic gas. Capital costs
of the mine and gasification plants required to produce one trillion cubic
feet for 20 years of synthetic gas are estimated at 2.4 billion dollars.
To produce one trillion cubic feet of natural gas yearly aend insure deliver-
ability wogld entail the discovery and development of 30 trillion feet of
reserves at a cost of $2.8 billion. The exact cost of using nuclear devices
to stimulate production of equivalent reserves in gas 1s unknown due to the
difficutty in estimating the increase in gas production. The gas in nuclear
projects has the additional problem of being radiocactively contamineated.

Tables 10-13 show the status of various natural gas augmenting projects.
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ANALYSIS OF COAL GASIFICATION WATER REQUIREMENTS

Introduction

Coal gasification to produce syntﬁetic natural gas has gained
considerable attention in the past several years. A shortage of natural
gas supplies coupled with the demand for clean energy has created ever
expanding activity in the technology of conversion of coal to a gaseous
fuel. Impetus was added in June, 1971, when President Wixon singied out
coal gasification and nuclear breeder reactors for greatly increased
federsl funding. The proposed 1973 federal budget called for $31 million
for work on gasification projects to produce high-Biu pipeline gas. Coal
gasification has attracted much interest becausc it promises to ease long
range gaseous fuel supply problems while at the same time not contributing
greatly to the degradation of the environment.

Gasification of coal to produce low-Btu gas is a well-known process.
European cities and many United States cities have used the process to
produce city gas or town gas, a gaseocus fuel having a heating value of
about 450 Btu/cubie foot. In the 1950's new pipeline networks breught
inexpensive natural gas to the cities and changed the economy of the
country to a hipgher heating value gas around 900-1,000 Btu/cubic foot.
With the increased use of natural gas, research on better gasification
technology diminished to a very low level. Suddenly the shortage of
- natural gas has caused coal gasification to again becowme important.

The major technical problems are the upgrading of the gas from 450 to
1,000 Btu/cubic foot, the enormous size of the plants being planned, and
lack of experience with such processes. Most proposals presented will use

a methanstion step to upgrade the gas heating value while pilot plants are
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being built to study operational and scale-up problems. Coal gasification
is a complex process with the sometimes unpredictable and difficult
handling characteristics of the coal contributing greatly to the problems.

The Department of Interior through the Bureau of Mines Office of Coal
Research has strongly urged and vigorously supported the development of
new coal gasification processes as evidenced by the work either being done
or supported by them. Of the federally supported technologies, the Hygas
process of the Institute of Gas Technology is expected to go on line in
19TT producing 250 million standard cubic feet of gas per day (SCFD).
Private commercial ventures are also being rapidly developed but rather
than waiting for more-advanced gasification processes, private industries
expect to use the commercially proven Lurgi technology followed by upgrading
of the gas to the required heating value. At the present time El Paso
Natural Gas has plans to have a 250 million SCFD coal gasification plant
operating in northwestern New Mexico by mid-1976. WESCO, a joint venture
by Pacific Coal Gasification Company and Transwestern Coal Gasification
Company, expects to construct a 250 million SCFD plant also in northwestern
New Mexico. This latter plant should become operstional in 1977. Table 1k
lists a number of the coal gasification projects presently under development
in the United States [17, 20, 65, 118].

Water requirements for coal gasification processes have been determined
primarily from the results of pilot plant studies, detailed process analysis,
and feasibility studies. At the 65th Annual Meeting of the American
Institute of Chemical Fngineers held in New York City, November 26-30, 1972,
it was stated that a coal gasification process producing 250 million SCFD

would require a minimum of 6,000 acre-feet of water per year. This figure




Table

Process

Hygas

C02 acceptor
Bi Gas
Synthane

Lurgi

Turgi

Kellogg

COED*¥

#Produces fuel oil as well as gas

1k,

United States

Developer

Institute of
Gas Technology

Consolidated Coal
Company

Bituminous Coal
Research

U. S. Bureau of
Mines

Pacific Lighting
Service Company/
TETCO

El Paso Natural Gas

Compeny

Panhandle Eastern
Pipeline Company,
Peabody Coal

Colorado Interstate

Gas Company

Garrett Research
and Development
Company

Stone and Webster

M. W. Kellogg Company

FMC Corporation

SNG
Production
MM SFD

1.5

Cost

MM

9.0

8

35

25

0

0

0

Status

compl.
Filot Plant

conctr.
Pilot Plant

Engr.
Pilot Plant

Engr.
Pilot Plant

Plan.

Engr.

Plan.

Study

Develop.

Develop.

Bench Scale

Pilot Plant

66

Coal Gasification Development Projects

Service
Year

1973

1973

1975-6

1976

Before

1980



67

was based on water available, not on process balances. Since this time
detailed feasibility studies of Lurgi type processes have indicated 6,000
. acre-feet per year to be a slightly low estimate since the demands ranged
from 6,500-8,200 acre-feet per year [79, 97]. Water requirements for the
process are approximately 10% for process consumption, T0% returned to
atmosphere, 9% to mine reclamation and 11% for other uses [79]. 1In areas
where water is plentiful, 18,000 acre-~feet per year might be used for

the same size plant since water economy would not be practiced as rigidly

as in water scarce localities.

Coal Gasification

Two general catagories of processes are being planned: indirect and
direct. The indirect processes convert the coal into s synthetic gas by
completely gasifying the coal in the presence of steam and oxygen. The
gases produced, a mixture of carbon oxides and hydrogen, are then catalytically
converted at moderate pressure and temperature to methane. The direct
processes react cocal and hydrogen, hydrogasification, at high temperatures
and pressures to form methene. No catalysts are required with this method.
Presently there is no demonstrated superiority for either the direct or
indirect processes but then neither has yet to be fully evaluated on a
large commercisal scale. Both methods are in the development plans of
commercial ventures. Several gasification processes are incorporating both
methods and producing a large portion of the methane without a catalyst by
hydrogasification of the coal while forming the remaining portion of the
methane by the catalytic reéction of the carbon monoxide and hydrogen.

There exist a large number of proposed gasification projects which

have been sufficiently studied that estimates of production costs and
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selling prices are now available as shown in Table 15 (26, 43, sk, 60, 98,
100, 127). The costs of coal gasification plants are great and the econOmig
risks are immense. It should be noted that the Kellogg and Bi-Gas economic
evaluations are based on purchased coal resulting in lower capital invest-

ments as compared to the other processes which include costs of coal mines.

Coal Gasification Process

Coal gasification processes consist of a sequence of operations to
gasify the coal and to convert gasification products into methane with
removal of all impurities. Variations within the overall process will
exist depending upon the particular coal gasification process being used
and the technologies used to upgrade the raw coal gases. ©Some processes
will use catalysts not susceptible to sulfur poisoning and therefore may not
remove the sulfur until the methanation step while other processes may
remove the sulfur earlier in the process.

Pigure 10 shows a typical process which may be used to produce synthetic
netural gas from coal. In the gasifier coal reacts at high temperatures
with steam and oxygen to form hydrogen, carbon monoxide, methane, aad
carbon dioxide. The hot reaction gases are quenched with water to halt
the reactions and then sent to a gas cleaning unit. This unit contacts
the gases with hot water to separate any entrained solids or heavy oily
liquids from the gases. Heat is recovered from the hot gases by passing
them through & boiler to produce low pressure steam. The gases are next
cooled to condense out volatile organic vapors and water vapor prior to the
ghift conversion units. If the catalyst in the shift converters is sulfur
sensitive, the sulfur, usually in the form of sulfides, is removed from the

gas by contacting with a solution which will remove the sulfides.
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In the shift converters a catalyzed reaction occurs between carbon
monoxide and steam producing the hydrogen necessary for the methane producf
tion. Not all the gas is passed through the shift converters, only that
amount needed to produce sufficient hydrogen for the methane production.
The remainder of the gas is bypassed and is recombined with the converted
gas to be compressed to a higher pressure. Acid gases, carbon dioxide and
hydrogen sulfide, are removed by an appropriate liquid solvent and then the
pure gases sent to the methanation unit. In the methanation unit carbon
monoxide and hydrogen are catalytically reacted to form methane and water.

The product gas, primarily methane, is dried and sent out to the consumer.

Indirect Processes

Most indirect processes are based upon the production of water gas as
an intermediate product which is subsequently upgraded in heating value by
a methanation process. Water gas is any gas produced by any process involving
the reduction of water by carbon and consist primarily of carbon monoxide
and hydrogen. The mixture has a relatively low heating value. Processes
producing water gas require large amounts of heat to sustain them since the .
reactions are endothermic with high temperatures between 1,700 to 2,500°F
being required to obtain favorable rates of conversion. Pressures may
vary from slightly above atmospheric to elevated pressures of 500 psig or
more. Advantages are to be found with higher pressure operation since the
formation of methane is favored, smaller size equipment can be used for gas
production, and high pressures mean that gas can be transported long
distances without the addition of numerocus pumping stations being necessitated.
Economic transmission of gases over long distances requires high heating

value gas thus the need for methanation of the water gas.
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Water Gas Based Processes

American developed processes for producing water gas from coal are two
step processes. The coal bed is first heated by partial combustion of the-
coal with sir and then steam is admitted to the heated coal bed resulting in
the production of gas. This is an intermittent process with the usable gas
being produced only on the steam cycle. Only more expensive fuels, such as
anthracite or coke could be used.

Continuous processes were developed by the Germans using oxygen rather
than air. Oxygen eliminated the large volumes of nitrogen introduced when
air was used, thus allowing steam to be used simuiltaneously with the oxygen
and producing gas continuously. Gas yields are much higher than the yields
from the intermittent processes. The Cerman processes use low-cost fuels.
A number of German gasification processes exist and presently the Lurgi
process appears to be the least expensive for production of a gas suitable
for direct transmission and fuel uses. Descriptions of several of the

processes being considered follow.

Lurgi Process

The Lurgi process is a high pressure operation of about 20 atmospheres
pressure employing a fixed bed with dry ash removal (17, 79, 97)]. Gas
generation is continuous, the heat being supplied by the combustion with
95 percent pure oxygen. Superheated steam of approximately 900°F is mixed
with the oxygen and the carbon-steam-oxygen reaction produces a gas with a
heating value of approximately 450 Btu/cu.ft. One advantage of this process
is high pressure operation which favors the production of methane. The
additional heat produced by the formation of methane in the exothermic reac-

tion aids the carbon-water reaction. A disadventage exists in that noncaking
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coals must be used since a fixed bed is used. But low grade coals may be

used offsetting the disadveantage of the noncaking coals requirement. Presently
the Lurgi process is the only commercially available high pressure method |

for producing gas from coel, it being used in a number of foreign countries.
The process uses many small gasifiers, rather than a single large unit,

combining the gas produced.

Koppers Process

The Koppers process, another German process, can gasify any type of
fuel and has low oxygen and labor requirements [17]. It uses pulverized
coal which is suspended in the gasification unit. The fuel is picked up
by the oxygen, enters the combustion chamber via a nozzle, and steam is
directed into the mixture from an annulus surrounding the nozzle. Although
operated at atmospheric pressures, there is belief that the Koppers process
could be successfully operated at 20 atmospheres pressure. This process
has not been commercially proven but is attractive because of its ability

to handle caking coals.

Kellogg

Gasification of coal at 1,200 psig in a bath of molten sodium carbonate
through which steam and oxygen passes is in the development stages and is
being evaluated [26]. The molten salt serves to supply heat to the coal,
disperses the coal and steam permitting use of ceking coals, and catalyzes
the basic steam-coal reaction permitting essentially complete gasification
of coal. Further advantages are found in the methane formation at the

comparatively low temperatures of the molten salt bath.
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CO  Acceptor
L AcCceptor

The CO, Acceptor process uses two reactors in series, a devolatilizer -
and a gasifier [1T]}. In the devolatilizer ground, dried coal and dolomite
are fluidized with steam and gas from the gasifier. Partially consumed char
from the devolatilizer is fed to the gasifier where it is fluidized with
steam in the presence of calcined dolomite. Product gases from the
devolatilizer containing methane, carbon monoxide, hydrogen and impurities
are purified, catalytically methanated, and compressed to form pipeline gas.
As of 197k, the reactors have been pilot plant tested. Advantages of the
process are: (1) no coal pretreatment step is necessary, (2) no oxygen or
externally produced hydrogen are used, and (3) product gas is free of carbon
dioxide and nitrogen. The operation of the reactors does pose an operating

problem since a dymamic balance of the fluidized beds must be maintained.

COED

Another concept of interest is the COED process in which coal is
converted to fuel gas, refinery products, and char as well as producing
hydrogen [37, 98, 10k]. Coal is heated to successively high temperatures
in several stages of fluidized beds with products withdrawn at each stage.
By manipulation of the subprocesses within the overall process, the ratio of
products may be varied to satisfy the market demands.

Many other gasification processes are presently being developed utilizing
the production of water gas as the intermediate gaseous product with some
process modifications permitting the simultaneous formation of some methane.

Ultimately, the gases produced in these processes must be subjected to a

methanation step so as to upgrade the heating value of the gas.
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Methenation Step

Methanation is the process whereby carbon monoxide and hydrogen gases
are reacted catalytically to form methane [67]. The reaction is exothermic
but occurs at a lower temperature than the gasification reactions thus
making the energy released not too useful in supplying heat to the endothermic
gasification reactions. However, the heat generated can be used to form
steam for use in the gasifiers. Since the hydrogen-carbon ratic of coal is
insufficient for methane formation, additional hydrogen must be supplied
and is usually formed by the catalytic reaction of carbon monoxide with
steam or steam with char. The major difficulty foreseen in the methanation
step is the removal of the large amount of heat released so as to keep the
reaction temperature sufficiently low as not to harm the catalyst and also
to maintain favorable equilibrium conditions. Methanation is a well-known
process but has not yet been used commercially at the capacities envisioned

in the coal gasification processes.

Direct Processes

Direct processes combine hydrogen and coal to produce methane directly'
in addition to other gaseous products which are separated. One advantage to
such processes is the elimination of the methanation step. However, many of
the direcl processes still incorporate a methanation reactor so as to

increase the methane content of the final product.

BCR Bi-Gas
A super-pressure, entrained, slagging two stage gasifier is used with
pulverized coal fed to the top stage [53, Shi]. Devolatilization of the coal

occurs producing methane and a reactive char. The char reacts with hydrogen
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to produce more methane and with steam to produce carbon monoxide and
hydrogen. The unreacted char drops into the bottom stage where it reacts
with steam and oxygen forming carbon monoxide and hydrogen. These gases
pass upward to the top stage where they react with the feed coasl. Temper-
atures are maintained at 2,700 and 1,700°F in the bottom and top stages
respectively. The hydrogen to carbon monoxide ratio is shifted with steam
catalytically to three to one and this gas, after purification, is converted
catalytically to methane. The technology of the Bi-Gas process appears
sound but the gasifiers have yet to be tested. ©Single stage entrained
slagging gasifiers, similar to the bottom stage, operating at atmospheric

pressure have been successfully operated on a commercial level. Before such

8 process becomes available much more development work needs to be done.

HYGAS

This process presently in pilot plant operation produces two~thirds of
the methane by hydrogasification and one-third by catalytic reaction of
carbon oxides and hydrogen [17)}. Ground coal is pretreated to reduce its
caking tendencies, mixed with light oil, a gasification by-product, and
pumped to a three-stage hydrogasifier operating at 1,000 to 1,500 psi. In
the top section the oil is evaporated by hot product gases rising from the
middle section while the coal is heated. In the middle section the coal
contacts the gases from the bottom stage reacting with the hydrogen to
produce methane. In the bottom stage partially converted coal reacts with
fresh hydrogen and steam feed forming methane and carbon oxides. The
methane formation in the bottom two stages is about equal and comprises

two-thirds of the total methane production. Gases leaving the top of the

reactor are purified and the carbon monoxide and hydrogen methanated
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catalytically. Fresh hydrogen is made from the unreacted char leaving the

bottom stage and steam.

Water Requirements

Although many different physical configurations are being proposed for
coal gasification developments, the basic processes may be subdivided into
gasification, shift gas reactions, methanation, and gas purification. For
direct processes the methanation process does not comprise a large section
of the overall process but is still important.

The gasification step is a reaction between steam, oxygen, and cosal
producing carbon oxides, hydrogen, and methane. The relative amounts of
the component gases depend upon the operating conditions of the gasifier.
Low temperatures and high pressures favor methane production if sufficient
hydrogen is present while high temperatures push the equilibrium towards

carbon oxide and hydrogen formation. The reactions involved are shown in

Table 16.
Table 16, Principal Gasification Reactions
coal volatile matter — CH) + C (1100-1500°F) (1)
C + Hy0 —— CO + Hy, (1700-2500°F) (2)
2C + 0, —_— 2C0 (3)
C + 0, — co, (k)
C + 2H, —— CH), (1700°F) (5)
€0 + Hy0  ——— Hy + CO, (1T00°F) (6)
CoO + 3Hp ———— CHj, + Hp0 (700°F) (7)

2C + 2H,0 —— CH), + €O, (overall) (8)

e e e L 1% ki JE RN
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Reaction (2) is endothermic while the remaining reactions are exothermic.
Reactions (3) and (L) are essentielly used to supply heat to the gasifier -
permitting reaction (2) to proceed. Reaction (6), although occurring to
some extent in the pgasifier, is usually conducted at a much lower temperature
as a catalyzed reaction to produce hydrogen necessary for the methanation
reaction.

Reactions (2) and (6) are the major water-using reactions while
reaction (7) produces water. Each pound of carbon reacted in each of
these first two reactions requires 1.5 pounds of water. Although reaction
(1) produces water as a product, the bulk of the hydrogen used in the
reaction comes from water so this reaction should not be considered to
create new water but only to reduce the net total water requirement. In
gasification projects using the Lurgi process, it is expected that approxi-
mately forty percent of the methane will be produced in the gasifiers while
the methanators will account for the remainder of the methane production.

The amount of hydrogen present in coal is insufficient to supply all
of the hydrogen required for reaction with carbon tc form methane. In most
coals, on an ash and moisture free basis, the carbon to hydrogen weight
ratio is about sixteen to one, that is, about eighty weight percent carbon
and five weight percent hydrogen. Thus the production of further hydrogen
is necessitated. This hydrogen is obtained from two sources: the partial
combustion of the coal with steam and the shift conversion of carbon
monoxide with steam. If all the hydrogen requirements had to be supplied
from carbon-steam reactions, less than fifty percent of the carbon would be
available for methane production. In actual practice, however, only about

forty percent of the carbon is converted to methane as a result of



79

inefficiencies, hydrogen production, and unavoidable combustion of carbon
directly to carbon dioxide.

Water requirements for coal gasification facilities will vary consider-
ably depending upon the water economies practiced. In the Four Corners area
of New Mexico, the scarcity of water has forced the designers of coal
gasification plants to be quite water conscious [78, 97]. A typical design
water balance for a coal gasification facility is given in Table 17 for a

250 million cubic foot per day operation [97].

Wastewater Sources

Excess steam used in the gasifiers along with the quench water is
recovered during the gas cleaning process and gas cooling step when the
steam condenses. This water amounting to about one pound of water per
pound of moisture and ash free coal processed contains phenols, sulfides,
ammonia, naphtha, and tars.

Approximately helf of the gas produced in the gasifiers is passed
through the shift converters to convert the carbon monoxide and steam to
hydrogen end carbon dioxide. Prior to shift converting steam must be
supplied to these gases. The quantity of steam used is in excess of that
needed for the reaction, snd the unreacted steam condenses out during the
gas cooling phase prior to acid gas removal. These waste waters contain
sulfides, large quantities of carbon dioxide, naphtha, and tars.

Depending on the system used for acid gas removal, such as hydrogen
sulfide and carbon dioxide, wastevater may or may not be generated. Most
designs are utilizing systems which do not use water based absorbents and

have wastewater only as a result of condensation of water vapors.



Table 1T7. Cosl Gasification Water Balance

Water Uses

80

GPM

Gas production gasifiers 1380
Shift Conversion 267
Sulfur recovery vent gases 60
Sulfur recovery incineration 2
Degasser vent (CHh synthesis water) 30
Ammonia Solution 142
Fuel gas to production 3
Cooling water system evaporation 2l3s
Cooling water system drift 140
Fuel gas production 237
Raw water storage evaporation 126
Medium end hi-pressure boiler dearator vents 81
Low pressure boiler dearator vents 19
Low pressure boiler losses 2Lo
Ash dewatering and transportation evaporation 131
Evaporation ponds 782
Water in wet ash 165
Mine and offsite uses 1119
TOTAL 7359

Water Sources

GPM

Moisture in coal 664
Moisture in air I
Raw water 6125
Moisture in air to sulfur recovery 2
Water produced by methansation 548
Water produced by sulfur recovery reaction 16
TOTAL T359

Based con 250 cubic feet per day plant capacity and El Paso Natural Gas
Company Plant Design Calculations.
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The methanation process generates water as one of the reaction products
but this water is fairly high quality water and may be used for boiler -
feed water.

Steam generation is another source of wastewater since the water must
ve treated to lower its hardness. Effluent from back-washing of water
softeners is a source of salty water. Boiler blow down water also contains
a high dissolved solids content. Both of these sources of wastewater are
of an intermittent nature.

The cooling water system must have make-up water supplied to replenish
the evaporation losses and the blow down water losses used to keep the
dissolved solids countent from becoming too high with the resultent deposition
of salt. This cooling water blow down contains high dissolved solids, algae
inhibitors, and corrosion inhibitors.

Other wastewater sources include sanitary water discharges and pump
sealing gland leaks.

The waters containing phenols, naphthas, and tars are collected and
treated to separate these oily materials prior to reuse of the water within
the plant. The acidic water; containing primarily hydrogen sulfide and
carbon dioxide are further treated to strip the sulfides from the water
before the water is recirculated for reuse.

None of the water brought into the coal gasification facilities leaves
the process as wastewater. All water is consumed either directly in the
process, is used to agglomerate the fine ash leaving the gasifiers, or
evaporates in the cooling towers or from the tailings pond. About T70% of
the fresh water supplied eventually leaves by evaporation. The only areas

in which water economies could be further practiced are in changing the
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evaporative cooling water system or in treating the water sent to the
tailings pond so that it could be reused. Although air coolers could be )
used in some applications for cooling of high temperature process streams,
the use of refrigerative cooling for lower temperature streams could prove

to be prohibitive.



83

ECONOMIC MODEL APPLIED TO PETROLEUM REFINING

An economic model of the petroleum refining industry was developed toi
illustrate a method for choosing among alternative production processes to
adapt to various water and air quality criterie.

A petroleum refinery with a crude input capacity of 50,000 barrels a
day was modeled. The 50,000 barrels per dey size represents a medium size
‘refinery that exists in New Mexico. This size refinery was selected as
being representative of refinery capacities in New Mexico. There seems
also to be a trend toward extremely small refineries in New Mexico which
are fractionation plants only (capacity 6,000 barrels per day). These are
relatively inexpensive end require unskilled labor.

The coefficients that were used are from a mcdel of the refining indus-
try developed by Russell [93]. They are based on a refinery size of
150,000 barrels a dsy. The existence of economies to scale in refining leads
to a downward bias of the cost estimates. As in Russell's model, we also
assumed an input of East Texas Crude. To apply the model to a specific
refinery, the coefficients would have to be adjusted for the particular
crude used.

The refining process converts crude oil to final petroleum products
and residuals. The final products can be sold directly or further refined
to change the final product mix. The residusls can be recycled or disposed
of through alternative processes to meet environmental standards.

The model describes the vefining process and includes alternative
activities for each process step. The activities are incorporated in a

Linear Progremming (LP) model. The LP model takes the traditional form
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of maximizing & net revenue functicn (the objective function) subject to

production and environmental constraints.

Production Alternatives

A1l 50,000 barrels of crude have to be routed initially through the
desalter and then through the atmospheric distillation units. The heavier
residue is then sent to the vacuum distillation unit. Because no
substitution is allowed, these activities are all condensed in the model
into one activity. The heat input into the fractional distillation units,
and hence the waste heat that must be disposed of can be reduced by
additional capital investment in the form of heat exchangers. These
alternatives were included in the model. The products, inputs and residuals
for the above processes are described in Table 18.

The products from the fractional distillation unit can either be sold
directly, processed further to form alternative products, or burned to
supply the refinery heat input. The alternatives open to each fraction
will be followed individually. It was assumed that the gasoline was sold
directly. A more complex model would allow for the possibility that the
gasoline might be scrubbed, to remove impurities and tetraethyl lead (TEL)
added to improve the octane rating.

Naphtha can either be sold directly, or subject to hydrogen treating
to remove sulfur, and then processed through the catalytic reformer. The
hydrogen treating and cetalytic reforming of naphtha was combined into one
activity. The primary product of this activity is a high octane gasoline
referred to as reformate. The butane produced can either be sold or routed
to the alkylation unit which combines butane and isobutane to produce

gasoline. Older refineries have an isomerization unit that can convert
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Table 18. Desalting and Fractionsl Distillation

Products (as a percent of volume)

‘Gasoline 26.0
Nephtha 10.0
Raw Kerosene ' 10.0
Gas 0il 39.0
Reduced Crude 15.0

Utilities and Residuals

Desalting Distillation

High Capital Low Capital

Fresh Heat input (10 Btu) 0.1107 0.127h
Water input (gal) 2.4
Steam (1bs) 45,0 45.0
Weste heat (10° Btu) 0.0791 0.08k45
Condensate (gal) 2.5 11.7 11.7
Cost per barrel* ($) 0.080 0.076

Residual Characteristics of Process Condensate (1bs/1000 gal)

Desalting  Fractional Distillation

H,S 0.12 1.02
NH, 0.09 0.76
Phenol 0.12 0.83
0il 1.88 0.0
BOD 2.3k 1.h2

¥Cost net of steam, heat, snd cooling water
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butane into isobutane for the alkylation unit. This was eliminated from
this model because technological changes have made other sources of
isobutane cheaper. Both the refinery gases (C3 and lighter) and the
reformate can either be sold as petrochemical feedstock or burned to meet
refinery heat requirements. These products, plus the utility requirements
and residuals generated are described in Table 19. The catalytic reforming
process can be run under more or less “severe' conditions. Low severity

was assumed, but a more complex model might inelude both. Two rela;ive
capital levels were allowed to provide for substitutability between capital
and heat.

The straight run kerosene can either be sold directly or hydrotreated.
The hydrotreating removes sulfur and the product can be sold as jet fuel.
Table 20 describes this process.

The gas oil fraction can be further refined by being sent to the
catalytic cracking unit. The products and costs are summarized in Table 21.
The cat gasoline must be caustically scrubbed bpefore it is sold as gasoline.
The cycle stock, the uncracked portion of the input gas oil can be recycled
to achieve higher conversion rates. The cycle stock may be sold as
distillate fuel oil, or mixed with reduced crude and sold as residual fuel
0il. The gas can be burned for heat or desulfurized and sold with the
reformer gases as petrochemical feedstock. The removal of coke from the
catalyst generates large quantities of heat, some of which are captured for
heat input into this process and other processes. Only the net heat is
recorded in the model.

The bottom fraction, the reduced crude may be sold as residual fuel

0il, burned or further refined by coking. The coking process, described
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Hydrotreating and Catalytic Reforming of Naphtha

Products (per barrel of feed - low severity process) -

Hydrogen (1b) L.65
C5 and lighter (1b) 25.3
Cy-butane, butene (1b) 16.0
Reformate (bbl) 0.80
Polymer (bbl) 0.035
Utilities and Residuals
Hydrotreater Catalytic Reformer
High Capital Low Capital
Fresh heat (106 Btu) 0.0k 0,30k 0.350
Steam (1b) 5.5 60.0 60.0
Waste heat (10° Btu) 0.046 0.241 0.263
Condensate (gal) .66 * *
Off-Gases** - (25% HoS) (1b) 0.85
Cost per barrel ($) 0.259 1485 .510

Residual Characteristics of Process Condensate - lydrotreating

Stream (lbs/1000 gal)
HpS
NH3
Phenol
01l

BOD

96.30
72.10
0
0

1.00

*Catalytic reformer condensate is assumed to be free of residuals

*¥*¥0ff-Gases can either be flared or subject to treatment - air quality para-
meters were not kept track of in this model.
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Table 20. Hydrotreating of Kerosene

Product (yield per barrel of feed)

Jet fuel (bbl) 1.0
Utilities and Residuals
Hydrogen {1b) 1.16
Fresh heat (106 Btu) 0.08
Steam (1b) 10.0
Waste heat (10° Btu) 0.086
Condensate (gal) 1.2
Off-gases-25% H,8 (1v) 0.09
Cost per barrel ($) 0.271

Residual Characteristics of Process Condensate (1bs/1000 gal)

HQS

NH3
Phenol
0il

BOD

289.0
226.0
0.0
0.1

10.0
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Table 21. Fluid Catalytic Cracking of Virgin Gas 0il

Products (yield per barrel of fresh feed) -

Low conversion High conversion

Gases: Cy - C3 (1b) 19.1 30.5
C, Butane, butene (1) 17.2 25.9
Isobutane {1b) 8.6 15.2
Cat Gasoline (bbl) 0.532 0.5k45
Cycle Stock (bbl) 0.331 0.165
Coke (1b) 18.0 26.0

Utilities and Residuals

Fresh heat input (106 Btu) 0.0985 0.160
Steam (1b) 39.0 56.0
Residual heat (106 Btu) 0.155 0.258
Condensate {gal) 4.2 9.0
Flue gas* (103 acf) 4.18 6.0k
Cost per barrel ($) 0.2920 0.4oL7

Residual Characteristic of Process Condensate {1lbs/1000 gal)

H,S 22.68 14, 8k
NH 17.0 11.13
Phenol L.59 k.59
0il 0.42 0.h2
BOD T.67 7.67

#Air parameters were not included in the model
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in Table 22, produces refinery gases, coker gasoline, coker gas oil and
coke. Before it is sold the coker gasoline must be subject to hydrotreating
and catalytic reforming, described in Table 23. The coker gas 0il must be
subject to catalytic cracking, described in Table 24. Although these are
entered as separate activities, the model is set up so that both processes
must be carried out for coking to enter. Choices of high and low capitsal
are included for the coker and catalytic reformer. A choice of high or low
conversion is included for the catalytic cracker.

The alkylation unit combines butane and isobutane to produce alkylate, -
a high octane gasoline blending stock. The reaction is summarized in

Table 25.

Products

No constraints on the products were assumed in the model. Inslead the
model was free to choose the optimum product mix to maximize profits. This
makes the model very sensitive to product prices, which often display wide
regional variations. To apply the model to a real case exact information
on product prices would have to be available. The product prices that the °
model was based on are shown in Table 26. These prices should be considered
to be representative of relative differences between prices of different
streams and not absolute. Many of the products in the model are actually
combinations of several product streams. For exemple gasoline is a combin-
ation of regular and premium gasoline. The price selected represents some
kind of average of the prices of the different streams. An alternative way
to make the refinery yield fit a specific case would be to constrain the
output of the model to approximate the yield of the refinery studied. This

approach would be of particular use in cases where the refinery output is
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Table 22. Coking of Reduced Crude .

Products (yield per barrel of fresh feed)

Gases Cy-Cy (1bs) 23.7
Coker Gasoline (bbl) 0.253
Coker gas oil {(bbl) 0.557
Coke (1b) 70.3

Utilities and Residuals

Low Capital High Capital
Fresh heat (106 Btu) 0.279 0.2k2
Steam (1b) 20.0 20.0
Waste heat (100 Btu) 0.269 0.251
Condensate (gal) 15.0 15.0
Cost per barrel ($) 0.26k4 0.298

Residual Characteristic of Process Condensate (1bs/1000 gal)

N,S 35.53
NH 26.60
Phenol 3.34
0il 1.25

BOD 5.59
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Hydrotreating and Catalytic Reforming of Ccker Gasoline

Products (per barrel of feed - low severity process)

Hydrogen (1b) .3.86
Refinery Gases (1b) 25.3
Butane-Butene (1b) 16.0
Cat Gasoline (bbl) 0.80
Polymer (bbl) 0.035
Utilities and Residuals

Hydrotreating High Capital Low Capitalo
Fresh Heat (100 Btu) 0.0k 0.304 0.350
Residual Heat (106 Btu) 0.0k46 0.2h1 0.263
Steam (1b) 5.5 60.0 60.0
Condensate (gal) 0.66 * ]
Cost per barrel 0.311 0.485 0.510

Residual Characteristics of Process Condensate (1b/1000 gal)

155 17k.0
Hliq 130.5
Phenol 0.0
0il 0.3

BOD 30.0
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Table 2h. Catalytic Cracking of Coker Gas 0il

Products (yield per barrel fresh feed)

Low Conversion High Conversion

Gases: C)-Cy (1b) 20.1 32.2
Cy: Butane, butene (1b) 18.0° 271.2

Isobutane (1b) 9.1 16.0
Cat gasoline (bbl) 0.528 0.58L4
Cycle stock (bbl) 0.331 0.165
Coke (1b) 19.2 28.0
Utilities and Residuals
Fresh heat (106 Btu) 0.0985 0.160
Steam production (1b) k1.0 60.0
Residual heat (100 Btu) 0.155 0.258
Condensate (gal) L.2 9.0
Flue gas* (103 acf) hohT 6.60
Hydrocarbons (1b) 0.218 0.338
Cost per barrel feed ($) 0.2920 0. ko7

Residual Characteristic of Process Condensate (1b/1000 gal)

HpS 72.60 51.00
NH, 54.50 38.20
Phenol 8.3h 8.3L
0il 0.83 0.83
BOD 13.93 13.93

*Air parameters were not included in the model.



Table 25.

Alkylation

Inputs

Isobutane (1b) 57
Butane-butene (1b) 215
Output

Akylate (bbl) 1
Utilities and Residuals

Steam (1b) 290
Spent acid (1b) 15.01
Waste heat (100 Btu) 0.6
Cost per barrel alkylate ($) 1.50

Condensate is assumed to be free of any contamination.
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Table 26.

Product and Input Prices

Products
Gasoline (bbl) $ 6.22
Kerosene (bbl) 4.96
Jet FPuel (bbl) 5.12
¥aphtha (bbl) 2.00
Gas 0ils (bbl) 4.60
Reduced Crude (bbl) 3.10
Cycle Stock (bbl) 3.10
Refinery Gases (1b) 0.022
Butane (1b) 0.0185
Isobutane (1b) 0.0168
Coke (ton) B.00
Polymer (bbl) 5.00
Hydrogen (1b) 0.022
Inputs
Fresh Heat (106 Btu)* 0.30
Isobutane {1b) 0.0168
Water®

Cooling (103 gal) 0.015

Desalter (103 gal) 0.075

Boiler (103 gal) 0.15

¥These prices will be varied to examine the changes in
residual generation that is affected by region variation.
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significantly different from national output. The new Famariss 011 and
Refining Company facility in southern New Mexico that will primarily produce
naphtha and fuel oil 1s an example of where this approach would have
particular validity.

The products were not constrained to meet any quality standards. The
most normal constraint of this type would be a constraint on the octane
level of the final gasoline stocks. This constraint has been met by
refiners in part by the addition of tetraethyl lead (TEL). Clean air
standards that have been passed by Congress require the reduction of the
TEL level, and the eventual removal of TEL‘from gasoline stocks. If the
octane level and the amount of gasoline produced remain at present levels,
this law will require the more intensive use of refinery units that produce
high octane gas, and the subsequent increase In residuals from these processes.
Because the law makes gasoline more expensive to produce, another alternative
is to produce less gasoline and instead to concentrate on production of
distillate and residual fuels. A more complete model could be constructed
to allow for these alternatives. The octane levels of the gas produced by .

the different production units are:

Fractional Distillation 70
Catalytic Cracking of Virgin Gas 0il 97
Catalytic Cracking of Coker Gas 0il 90
AMkylation 99

The untreated octane number of the gasoline in the model's solution was 8h.
Refinery gases is another stream which is subject to variation depending

on the process unit in which it originates. To deal with refinery gases in
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a complete model, the hydrotreating necessary to make the gases conform to
a standard would have to be included as a separsate activity vector for eacp
product stream.

An implied quality standard was imposed on jet fuel by forcing kerosene
to be hydrotreated before it could be sold as Jet fuel. The model could
be expanded to include the hydrotreating to remove sulfur of several streams
in a similar menner. This removal of sulfur from fuel oil might be given

importance in an expanded model.

Inputs

A major portion of the heat input into refineries in the Southwest is
supplied by natural gas. This is because of the relative cheapness of
natural gas due to the close proximity of natural gas fields. The model
assumes that natural gas can be purchased at a cost of $.3O/106 Btu. An
alternative source of heat can be obtained by burning some of the refinery
products. It was assumed that there was no cost of burning the by-products.
The refinery would burn these products when the cost of purchased fuel was
more than the loss in revenue from selling the products. This approach is’
a little misleading because the substitution between different fuels implies
large differences in the gross air pollutants generated. The costs associated
with treating the air pollutents to meet any air quality standards would
have to be included in & more complex model. To give the reader a feel for
this change the gross emissions in Table 27 shows the heat vaelue eand the
alr parsmeters of the by-products.

The water used is broken down into three different price ranges to
reflect the different treatment levels necessary for the different water

uses. The initial prices used reflect national prices but are substantially
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lower than prices that exist in the Southwest. These prices will be varied

to examine the effects of location in the Southwest on the model. 3
Isobutane isAincluded both as a product and as an input that can be

purchased to supplement the refineries production. The cost is considered

the same in both instances.

Water Treatment

There are two main wastewvater streams, the cooling water stream that
removes the residual heat, and the condensate stream. The cooling water is
assumed to be recirculated in cooling towers. A once through cooling
system was not considered because of the scarcity of water in New Mexico.

6

The cooling water was assumed to remove 0.292 x 10~ Btu/1,000 gallons. Make-
up water has to be provided to the cooling towers because of losses due to
evaporation, windsge, and blowdown. Make-up water is assumed to amount %o
5% of total cooling water. The make-up can either be purchased or obtained
from treated condensate at an additional cost of $.04/1,000 gallons. The
cooling tower is assumed to cost $.0356/1,000 gallons. Air cooling is also
included as an alternative.

The refinery was forced to treat all waste streams except the cooling
tower blowdown. This stream is very high in dissolved solids and treatment
would be very expensive. Instead of treatment it was assumed that the
water would be evaporated at a cost of $.10/1,000 gallons.

Al of the condensate streams were initially sent to a sour water
stripper and an API separator. Because of the heavy waste load associated

with the desalter, it was assumed that this stream would have to be

separated from the other condensate streams and treated at a higher cost
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The treatment costs used were $.322/l,000 gallons for the condensate stream
and $.555/1,000 gallons for the desalter stream. -

The treated wastewater could then be sent to the cooling towers for use
as maekeup, or be further treated in a biological treatment unit. The cost
of biological treatment was assumed to be $.236/1,000 gallons. Additional
treatment at a cost of $.04/1,000 gallons makes this water of sufficient
quality to be used in the desalter.

If the water is not diverted to the desalter, it can be sublect to an
additional treatment step that mekes it reusable as boiler water. This is

assumed to cost an additional $.43/1,000 gellons.

Results

The refinery modeled converted about 60% of the crude input into gasoline.
It used all of the major processes available except the alkylation unit.
OQut of the processes with high and low capital investment alternatives
only the fractional distillation process appeared at the high capital level
in the initial solution. The refinery failed to convert kerosene into jet
fuel, either because the price of jet fuel was too low or the price of the
hydrogen was tcoo high.

The refinery burned coke as its major heat source. Purchased natural
gas provided the rest of the heat. The effect of changing the price of
heat was not studied in the model. As the price of heat increases the more
capital intensive units will be chosen over the less capital intensive
units. If the price of just one heat source is varied, for example natursl
gas, the modeled refinery will also adjust by burning other refinery by-

products. It should be noted that any change in the price of heat that
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causes a shift to more capital intensive units will reduce the amount of
water required for cooling. | -

The only water the refinery was permitted to discharge was blowdown
from the cooling tower. It was also assumed that there was not enough
water available for a once through cooling. Initially, the refinery with-
drew 1,194,000 gallons a day for cooling. Because of the price structure
the model would have used once through cooling water if it was available,
amounting to over 24 million gallons a day. The price of water was varied
at increments of ten cents per 1,000 gallons to all three water catagories.
Some of the results are shown in Table 28. The use of higher capital
option on the reformer did not come in until the price of cooling water was
over $.80/1,000 gallons, considerably above the price of water in New Mexico.

All of the processing water was used as cooling tower makeup. This
reduced withdrawel demands by over LO% of what it would have been if the
refinery was permitted to discharge condensate. The model could permit the
recycling of cooling tower blowdown, by including a reverse osmosis or ion
exchange unit. This would have the effect of reducing the refinery intake
by the amount of cooling tower discharge, or by an additional 80%. This
recycling activity could only be added at substantially higher cost. It
should be noted that the additionsal cost per barrel of crude processed of
increasing the cost of water $.10/1,000 gallons amounts to less than 0.h
cents. This additional cost is still below the cost of transporting the
oil from East Texas.

Because of the zero discharpge constraint imposed on the model, the
model did not keep track of residual discharge levels. Total discharge

levels were calculated and are as follows:



102

Table 28. Refinery Response to Changes in the Price of Water

Price Alternatives

1 2 3
Cost of Water: Cooling .015 .315 L8195
($/1000 gal) Desalter .07 .37 .87
Boiler 15 45 .95
Additiénal Cost/barrel of crude - .0035 L0178
Capitai Intensity:
Fractional Distillation High High High
Reformer Low Low High
Coker Low Low Low
Purchased Heat (100 Btu) 986.2 986.2 756.2
Water volume (103 gal)
Cooling water withdrawal 1193.7 1193.7 117h.9
Recir. to cooling tower 9kh.5 9L46.5 9L6.5
Desalter withdrawal 120.0 120.0 120.0
Recir. to desalter - - -
Boiler water withdrawal 465.4 L65.4 465.L
Recir. to Dboiler - - -
Cooling tower discharge 1498.2 1498.2 1485.0




Sulfide (1b)
Phenols (1b)
0il (1v)
BOD (1v)

NH (1b)

103

8771.3
1439.3

4u1.8
2123.0

6483.5

Possibilities exist for the recovery of some of these residuals as useful

by-products. Eighty percent of the oil is normally recovered and burned as

part of the refinery heat input.

Possibilities also exist for the recovery

of sulfur from the sulfide, if the scale of the plant is large enough to

Justify the capital expenditure.

but no use is made of it,

0il is recovered in the refinery modeled,
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SUMMARY

Analysis of the water requirements of two industries, petroleum refining
aﬁd coal gasification, have been presented along with descriptions of the
processes involved in these industries. The petroleum refining industry,
vhich is well established has been found to be practicing water economies
both in process design and reuse of water by reclamation of aqueous streams
which normally would be discharged. Coal gasification to produce high Btu
pipeline quality gas is a new process in the United States and has ye£ to
be operated on a commercial sized basis. Design considerations for coal
gasification plants have given much attention to the water requirements
particularly as related to the Four Corners area of New Mexico.

An economic model of the petroleum refining industry was developed to
illustrate a method for choosing among alternsative production processes to
adapt to various water and air quality criterie. In this model the net
revenue function was maximized subject to production and environmental
constraints. fhe model showed that until the cost of water becomes consid-
erably grester than the present price of wate: in New Mexico, major process‘

revisions would not be observed if only the economic factor were considered.



10.

11.

12.

13.

1y,

15.

105
REFERENCES

Agoste, J., H. F. Illian, R. M. Lundberg, and 0. G. Tranby, "Coal
Gasification: ILow B.T.U. Gas for Power Station Emission Control',
CEP, Vol. 69(3), 1973, pp. 65-66.

"A Liquid Solution (Not a Slurry) of Coal is Gasified", Chemicel Engi-
neering, November 1, 1971, p. 23.

American Petroleum Institute, "A Survey of Water Use by Petroleum
Refineries", Water in Industry, National Association of Manufac-
turers and Chamber of Commerce of the United States, January, 1965.

"A New Process to Make Substitute Netural Gas (SNG) From Heavy Liquid
Carbons', Chemical Engineering, February 19, 1973, pp. 49-50.

"And Coal-Gasification Technology Continues to Get Sharpened", Chemical
Engineering, October 30, 1972, pp. L0-hl.

"And FMC Corp's Long Publicized Coal-Conversion Plans Have Moved
Another Step", Chemical Engineering, August T, 1972, p. 18.

"An Updated TFlowsheet for Producing Substitute Natural Gas from Hydro-
carbon Liquids", Chemical Engineering, July 10, 1972, p. 25.

"A Pilot Plant to Develop Methanation Technology for Coal-Gasification
Plants'", Chemical Engineering, August 7, 1972, p. 18.

Besik, F., "Waste Water Reclamation in & Closed System', Water &
Sewage Works, July, 1971, pp. 213-219. :

Besselievre, E. B., The 7Treatment of Industrial Wastes, McGraw-Hill Book
Company, New York, 1969.

Beychok, M. R., Agueous Wastes from I'etroleum and Petrochemical Plants,
John Wiley and Sons, Ltd., New York, 1967.

+

Beychok, M. R., "Trends in Treating Petroleum Refinery Wastes", Indus-
trial Process Design for Water Pollution Control, Vol. 2,
American Institute of Chemical Engineers, New York, 1970.

Beychok, M. R., "Wastewater Treatment", Hydrocarbon Processing,
December, 1971, pp. 109-112.

Bleir, T. Bower, et. al., Waste Management: Generation and Disposal of
Solid, Liquid and Gaseous VWastes in the New York Region, (New York
Regional Plan Association), 1968.

Blokker, P. C., "Prevention of Water Pollution from Refineries', Water
Pollution by 0il, P. Hepple, Editor, The Institute of Petroleum,
London, 1971.




16.

17.

18.

19.

20.

21,

22.

23.

2k,

25-

26.

2T,

28.

29.

30.

106

Bonner & Moore Associates, U. 8. Motor Gasoline Economics, 1967,
New Mexico State Water Plan, U. S. Bureau of Reclamation, Houston,
Texas, April 20, 1972. )

Bresler, S. A., and J. D. Ireland, "Substitute Natural Gas: Processes,
Equipment, Cost", Chemical Engineering, October 16, 1972, pp. 9l
108.

Carlson, F. B., L. H, Yardumian, and M. T. Atwood, "Coal Gasification:
The TOSCOAL Process for Low Temperature Pyrolysis', CEP, Vol. 69(3),
1973, p. 50.

Cecil, L. K., "Water Reuse and Disposal", Chemical Engineering, May 5,
1969, pp. 92-10k,

Channebaseppa, K. C., "Reverse Osmosis Process for Water Reuse
Application", Chemical Engineerinpg Progress Symposium Series,
No. 97, Vol. 65, 1968, L. K. Cecil, Editor, American Institute
of Chemical Engineering, New York, 1969.

Chopey, N. P., "Coal Gasification: Can It Stage a Comeback?”, Chemical
Engineering, April 3, 1972, pp. Lu-k6.

Chopey, N. P., "Gas-from-Coal: An Update", Chemical Engineering, Vol.
81(5), 1974, pp. TO-T3.

"Cosl Gasification Projects Keep Moving On'", Chemical Ingineering,
July 10, 1972, p. 31l.

"Coal-to-Gas Developments Continue', Chemical Engineering, October 10,
1972, p. WT.

"Cooling Towers Boost Water Reuse", Environmental Science and Technology,
Vol. 5(3), 1971, pp. 204-206.

Cover, A. E., W. C. Schreiner, and G. 7. Skaperdas, "Coal Gasification:
Kellogg's Coal Gasification Process", CEP, Vol. 69(3), 1973,
Pp. 31-36.

Cross, J. S., "More Residual Fuel 0il Problems to Come", Hydrocarbon
Processing, September, 1971, pp. 127-131.

Crossland, S., "Process Liquids to SNG", Hydrocarbon Processing, April,
1972, pp. 89-93.

Denbo, R. T., "Program for Improvement of Water Effluent at Humble's
Baton Rouge Refinery", Water and Sewage Works, October, 1970,
pp. 363-367.

Disposal of Liquid Refinery Wastes, American Petroleum Institute,

New York, 1969.



107

31. "Disposal of Process Wastes", A symposium presented at the ACHEMA
meeting, 1964, Frankfort/Main, Germany, transl., by Max Wulfinghoff,
Chemical Publishing Company, Inc., New York, 1968.

32, Dobner, S., M. J. Gluckman, and A. M. Squires, "Production of Low—BTU -
Gas from Coal in Combination with Advanced Power Cycles", 65th
Annueal Meeting of AIChE, New York, November 26-30, 1972, Paper
No. 68b,

33. Dutkiewicz, B, and P. H, Spitz, "SNG-Substitute Natural Gas: Producing
SNG from Crude 0il and Naphtha', CEP, Vol. 68(12), 1972, pp. 45-50,

34, Duval, Jr., C. A., "Treating and Sweetening', Advances in Petroleum
Chemistry and Refinery, Vol. b, K. A. Kobe and J. J. McKetta, Jr.,
Editors, Interscience Publishers, Inc., New York, 1961.

35, Eckenfelder, W. W., "Economics of Wastewater Treatment", Chemicsl Engi-
neering, August 25, 1969, pp. 109-118.

36, Eckenfelder, W. W., and J. L. Barnard, "Treatment-Cost Relationship for
Industrial Wastes", CEP, Vol. 67(9), 1971, pp. T6-85.

37. Eddinger, R. T., J. F, Jones, and F. E, Blanc, "Development of the
COED Process', CEP, 1968, pp. 33-38.

38. Eldridge, E. F., Industrial Waste Treatment Practice, McGraw-Hill Book
Company, Inc., New York, 19L2.

39. Elkin, H. F., and R. J. Austin, "Petroleum", Industrial Wastevwater
Control, C. F, Gurnham, Editor, Academic Press, New York, 1965,

40, Encyclopedia of Chemical Technology, R. E. Kirk and D, F, Othmer,
Editors, The Interscience Encyclopediz, Inc,, New York, 1953.

41, Finnevan, J. A., "SNG-Where Will It Come From, and How Much Will It
Cost?", The 0il and Gas Journal, July 17, 1972, pp. 83-8E.

42, Ford, D. L., J. M. Eller, and E. F. Gloyna, "Analytical Parameters of
Petrochemical and Refinery Wastewaters", Journal WPCF, Vol, 43(8),
1971, po. 1712-1723.

43, Frenk, M. E., and B. K. Schmid, "Coal Gasification: Design of a Coal-
0il-Gas Refinery", CEP, Vol. 69(3), 1973, pp. 62~6L.

Ly, Freas, A, P., "Coal Gasification: A Fluidized Bed Combustion Systen",
CEP, Vol. 69(3), 1973, pp. 58-59.

45, Gerland, C. F., "VWastewater Reuse in Industry", W, & S, W.-Reference
No., 1967, R-20L-207, 1967.

W6, Gloyna, E. F., S. O. Brady and H. Lyles, "Use of Aerated Lagoons and
Ponds in Refinery and Chemical Waste Treatment", Journal WPCF,
Vol. k1(3), 1969, pp. 429-U439,




L7,

L8.

Lo,

50.

51.

52.

53.

54,

56.

57.

58.

9.

60.

61.

62.

108

Glueck, A. R., "Coal Gasification: Molten Salt Processes for Sulfur
Fmission Control", CEP, Vol. 69(3), 1973, pp. 56-5T.

Gould, M., and J. Taylor, "Temporary Water Clarification System”,
CEP, Vol. 65(12), 1969, pp. LT7-h9.

Hager, D. G., and P. B. Reilly, "Clarification-Absorption in the Treat-
ment of Municipal and Industrial Wastewater", Journal WECF,
Vol. 42(5), 1970, pp. T9L4-800.

Hammond, A. L., W. D. Metz, and T. H. Maugh III, Energy and the Future,
American Association for the Advancement of Science, Washington,
D. C., 1973.

Hart, F. E., N. C. Baker, and I. Williams, "CRG Route to SNG", Hydro-
carbon Processing, April, 1972, pp. 9L4-96.

Hart, J. A., "On Improving Wastewater Quality", Water and Sewage Works,
September, 1970.

Hegarty, W. P. and B. E. Moody, "An Evaluation of the BCR Bi-Gas SNG
Process", 65th Annual AIChE Meeting, New York, November 26-30, 1972.

Hegarty, W. P. and B. E. Moody, "Coal Gasification: Evaluating the
Bi-Gas SNG Process", CEP, Vol. 69(3), 1973, pp. 37-b2.

Hengstebeck, R. J., Petroleum Processing Principles and Applications,
McGraw-Hill Book Company, Inc., New York, 1959.

Herschmann, W. B., "Has the Cost of Building New Refineries Really
Gone Up?", CEP, Vol. 67(8), 1971, pp. 39-U45.

"Industrial Process Design for Water Pollution Control", Vol. 3,
AIChE, New York, 1970.

Ito, S., "No Pollution or Catelyst in Continuous 0il Gasification",
Chemical Engineering, December 1k, 1970, pp. 113-115.

Johnson, C. A., M. C. Chervenak, E. S. Johnson, and R. H. Wolk, "Coal
Casification: Scale-Up Factors in the H-Coal Process", CEP,
Vol. 69(3), 1973, pp. 52-5L.

Karnaves, J. A., P. J. La Rosa, and E. A. Pelazarski, "Cosl Gasification:
Two Sﬁage Coal Combustion Process", CEP, Vol. 69(3), 1973,
Pp. 54-55.

Kavlick, V. J., B. S. Lee, and F. C. Schora, "Electrothermal Coal Char
Gasification’, AIChE Symposium Series, Vol. 67(116), pp. 228-235.

Klingman, G. E. and R. P. Schaaf, "Make SNG From Coal', Hydrocarbon
Processing, April, 1972, pp. 97-101.



63.

6k,

65.

66.

67,

68,

69.

T0.

1.

T2.

T3.

Th.

'(5.

6.

e

109
Kuhre, C, J. and C, J. Shearer, "Syn Gas from Heavy Fuels", Hydrocarbon
Processing, Decenber, 1971, pp. 113-117.

Kunin, R. and D. G. Downing, "Ion-Exchange System Boosts More Pulling .
Power", Chemical Engineering, June 28, 1971, pp. 67-69.

"Latest Process for Making Low-BTU Gas from Coal", Chemical Engi-
neering, Msy 1k, 1973, pp. 81-82.

Linstedt, K. D., E, R. Bennett and S. W. Work, "Quality Considerations
in Successive Water Use", Journal WPCF, Vol. 43(8), 1971, pp. 1681-
169k,

Long, G., "Why Methanate SNG?", Hydrocarbon Processing, August, 1972,
pp. 91-92.

MeGraw-Hill's of 1972 Report on Business and the Envoronment, F, Price,

R. Davidson, and S. Ross, Editors, McGraw-Hill Book Company, New
York, 1972.

McKinney, R. ¥,, Microbiology for Sanitary Engineers, McGraw-Hill
Book Company, New York, 1962.

McMehon, J. F., "SNG-Substitute Natural Gas: Fluidized Bed Hydro-
genation Process for SNG", CEP, Vol. 68(12), 1972, pp. 51-5k.

"Meanwhile, Coal Gasification at Very High Temperatures in an Electric
Arc", Chemical Engineering, Msy 14, 1973, p. 82.

Mills, G. A,, "Gas from Coal--Fuel of the Future", Environmental
Science and Technology, Vol. 5 (12), 1971, pp. 1178-1183.

Modern Petroleum Technology, Third Edition, The Institute of Petroleum,
London, 1962,

Nelson, W. L., "Nelson Cost Indexes", The 0il and Gas Journal, October
1, 1973, pp. 65-68.

Nelson, W. L., Petroleum Refinery Engineering, Third Edition, McGraw-
Hill Book Company, Inc., New York, 1948,

Nemerow, N, L., Liquid Waste of Industry, Theories, Practices, and
Treatment, Addison-Wesley Publishing Company, Reeding,
Massachusetts, 1971,

Nobles, E. J., M. Van Sickels, and S. Crossland, "SNG-Substitute
Natural Gas: The CRG Process for SNG", CEP, Vol. 68(12),
1972 F) pp- 39"'th



T18.

9.

80.

81.

82.

83.

8L,

85.

86.

87.

88.

89.

90.

110

Otts, Jr., L. E., Water Requirements of the Petroleum Refining Industry,
Geological Survey Water-Supply Paper 1330-G, U. S. Government
Printing Office, Washington, D. C., 1963.

Paquette, A. J. and M. R. Beychok, "Clean Energy Via Cosl Gasification",
18th Annual New Mexico Water Conference, New Mexico State Univer-
sity, Las Cruces, New Mexico, April 6, 1973.

Petroleum Facts and Figures, American Petroleum Tnstitute, New York,

1967.

Porter, J. J., "Waste Treatment Processes", American Dyestuff Reporter,
August, 1971, pp. 17-25.

Prescott, J. H., "Energy Refineries are Eyed", Chemical Engineering,
September 18, 1972, pp. 80-82.

"production of Pipeline Gas by Hydrogasification of Coal", IGT Research
Bulletin #39, Vol. I, Institute of Gas Technology, Chicago.

Putney, D. H., "Sulfuric Acid Alkylation of Paraffins', Advances in
Petroleum Chemistry and Refinery, Vol. 2, K. A. Kobe and J. J.
McKetta, Jr., Editors, Interscience Publishers, Inc., New York,

1969.

Qader, S. A. and G. R. Hill, "Fuels by Hydrocracking 0il from Coal”,
Hydrocarbon Processing, March, 1969, pp. 1b1-1h6.

Qeder, S. A., R. A. Haddadin, L. L. Anderson, and G. R. Hill, "Coal
Can Also Yield Liquid Fuels", Hydrocarbon Processing, September,
1969, pp. 1k7-152.

Rabb, A., "How to Reduce Wastewater Effluents from Petroleum and
Chemical Process Plants Through Initial Design', Industrial
Process Desipn for Water Pollution Control, Vol. 2, American
Tnstitute of Chemical Engineers, New York, 1970.

Raben, I. A., and T. A. Bing, "Process Design to Minimize Refinery
Waste Water", Industrial Process Desipgn for Water Pollution
Control, Vol. 3, American Institute of Chemical Engineers,
New York, 1971.

Rambow, C. A., "Industrial Wastewater Reclamation", W. & S. W.-Reference
No. 1968, R-220-226, 1968.

Ross, R. D., Editor, Industrial Waste Disposal, Reinhold Book Corpora-
tion, New York, 1968.




91.

92,

93.

9L,

95.

96.

97.

98.

99.

100.

101.

102.

111

Russell, C. S., "Industrial Water Use", Technical Appendix II of a
Report to the Natural Water Commission by R. F. F., "Future
Water Demands: The Impacts of Technological Change, Public
Policies and Changing Market Conditions on the Water Use Patterns
of Selected Sectors of the U. S. Economy: 1970-1990", June, 1970.

Russell, C. S., "Models for the Investigation of Industrial Response
to Residuals Management Actions', Swedish Journal of Economics,
April, 197l.

Russell, C. 5., Residuals Management in Industry: A Case Study in
Petroleum Refining, (either RFF or John Hopkins), 1972.

Russell, C. S. and W. O. Spofford, Jr., "A Quantitative Framework for
Residual Management Decisions", Environmental GQuality Analysis:
Theory and Method in the Socisal Sciences, Editors: Allen V. Kneese
and Blair T. Bower (Washington, D. C.: Resources for the Future,
1972) or (Baltimore: John Hopkins Press).

Sawyer, G. A., "New Trends in Wastewater Treatment and Recycle”
Chemical Engineering, July 24, 1972, pp. 120-128.

Schiebver, J. R., ”Cooling Tower Blowdown and Boiler Blowdown as Waste
Water Problems"”, Industrial Process Design for Water Pollution
Control, Vol. 3, American Institute of Chemical Engineers, New
York, 1971

"Second Supplement to Application of El Paso Natural Gas Company for
a Certificate of Public Convenience and Necessity', Docket No.
CPT3-131, October 8, 1973.

Shearer, H. A., "Coal Gasification: The COED Process Plus Cher
Gasification", CEP, Vol. 69(3), 1973, pp. 43-k9.

Sheehan, J, W., "More Refineries--Who Needs Them?", CEP, Vol. 68(12),
1972, pp. 186-23.

Sheldrick, M. G., "Coal Gasification Warms Up", Chemical Engineering,
July 12, 1971, pp. 59-61.

Shreve, N. R., Chemical Process Industries, Third Edition, McGraw~Hill
Book Company, Inc., New York, 1L967T.

Smith, Jr., C. V., "The Use of Ultrafiltration for Pretreatment of
Industrial Wastes", Technical Aspects of Joint Waste Treatment,
W. Litoky, H. B. CGuuner, and R. Kreplick, Editors, Technical
Guidance Center for Industrial Water Pollution Control,
U niversity of Massachusetts and Associated Industries of
Massachusetts, Amherst, Massachusetts, 1969.




103.

10k,

105.

106.

107.

108.

109.

110.

111.

112.

113.

11h.

115.

116.

117.

112

Spencer, F. E., A. A. Orning, and D. Bienstock, "Coal Gasification:
Equilibrium Problems in High Temperature Combustion', CEP,
Vol. 69(3), 1973, pp. 60-61. — ]

Strom, A. H. and R. T. Eddinger, "COED Plant for Coal Conversion',
CEP, Vol. 67(3), 1971, pp. 75-80.

"Synthetic Fuels: What, When?", Chemical Engineering, April 17,
1972, pp. 62-6h.

"SNG: The Process Options", Chemical Engineering, April 17, 1972,
pp. 6L-66.

"The Cost of Clean Water'", Volume III, Industrial Waste Profiles,
No. 5, Petroleum Refining, FWPCA Publication, No. I. W. P. -5,
Superintendent of Documents, U. S. Govermment Printing Office,
Washington, D. C., 1967.

The Gas Supplies of Interstate Natural Gas Pipeline Companies 1970,

Federal Power Commission, February, 1972.

The Impact of Costs Associated with New Environmental Standards Upon

the Petroleum Refining Industry, Sobtka (Stephen). and Co.,
New York, November, 1971.

"The Latest Offering of Coal-Gasification Knowhow for the U. S. (and
Canadian) Market", Chemical Engineering, June 26, 1972, pp. 52-53.

The Petroleum Handbook, Shell Internaticnal Petroleum Company, Ltd.,

London, 1959,

"This Coal-Processing Plant 'Does It All'", Hydrocdarbon Processing,
N ng
December, 1972, p. 13.

"Treatment of Waste Water-Waste 0il Mixtures'", Water Pollution Control
Research Series 12010 EZV 02/70 by Armco Steel Corporation, T03
Curtis Street, Middletown, Ohio Ls50kL2,

Trammell, W. D., "Fuel 0il Role in Energy Supply", Hydrocarbon
Processing, September, 1971, pp. 123-126.

"Two Coal Gasification Processes That Employ Molten Solids Were in
the News", Chemical Engineering, December 11, 1972, p. 43.

"Underground, In-S8itu Gasification of Coal is Drawing New Interest",
Chemicel Engineering, October 16, 1972, p. 5k.

Von Fredersdorff, C. G., "Process for Coal Hydrogasification", Indus-~
trial and Engineering Chemistry, Vol. 52(7), 1960, pp. 595-598.




118.

119.

120.

121.

lz22.

123.

12k,

125.

126.

113

Wall, J. D., "HPI Grows With Clean Fuels', Hydrocarbon Processing,
May, 1972, pp. 133-136.

"Waste Water Treatment Costs for Organics, 1969-73", Environmental
Science and Technology, Vol. 3{4), 1969, pp. 311-313.

"Water--1969", Chemical Engineering Progress Symposium Series,
L. K. Cecil, Editor, Vol. 65(97), AIChE, New York, 1969.

Weil, R. V., "Water Conservation in the Petroleum Industry", CEP,
Vol. 65(11), 1969, pp. 69-T2.

"Westinghouse Confirms That It Is Setting Up a Coal-Gasification
Project", Chemical Engineering, March 20, 1972, pp. 53-5k.

Weston, R. F., R. G, Mermen, and J. G. DeMann, "Waste Disposal Problems
of the Petroleum Industry", Industrial Wastes, Their Disposal and
Treatment, W. Rudolfs, Editor, Library of Engineering Classics,
Valley Stream, New York, 1953.

White, P. J., J. F. Jones, and R. T. Eddinger, "To Treat and Crack
0il from Coel", Hydrocarbon Processing, Vol. L47(12), 1968,
pp. 97-102.

Wigren, A. A., and F. L. Burton, "Refinery Wastewater Control",
Jowrnal WPCF, Vol. u4li(1), 1972.

Yavorsky, P. M., S. Akhtar, and S. Friedman, '"Coal Gasification:
Converting Coal into Non-Pollution Fuel 0il", CEP, Vol. 69(3),
1973, pp. 51-53.



11k

APPENDICES



115

APPENDIX A

WATER USE REGIONS

Introduction

New Mexico is a semi-arid state with precipitation ranging from 8" in
the deserts to 30" in the high mountains, with a state average of 13". The
precipitation is highly wvariable, both on a seasonal and yearly basis.
Summer is the rainy season and New Mexico receives the majority of its
precipitation from May to September. Locally, rainfsll may exhibit wide
differences on a yearly basis. Roswell averages 13.5" of precipitation,
but recorded 4.35" in 1956 and 32.92" in 194%1. The varisbility of the water
supply can present as much of a problem as its relative scarcity.

There are six major river basins in the state and three closed
drainage basins. These are the San Juan (Upper Colorado), Rio Grande,
Arkansas-White-Red, Lower Colorado, Pecos, and Southern High Plains (Texas-
Gulf) River Basins; and the Central, Western, and Southwestern Closed
Basins. The locations and boundaries of these basins are shown in Figure
A-1l. Current water use and availability of water in these basins are pre-
sented in Table A-1. In general the water in the basins is dependent upon
the water resources with all good gquality water having been allocated. Any
further water usage must come from more efficient use of currently availeble
water or from the recovery of marketable water from the brackish water found
in the basins, which is not currently béing allocated. The United States
Geological Survey estimates that there are 20 million acre-feet of ground
water under New Mexico, 3/4 of which is high in salts. Not all of this water

is economically recoverable, but desalting offers an alternative source of
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- Figure A-1l. MsaJor River Basins in New Mexico
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wvater. The prospects of desalting such brackish water become imminent as
the demand for water increases and the desalting technologies become better.
developed. The U. 8. Office of Saline Water has been supporting water
desalting and has recently issued some guidelines matching proven technologies
to water source conditions and water use requirements. It is felt that by
1980, desalting techniques may be supplementing some of the water supplies of
these basins to meet the demands for water.
Possibilities also exist for one basin to augment its water supplies
by transferring water from another basin. Only one water transfer project
currently exists in New Mexico, the San Juan-Chama project, which when
fully completed will bring 50,000 acre-feet a year from the San Juan to the
Rio Grande basin. A similar project, but one that involves greater distances
is under consideration by the Corps of Engineers and the Bureau of Reclamation.
Their proposal would bring water from the Mississippi River Basin to
Western Texas and Eastern New Mexico (affecting the Southern High Plains
end the Pecos River Basins). Current estimates of the cost of this
water are $l.50/lo3 gallons. Projects of this magnitude not only involve
engineering and economic considerations but political ramifications which
may be more difficult to overcome than the former two considerations.
Diversion projects such as these require 10 to 25 years to complete so can
not be considered as immediately available water sources.
A brief discussion of the individual river basins in New Mexico follows,
San Jusn. The San Juan Basin is part of the Upper Colorado River Basin
system. The basin covers approximetely 9,740 square miles. The average
annual surface water supply in the San Juan is estimated at 2,250,000 ascre-

feet. Of this supply, New Mexico's share is about 704,000 acre-feet/year.
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The principal means of regulating stream flow in the basin is the Navajo
Dam, a wnit of the Colorado River Storage Project, vwhich provides storage -
for about 1.7 million acre-feet of water.

The surface water guality in the San Juan basin is generally good.
During periods of low water flow, however, high levels of dissolved solids
have been reported. Tables on average TDS (tons and concentration) for
reporting stations are available.

Ground water in the San Juan basin has been used only on & limited
scale, for agriculture. Estimated depletions are 1,100 acre~feet annually.
No large supplies of good queality ground water have been found. The depths
that wvater is found at is around 1,000 feet in the western portion, becoming
shallover in the east. Water quality is poor in the western region with
dissolved solids at more than 1,000 ppm. Good quality water is availsble
in the eastern portions in the San Jose formation. The eastern portions of
the basin are the only areas that have the potential of producing water
in large volumes. The ground water is not declared basin.

Present use of water in the San Juan basin amounts to approximately
131,500 acre-~feet. However, most of the surplus, 572,300 acre-feet has been
allocated to proposed projects.

Rio Grande. The Rio Grande River Basin runs from Colorado to Texas
down the middle of the state. The usable supply is estimated to be 619,800
acre~feet which is fully appropriated and utilized. Two dams are currently
located along the Rio Grande, Elephant Butte and E1l Caballo, for water
storage purposes.

Water entering the state is of generally good quality, with average

concentrations of dissolved solids of 220 ppm. Various tributaries of the

ot
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Rio Grande are higher in dissolved solids. This, plus the agricultural use
made of the water, contributes to the 823 ppm dissolved solids in the water
leaving New Mexico. The average concentration at the Bernalillo recording
station is 264 ppm.

Heavy use is made of the ground water in the Rio Grande Basin and most
of the ground water is in declared underground water basins. There are two
types of underground aquifers, valley fill and bed rock. The valley fill
aquifers are primarily recharged from streamflow, GSome of the bed rock
aquifers are also recharged from stream flow. The wells drilled in ved rock
formations generally yield only small to moderate amounts of water.

Pecos River Basin. The usable average annual water supply in the basin

is around 214,600 acre-feet. Streamflow through this region is highly
erratic, being largely influenced by heavy runoff, 60% of which occurs from
May to September. ''he quality of surface water is poor throughout most of
the Pecos Basin. The quality generally deteriorates in the downstream
reaches, due primarily to the soluble material that underlies the basin.
Dissolved solids of over 1,000 ppm are a rule in the lower reaches.

The alluvial aquifers in the Pecos Basin are generally stream connected.
The exception is the Roswell aquifer that is recharged upward from the
underlying artesian aquifer. In the northern part of the basin groundwater
is used primarily for public water and livestock. In the soutnern part the
groundwater is also used for irrigation. In this part of the basin water is
being mined, and the water level has, in parts, declined by as much as 85
feet. Water pumpage and discharge to the Pecos is estimated to exceed
recharge by more than 120,000 acre~feet annually. Total ground water use is

about 320,000 acre-feet annually.
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The quality of the ground water in the north is good. In the south, the
heavy use of irrigation and the mining of the water is causing the water to
become more saline.

Southern High Plains. The Southern High Plains Basin of New Mexico is

part of the Texas-Gulf Basin. There are no permanent streams in the area.
Some use is made of surface water for livestock feeding when the runoff is
trapped in ponds or surface depressions. The average annual supply is esti-
mated at 19,700 acre-feet,

The area uses about 326,800 acre-feet of ground water annually, for
irrigation, industrial, municipal, and recreation uses. This has resulted
in the mining of the water, and in areas of the Portales Valley, ground
wvater is about depleted. The quality of this water is generally goocd.

Remaining Basins. The Lower Colorado contains about 88,700 acre-feet

of water, of which 23,700 acre-feet are currently being used. The water
gquality is very good except in the Puerco River.

Ground water of limited quantity is available throughout most of the
basin., Its quality is considered good although some of it ranges high in
dissolved solids. Current depletions are about 44,100 acre-feet annually.

The Arkansas-White-Red Basin's.only perennial stream is the Canadian.
Current available surface supply is 328,000 acre-feet, in which 215,800 are
currently used. Water quality is good at the upper reaches of the Canadian
River but deteriorates downstream. Dissclved solid concentrations are
particularly bad in periods of low flow and have reached 4,000 ppm at the
state line.

Ground water has not been developed extensively, and iunformation on

the total quantity is unknown. Recharge is local, and large amounts are

o
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not thought to be available. Quality varies widely throughout the basin.
Ground water depletion is estimated at 73,000 acre-feet. )
None of the closed basins have any perennial streams and no large uses
are made of any of the surface water. The areas are mainly dependent on
ground water. Wells in the Central basin yield only small to moderate
amounts and are used domestically or for livestock. The Western Closed
Basin is sparsely populated and present ground water usage is low. It is
believed that large quantities of water might be available in this region.
In the Southwestern Closed Basin the ground water is more widely developed

for irrigation, municipal and industrial uses and withdrawals exceed recharge.
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APPENDIX B

POLLUTION PARAMETERS

Since it is nearly impossible to characterize the waste characteristics
of an industry in terms of the quantities of pollutant produced per unit of
product produced, it is customary to utilize pollutional parameters as a
measure of the characteristics of an effluent stream and its effect upon
the receiving waters. Some of these parameters are discussed.

Total organic carbon (TOC) is a measure of all organic carbon present
in a vastevater and msy be determined by the use of one of the commercial
instruments available. Its value lies in the ability to measure completely
all the organic constituents in terms of their carbon content.

Biological oxygen demand (BOD) is one the oldest and most commonly
used measurements to determine the orgunic strength of sewage. Usually the
five day BOD test is made which specifically is a measurement of the oxygen
utilized by microorganisms in the stabilization of the organic matter in
the wastewater during the five day period. With municipal sewage the BOD
test is fairly consistent and may be used to determine the total biologi-
cally oxidizable organic matter. The difficulty with its usage in industrial
wastewater measurements in many cases is the lack of %he specific micro~-
organisms for the dissolved organic materials present or the existence of
chemicals which are toxic to the microorganisms. Unless the proper micro-
organisms are present and active, the BOD test will result in low oxygen

demands indicating less polluting characteristics than are actually present.
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Chemical oxidation demand (coD) is the measurement of the quantity of
oxygen required to chemically oxidize the organic compounds in wastewater.
Many of the organic materials present in petroleum or oily wastes are
chemically oxidizable.

The immediate oxygen demand (10D) is the dissolved oxygen consumed
in the first fifteen minutes of reaction time by compounds introduced into
oxygen containing solutions. The importance of the IOD measurement is the
information obtained about the rapidity with which dissolved oxygen levels
may decrease when the wastewater is discharged into waterways. Knowledge
of the rate of dissolved oxygen removal is important since some materials
with slow biodegradable rates may be safely disposed of in waterways without
upsetting the aquatic life by greatly lowering the oxygen ievel. However,
rapidly biodegraded materials could cause great harm to aquatic 1life by
using all the available oxygen, thus greatly diminishing or killing off the
aquatic life.

The theoretical oxygen demand (TOD) is a measure of the amount of
oxygen required to completely oxidize waste materials. It is largely &
theoretical device with little practical significance.

pH is & measurement of the degree of acid or alkaline content of the
wastewater. Industrial wastes which are highly acidic or highly alkaline,
as measured on the pH scale of 0 to 14, must be treated before dlscharge
since most aquatic life cannot tolerate pH levels outside the range of
5 to 9 pH units with the optimum range being 6.5 to 8.5. Acidic water is
a major cause OFf metal corrosion while highly alkaline waters may also

cause deterioration of materiels, particularly concrete.
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Both turbidity and color are measurements of the optical quality of
the water. Turbidity is the result of pafticles suspended in the water.
It is commonly measured in either turbidity units or mg/l of the particles‘
suspended. The suspended material can be inert matter, clay, silt, or sand,
or organic matter including algae and bacteria. Man contributes to the
turbidity of water through agricultural and mining runoff and industrial
wastes.

The color of the water is measured after the coarse suspended matter
has been removed through centrifuging. Its measurement involves the com-
parison of the sample to chemical mixtures using a standard platinum cobalt
method; the results are described in units of color. The color that occurs
in nature can be orgenic, the results of "vegetable dyes", or fine bacteria,

{es~

or inorganic matter primarily the result of dissolved metallic ions
pecially iron and manganese). Industrial wastes can contribute substantially
to the color of water. IDspecially critical in this category are the wastes
contributed by textile plants, certain chemical plants and processes where
dyeing is involved.

Both color and turbidity affects the degree to which sunlight can
penetrate the aquatic enviromment. Sunlight in turn is an element necessary
for the growth of plants, a necessary link in aquatic food chains. Because
of the contribution to dissolved oxygen made by the plants, sunlight
penetration is also a factor in preventing water bodies Ffrom becoming
anaerobic.

Solids, both suspended (SS) and dissolved, are measurements used in

the determination of wastewater characteristics. Suspended solids are

objectional since they may cause turbid conditions or settle out, silting
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the waterway channels. Such a covering mey interfere with the reproductive
cycles of aquatic life as well as become resuspended agein upon being dis- _
turbed by changes in flow rates. Dissolved solids may cause odor, color,
taste, or toxicity problems. High dissolved solids contents are harmful

to fresh water aquatic life and is undesirable for human consumption, some
industrial purposes, and irrigation water. Water containing in excess of
1,000 ppm dissolved solids is considered brackish. Certain dissolved solids
are present in sufficient quantity or cause such problems that they have
been specifically identified.

Hardness is generally a natural phenomenon and is caused primarily by
the presence of magnesium and calcium. Other metals which contribute to
hardness are strontium, barium, aluminum, mangenese, iron, copper, zinc,
and lead; but these are important only at certain geographic locations.

To & certain extent hardness of water is a desirable guality of water used

for irrigation, but it has problems associated with industrial use. Hard-

ness results in scaling, the coating of exposed surfaces with the minerals

that were in solution. Eventually the scale can cause the clogging of the

equipment, in addition to changing the heat transfer characteristics of the
surface. Another problem associated with hardness is the necessity to use

more detergents for the same cleaning power as soft water. Hardness, like

alkalinity and acidity is measured in terms of CaCO3.

3
the hydroxide present in water. In nature alkalinity is produced by the

Alkalinity is a measure of the bicarbonate, HCOz, carbonate CO?, or

action of water running through limestone or chalk beds.
The toxicity of a substance in water is a relative concept because of

the necessity of specifying both what the substance is toxic to and the
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background conditions in the water. A test for toxicity, the TLm, is the
concentration necessary to kill 50% of ithe test organism in a specified
time lingth. The subscript m stands for the length of time used in the
test, commonly 24, 48 or 96 hours. This is alternatively referred to as

the 50%-lethal dose, or the LD For the results of the tests to be

50°
camparable both the tesl organisms and the physical and chemiceal condition
of the water have to be specified. Mercury, which is highly toxic to man,
is generally less toxic to lower life forms; whereas DDT, which has no
immediate effect on man, is highly toxic to lower life forms. Among the
most important background variables affecting toxicity are DO, temperature,
pH, and the level of dissolved solids. The effects of these background
variables can be highly significant, a 10°C rise in the temperature alone
can decrease the LD50 concentration by half, and a decrease in the level of
DO is toxic in itself.

An important consideration, along with the immediate toxicity of the
substance, is its long range toxicity. If a substance is immediately toxic
but breaks down quickly, its effects will be more limited than a non-
degradable or refractory substance. The chlorinsted hydrocarbons, DDT,
Aldrin, Eldrin and Toxaphene, are chemicals that are refractory and cumu-
lative so the original toxic effects are passed along the food chain.

These pesticides have been replaced by organo-phosphates, Parathion and
Malathion, which are more toxic to higher forms but break down quickly

(24 Hours). Although radioactive wastes are in the process of decaying,
the half-lives of most components therein are long enough for them to be

considered refractory.
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Taste and odor problems occur in nature, with objectionable algae
growths and high concentrations of dissolved sclids. Industrial wastes
that are particularly objectionatle are phenolic compounds, sulfur com-
pounds , and ammonia compounds. Taste and odor problems are objectionablie
in drinking water, water used for recreation, and some indusirial processes.
There is no set measurement standard on tastes and odors, Just the subjective
test that it be "unobjectionable" to the people who use it.

An importent category that affects health is the presence of patho-
genic bacteria in the water. Because of difficulty in measuring pathogens,
a measurement is made of coliform bacteria, a harmless bacteria that in-
hebits the intestines of warm blooded animals. It is assumed that the
absence of coliform bacteria indicates an absence of pathogens. The
presence of pathogenic bacteria is a concern of sewage treatment plants but
is of little concern in the treatment of most industrial wastes. Animal
wastes, especially runoff from feedlots, where large concenirations of
animals accumulate, possess a potentially large amount of pathogenic
organisms.

Because a large percentage of the industrial and utility water is used
for cooling, heat is a major pollutant of water. Higher temperatures speed
up the metabolism of plants and animals, increasing their rates of growth
and their susceptibility to poisons and other factors. A rule of thumb is
that a 10°C rise in the temperature will double the rate of metabolism in
lower life forms. A rise in temperature sbove a certain maximum will prove
toxic. Temperature slso affects the amount of DO the system can hold; the
higher the less DO. Temperature is, therefore, a large factor in the

ability of a water body tec meintain aerobic conditions.
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Fire and explosive hazards can result when volatile materials (0oil and
explosive chemicals) are dumped into waterways. A less obvious cause is .
from the anaerobic decomposition of organic wastes in closed systems

(sewers) and the subsequent formation of methane (CH) .
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APPENDIX C
WASTEWATER TREATMENT TECHNOLOGY -

The technology of wastewater treatment can be separated into several
categories: biological and physical-chemical methods. Biological treat-
ment of wastewater has been extensively used for wastes containing organic
materials and municipal wastes. As it became necessary to treat industrial
wastewaters biological treatment was found not to be adequate particularly
for the treatment of inorgenic contaminants and especially materials which
were toxic to the microorganisms used in biological treatment processes.
More advanced technologies were thus developed using physical-chemical
processes which offer greater flexibility and efficiency as compared with
biological processes.

Wastewater treatment facilities usually combine both physical-chemical
and biological processes to effect adequate treatment of industrial wastes.
Unlike municipal wastes, which are primarily organic in matter industrial
wastes may contain many inorganic materisls showing extreme ranges of
potential polluting‘capabilities. Industrial wastewaters are of varied
compositions depending not only upon the type of industry, but also upon
the processes used within the same industry. Within some industries the
quentity and composition of the wastewaters will fluctuate drastically
over very short time spans as a result of the intermittent operation of
some processes. Most industrial wastewasters will contain some materials
that are considered determental to the environment if released and there-

fore wastewater treatment practices must be utilized.
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The components of industrial wastewaters may be categorized into at
least four classes: }

L. Wastes in which organic compounds predominate.

2. Wastes in which toxic materials are present.

3. Wastes in which biologically inert materials are present but in

such concentrations as to be undesirable.

4. Wastes which contain thermal energy.

Meny industriel wastewaters will contain combinations of the above compo-
nents. Industrial wastes could also be subdivided according to the physiecal
state of phe components, suspended solids, insoluble liquid films or
globules, dissolved solids, or dissolved gases. This physical state of the
wastewater component will greetly influence the type of treatment used.

In water scarce areas such as the Southwest, water economy has to be
highly practiced usually in the form of a high degree of water reuse within
the industry. Such a reuse of water places heavy demands on water treatment
facilities to bring the water back to a quality sufficient for the use
intended with minimum loss of water. It is quite common in the Southwest to
find no agueous effluent leaving the industrial site after multiple water
reuse. Water is reused in the plant with the only losses being due to
evaporation in cooling towers, consumptive process uses, spills, and evapo-
ration from tailing ponds which are used to collect blow down waters and
other wastewaters not considered economically worth recovering.

In the next two following sections, brief descriptions of biological

and physical-chemical wastewater treatment processes are given.



132

Physical-Chemical Treatment Processes

The treatment of process waste streams to recover valuable components
has always been practiced by industry when it was economically profitable. '
The bulk of these treatment methods were physical and/or chemical in nature.
With stricter environmental regulations being enforced snd newer technologi-
cal developments in physical-chemical wastewater treatment processes,
wastewater treatment is becoming more and more practiced by industry to

produce higher quelity agueous effluents. Table C-1 lists some wastewater

treatment processes that currently are being used by industry.

Table C-1. Physical-Chemical Wastewater Treatment Processes

Filtration Evaporation
Screening Foam Fractionation
Sedimentation Stripping
Flotation Incineration
Coagulation Reverse Osmosis
Centrifuging Electrodialysis
Precipitation Ultrafiltration
Adsorption Chemical Oxidation
Ion Exchange Neutralization

Filtration processes may be used to remove suspended solids or oily
globules from the wastewater. Commonly used filtering methods are beds of
sand or other granular material through which the wastewater is allowed to
percolate with the solids and/or globules being retained in the bed.
Mechanical filters are also being used in which cloth or wire mesh serves
to retain the solid material while the wastewater is passed through the

filtering medium. Bed filters require rather large land areas and have

e it e O S b+ A MM AP b et GRS . et tr—




133

high initial costs but operating costs are minimal. While mechanical
filters require much less space, the initial costs and operating costs -
may be great.

Screening is generally done to protect other waste treatment eguipment
from damage due to large solid objects or to reduce the strength of the
wastewater by removal of organic solids. Screens may be sloped, mechani-
cally vibrated, or may be rotary.

Sedimentation is a separation of solids from wastewater by gravitational
forces. It is an effective method for removal of settleable suspended solids.
The wastewater 1s passed through a large chamber which holds the water for a
sufficient length of time to allow the solids to settle. Some solids removal
is accomplished by a scraper bar. Sedimentation processes are used in pre-
treatment of wastewaters containing large quantities of organic solids andl
for removal of any sludges or solid materials formed during the wastewater
treatment process.

Buoyancy forces predominate in the separation of solids, or oil and
fatty globules, lighter than wastewater in flotation processes., Sufficient
time for the solids to rise to the surface is provided in a large chamber
with the floating solid being removed from the surface either by screening
or skimming. If small suspended solids heavier than water will adhere to
air bubbles, small air bubbles are dispersed in the unit which will allow
removal of the solids adhering to the air bubbles by flotation as well as
enhancing the normal flotation process. If such a choice exists, flotation
is preferred to sedimentation since the separation is more rapid, thus

requiring the use of smaller equipment.
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Coagulation refers to the overall process of particle agglomeration to
inerease the efficiency of either the sedimentation or the flotation
process. Coagulation is depicted as & two-part process involving both
physical and chemical phases in which destabilization of the particles must
be achieved followed by transport of the particles into sufficiently close
vicinities such that they adhere to one another. Coagulating agents such
as alum may be required. Coagulation is used commonly for removal of
turbidity and color. If treatment processes such as ion exchange, adsorp-
tion, or membrane separations are planned, then coagulation processes are
used to remove colloidal materials which hinder these processes. The flocs
or sludges created by the coagulation process must be further thickened by
sedimentation, flotation, centrifuging, filtration, or by chemical proces-
sing.

Centrifuging is used to separate suspended solids from liquids by
using the centrifugal forces imparted to fluids contained in a rapidly
rotating vessel. Centrifuging finds its primary use in the dewatering of
sludges.

The chemical reaction between a dissolved solid and another dissolved
meterisl added for the purpose of forming an insoluble compound with the
dissolved solid is called precipitation. This process may be used to
reduce the dissolved minersl content of wastewaters. Chemical sludges are
formed as a result of precipitation. They may be removed by filtration
and settling.

Liquid-liquid extraction is the process in which an immiscible liquid
is added to the wastewater with the subsequent separation of particular

components of the wastewater since they have a greater affinity for the
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added immiscible liquid. This process has not been widely practiced in
wastevater treatment but does have potential use for oily water treatment.

Adsorption is the removal of dissolved gases or dissolved solids from'
solution by accumulation on solid phase surfaces in contact with the
solution. Adherence to the solid surface is by either physical or chemical
attraction. Not only must the solid used contain large surface areas per
unit volume of solid, but the surface properties are equally important.
Functional groups on the solid surface are responsible for surface property
characteristics. Adsorption treatment techniques are of considerable indus-.
trial importance for the removal of odors and color reduction.

In ion exchange processes ions held by electrostatic forces to charged
functional groups on the surface of a sclid are exchanged for ions of
similar charge in a solution into which the solid is immersed. Ion exchange
has been used extensively for removal of hardness ions calcium and manga-
nese, It may be used for removal of ionic forms of metals in solution.

Evaporation msy be used to separate non-volatile dissolved solids
from wastewaters. Unless the vapors are condensed, this method results in
loss of water to the atmosphere. Evaporation processes are used in areas
of low rainfall and hot weather. In these instances the wastewater is sent
to collection ponds and solar evaporation allowed to occur. Air polliution
(dusting) from dried material in such ponds can be & severe problem.

Foam fractionation is a process in which air is bubbled through the
wastewater, and if necessary, a foaming agent added to cause a semistable
foam to be formed. Soluble surfactant organic compounds will concentrate
in the fosm and may be separasted from the wastewater. When suspended

solids adhere to the air bubbles, foam fractionation will also separate
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these solids from solution. Foam fractionation holds some promise but has
not been used much yet in wastewater treatment although it has been used
for industrial purification processes.

Stripping is a process in which a gas or steam is used to remove dis-
solved gases or volatile materials from wastewaters. Stripping is
essentislly a distillation process in which steam or gas replaces the
heating requirement to effect a separation. The steam or gas is contacted
with the wastewater in packed bed columns, the dissolved gases come out of
solution and\are removed by the stripping gas. Reduction of dissolved
hydrogen sulfide and ammonisa in wastewaters has been accomplished using
stripping processes. It is extensively used in industrial wastewater
treatment.

Tncineration is the combustion of the waste materials. It is not
practiced on dilute wastewaters and is practical only for certain concen-
trated wastewaters.

Reverse osmosis is a process in which pressures higher than the osmotic
pressure of the solution are used to cause water to pass through a membrane,
concentrating the waste material while producing pure water. Initially,
reverse osmosis techniques were confined to small scale purification systems
but recent developments in membrane technology have led to its use in
brackish water recovery. Pretreatment of the feed to reverse osmosis units
is necessary to prevent damage or deterioration of the membranes. It offers
some advantages over ion exchange units since it can remove dissolved organic
compounds .

Electrodialysis is another membrane process in which electric current

is used to induce partial separation of components in an ionic solution.
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Membranes selective to cations are placed alternately with anion selective
membranes across the current path with ;che ionie solution flowing through '
the partitions formed. As schematically shown in Figure C-1, the cations
and anions pass through the appropriate membranes producing pure water in
alternate partitions and a concentrated solution between the pure wster

partitions. Applications have been made in brackish water desalinization

and wastewater demineralization. Industrial usage has been in the recovery
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of chemicals from dilute waste streams, carboxylic acid recovery, and many
other applications. Both the reverse osmosis process and the electrodialysis
process have the disadvantage of producing a very concentrated reject streaﬁ
which must be disposed of in some manner.

Ultrefiltration is the separation of dissolved solutes from solution
using a selective membrane and pressure on one side of the membrane., It is
similar to reverse osmosis except it uses much lower operating pressures
and does not provide good separation of small solutes, those below a molecu-
lar weight of 500. Selective sieving of molecules through the membrane
pores seems to be the predominant mechanism. Ultrafiltration has been used
in the food and pharmaceutical industries quite extensively. In wastewater
treatment it serves to remove clay, microorganisms, and vegetable matter
from water and has sludge dewatering applications.

Chemical oxidation methods are used to treat both inorganic and organic
constituents of wastewater using oxygen or other chemicals such as chlorine,
ozone, hydrogen peroxide and ferrous salts.

Neutralization is used to adjust the pH level of wastewaters to meet

pH renges required for the treatment processes being used.

Biological Treatment Processes

The reduction of organic pollutants in wastewater streams may be
accomplished in biological treatment processes where microorganisms convert
the organic matter into relatively harmless material. In wastewater treat-
ment the major concern,{after solids separation, is removal of the dissolved
biodegradable components. These dissolved organic materiels are more easily

treated by microorgenism activity than the solid organics since the dissolved
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materials are in & form best assimilated by the microorganisms. In general
most naturally occurring organic materials may be reduced biologically toi
harmless matter if sufficient time of exposure to the suitable microorganisms
is provided.

Unlike municipal wastes in which ell the necessary nutrients for
microbial growth are usually present in sufficient quantities, industrial
wvastevaters are usually deficient in the nitrogen and phosphorous. These
two nutrients must be added to the industrial wastewaters at the treatment
plant if biological activity is to be maintained. Many industrial waste~
waters are also either too acidic or too basic, thus pH levels must be
adjusted to maintain a pH value in the optimum range of 6 to 8 for biological
activity. Biological processes are also adversely affected by transient
joading effects, thus fluctuations of flow and compositions need to be
smoothed out by the use of surge tanks.

Biological treatment processes alone are not sufficient for effective
wastewater treatment because solids, or undissolved liquid oily or fatty
globules may be present. OSedimentation and flotation tanks may precede the
biological treatment units in the more simple facilities. Sedimentation tanks
usually are used after the biological treatment units to separate the sludges
formed by the bioclogical activity from the aqueous effluent. The major types

of biological wastewater treatment processes are listed in Table C-2.
Table C-2., Basic Biological Wastewater Treatment Processes

. Oxidation Ponds
Activated Sludge
Trickling Filters
Anaerobic Digestion

Fw e
. .
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Variations of these basic processes:exist and are being used to meet specific
wastewater treatment requirements. )

If sufficient land area is available, lagooning in oxidation ponds is
an inexpensive method for removal and oxidation of organic matter in waste-
waters. As the waste flows into the pond, solids settle around the inlet
to the pond and decomposition of the sediment by microorganisms changes the
sludge into inert residues and soluble organic meterials. This decomposi-—
tion may occur by either aerobic or anaerobic microorgenisms, or both types
depending upon the depth of the pond and the pollution loads. It is
desirable to maeintain aserobic conditions since aerobic microorganisms cause
the most complete oxidation of organic matter. Anaerobic conditions lead to
odiferous gases being formed vhich can be a nuisance. Further reduction of
dissolved organic material may occur but this is not desirable since it may
lead to an oxygen depletion and anaerobic conditions. Supplementary aeration
may be supplied by mechanical means if necessary.

The activated sludge process is an aerobic biological treatment process
in which high concentrations of newly-grown and recycled solid masses of
microorganisms are suspended in a holding tank to which raw wastewater is
added. The active masses of microorganisms stabilize the dissolved organic
natter by forming simpler compounds such as carbon dioxide, water, nitrates,
and sulfates. As the sludge settles from the agueous waste, in a sedimen-
tation basin, the clear liquid of low organic content is passed on for
further treatment if necessary while a portion of the sludge is returned to
the meration tank to serve as seed microorganisms. The excess sludge is
further treated by digestion. The activeted sludge process is somewhat

unstable particularly if the flow or organic loading varies widely. Oxygen
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must be supplied to the process at a rate which will mailntain highly aerobic
conditions since anaerobic, or low oxygen levels, do not result in the -
microorgenisms developing fully and thus retard sludge formation. With
industrial waste treatment, some nutrients ususlly have to be added such as
nitrogen and phosphorous since these are usually missing. pH levels and
temperature are activated-sludge environmental factors which must be main-
tained within certain levels. The activated sludge process is quite
versatile, producing an effluent having any desired organic concentration
ranging from very high to very low.

Trickling filters are aerobic biological treatment processes in which
the aqueous waste is dispersed over a 3 to 14 foot deep bed of granular
material such as gravel, rock, or other inert material on which is main-
tained a fixed growth of microorganisms. Sufficient void space must be
maintained between the packing to allow oxygen to reach the microorganisms
and to allow some of the growth to slough off and pass through the bed.

The use of synthetic packings has allowed L0 foot trickling filters to be
constructed. Wastewater is normally sprayed through a rotary distributor
over the top of the bed and flows by gravity to an underdrain system which
diverts the effluent to a sedimentation tank. Some of the effluent is
recycled to improve the performance. Trickling filters have been used
extensively although they occupy a large amount of space, have a tendency
to become clogged with solids, exhibit pooling tendencies which decrease
oxygen transfer, and have limits on the flow rates, organic loading and
strength of waste applied.

Highly concentrated organic industrial wastes, organic solids removed

from wastewaters in sedimentation tanks, and the biological solids from
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trickling filters and activated sludge units are often treated by anaerobic
biological method. In this process the anserobic bacteria break down the
water binding organic solids and produce a reduced sludge mass which can
easily be separated from the water to form a stable solid. Circulation and
temperature'control of the material is important to maintain high rates of

microbial activity. pH control must also be exercised.

Costs of Wastewater Treatment

Major economic factors to be considered in wastewater treatment
include:

1. Capital cost of treatment process required to produce a defined
quality level of effluent and the operating costs associated with
the treatment process selected.

©. Returns to the specific industry resulting from its wastewater
treatment in terms of product recovery, nev by-products, and water
reuse.

3. In-plant modifications necessary to render a treatment process
feasible or less costly.

One general approach to determine capital costs of wastewater treat-
ment facilities would involve the estimation of the unit costs of each
process within the treatment facility and to increase the unit cost by a
fixed percentage to allow for piping, pumps, auxiliary equipment, engineer-
ing and equipment. Operating costs are ecalculated based upon the complexity
of the process and the chemicals needéd. Other factors which must be
considered are geographical location, land cost, climatic conditions, area

labor snd meterisls cost fluctuations, and over-design considerations.
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Such estimations of costs within the chemical industries have been shown to
be adequate for preliminary design purposes. g
For wastewater treatment unit costs of certain types of treatment
processes have appeared in the literature. These costs are typical only and

before being used consideration must be given to quantity and quality of
feed, quality of effluent produced, geographic factors and disruptions in
the existing process for installation., Typical capital costs and operating
costs are shown in Table C-3. Treatment costs for wastewaters generated in
the organic chemical industry are shown in Table C-h. Although not directly
applicable to petroleum or synthetic natural gas facilities, Table C-4 does
give some indication of the magnitude of the cost involved in wastewater
treatment and the effect of effluent quality on cost. The cost figures
shown in Table C-4 are for relatively simple waste treatment systems such

as activated sludge process with the associated processes of neutralization
for pH control, oil separation, sedimentation, filtration, carbon adsorption,
and ion exchange. Where reverse osmosis, electrodialysis, or other more

advanced technological processes are required costs will increase rapidly.

el
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Table C-3 Unit Process Wastewater Treatment Costs

Unit
Activated Sludge
Coagulation/Sedimentation
Dual Media Filtration
Chlorination

Reverse Osmosis
( Demineralizing)

Activated Carbon Adsorption
(Dissolved organic matter removal )

Electrodialysis
(500 mg/1¥* TDS reduction)

*pilligrams per liter
Based on 10 million gallons per day

Source: W.&S.W.-Reference Number-1968

Capital Costs

Annueal
Operating Costs

R-222

1,500,000
275,000
400,000

75,000

3,100,000

600,000

1,000,000

190,000
225,000
75,000
91,000

1,070,000

163,000

150,000
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