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FORECASTING INDUSTRIAL WATER UTTIIZATION IN THE

PETEOLEUM REFINING SECTOR: AN OVERVIEW

Thomas H. Stevens and Robert J. Kalter
Department of Agricultural Economicg, Cornell University
INTRODUCTION

Forecast growth rates in energy demend [DuPree and West, 1972]
imply the future utilization of subsgtantial quantities of water in the
petroleum refining sector. Such a projection is based on the traditional
extrapolation of past trends [Water Resources Council, 1968; Wollman and
Bounem, 1971]. This approach, however, fails tp recognize the relation-
ships between public, as well as privateglpolicy options and the amount
of water demanded.

In this paper, various factors affecting the utilization of water
in the petrbleum refining industry are invesﬁigated. Refining was
chosen for discussion fér two reasons. Firet, it is a major water using
industry, accounting for approximately 10 percent of the total national
indugtrial intake of water. GSecond, at a time when the nation is evalu-
ating energy policy élternaﬁives, relativeiy littie attention hag bheen
devoted to the relationshi?s between these alternatives and water
resoﬁrces management issues. In the first section of the paper, several
direct factorg influencing the demand.for‘waﬁer in pefroleum refining
will be‘diécussedj Included among these are the price of water, envir-
ommental gualily legislation, and technological factors. Throughout,
each factor is related to relevant public policy iésues in a descrip-
tive manher. Although the primary purpose of this section isg to
provide a genersl overview of the principal water resources management

policy issues which must be congidered in any analysis of future water
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utilization, several empirical egtimates of thehpotential impact of
policy alternatives are presented. In the second section,ltﬁe relo-
tionship of these facﬁors to the degreelof water recirculation is
presented;H

Alternative petroleunm consumption forecasts and refinery location
scenarios are developed in fhe third section. By way of illustration,
a series of alternmative water utilization forecasts for the domestic
petro}egm refining sector. are, then, developed and compared to those

presented by others in the concluding section.

WATER USE IN PETBOLEUM RE?TNING '

 Approximately 1427 billion géllons of water were withdrawn in 1968
Tor uge in United States petroleum refineries. Of this total, only 6
percent was utilized as process water while 74 percent was utilized for
cooling and condensing, 12 percent for power generation and 8 percent’
for boller feed‘[U.S.'bepartment of Commerce, 1968]. Thus, cooling
reQﬁireménts constitute a major determinant of water ugage. On the
average,A378 gallong of intake waber were required in 1968 to refine
a baﬁrél of crude oil. This compares with 470 gallons in 1958 and 468
gallons'in 1951 [AEE; 197L; Otts, 1963; U.8. Department of Comﬁercé,'l968].
There was, howevér, a wide.variation about the méan'vaiue. For example;
in 1968 the water inbake per Barrel of crude petroleum refined varied
between kO galléﬁs and 693 gallons. This'variatidn was a.function of
many interrelated parameﬁers ineluding the process technology ubllized,
the ?rcdncé mix produced, the degree of process integratioﬁ,awaﬁer price,

and environmental regulations.
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In the following discussion, three major factors“affecting'the

demand for water per unit of crude petroleum proceésed will be congidered.
These are: (1) the price of water; (2) envircnmental regulations and;

(3) process technology.

Price: A principal féctor ihfluenciné the intake demand for water is
price. Theofe%ically; price and quantity demanded are inversely related.
Incféaées‘in the cost or pfiée of water may result through changes in -
public poliéy; or g situatidﬁ of drought which forces s refinery to
reduce withdrawals. In the latter case, the shadow price associated with
a ﬁithdrawal constraint would approximately correspond to an increase in
water'brice.' In éddition,hincreaSes in the cost or price of water result
a8 wabter guality declines. In the petroleum refinery sector, as in
other industrial sectors, the portion oflwater tréated prior to use is
increasiﬁg [Thompgon, 1971]. This indicates a geﬁeral increase to the
industry in the cost of intake water.

In a study by Russell, estimates are derived of refinery response
to increases in the cost of water withdrawals tRussell, 19731. ‘These
costs, including the cost of pretreatment, are entered into a refinery
simulation model and increased ingrementally. Using this approach,
Russell shows that the intake ﬁater demand curve for a simulated 150,006
bbl/éay fefinery nay be reprééented.by a step fuﬁction. At a cost of
$.039/1,000 galiong for co§ling.wéter, ingtallation of s cooling tower
becaéé profitable, cutting water withdrawals by a factor of 10. It
should be noted that installatlon of a cooling tower did not result in
a substantiél iﬁcreése in consumptive use as there was an eguivalent

consumptive use through evaporation when heated water is discharged
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directly,into a water courgse. Further price incresses resulted in an
incregselin_water recirculation. - However, total intake water demends,
including process water intake demands, were relatively inelastic above
or below the $.039/1,000 price level.

On the surface, Russell’s analysis would indicate that a water
price'increase'to $.039/l,000 gallons %&uld substéﬂtially reduce intake:
waber Withdrawals; However, only 17 réfineries out of g total of 109'
sampled in 195 utilized a‘oﬁcemthrough cooling system [Otts, l963] and
in 1967 only 6 refinerieé out of 122 reﬁorting did not recycle Watef
.[Crossley, 1968]. Thus, factors other than the price of water may well
be more imporﬁant in the determination of fubure intake water deﬁan&s.
As stated.hy Bower: | |

The dominani factor influencing internal watef utiliiation
and thereby water demand, has been the imposition of various
types of effluent controls, however expressed. Thus, even
when the cost of intake waber is low, extensive recirculation

may be pradticad, either or both because of effluent controls
or the internal ecoromies possible by recirculation [Bower, 19687,

Effluent Controls: Effluent controls and policy, such as those contained

in the 1972 Ammendments to the Federal Water Pollution Control Act and
the Ciean Alr Act Amﬁendments of 1970, are of particular iﬁportance in
forecasting future water demands for intake use as well as.fOTIdilution.
The Ammendments to the Waber Pollution ContréliAct {PL é9-500).aré pra-
dicted on two national goals: (1) the elimination of dischérge of pel-
lutents into navigable waters by 1985 and (2) interim attainment by
July 1, 1983 of water quality which grovides for protection of fish,
wildlife and recreation values. Effluent limitations are the basgic
mechanism for carrying out the goals of this act. Point sources other

than public treabtment works must use the best practical control technology
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available not later than July 1, 1977. Discharge of waste heat is to
be separately regulated so as to probect fish and wildlife resources.
In essence, this legislation provides a mandate to reduce the volume
of effluent and hence intake as well as dilution flow demands. The
effect upon intake demands could be substantial. For example, a recent
study indicates a reduction in water intake for a hypothetical refinery
of approximately twe-thirds [Porter, 1973].

Another often disgcussed mechanism for achiéving water qﬁality goals
is the imposition of effluent charges or taxes., Previous studies have
shown that”aﬁg cent tax per pound of BOD may result‘in 8 rééuetion of
BEOD discharge by_mqré than 50 percent thereby reducing the demand for
dilutioﬁ flow [Thompson, 1971]. However, such charges may affect the
magnitude of residﬁals-discharged_to other media. Tor examplez Russell
has demonstrated that a EOD_charge could result in an increase in parti~
culate matter discharged'to the atmosphere [Russell, 1973]. As pointed
cut by officials_of the Envirgpmental Protection Agency, installation of
scrgbbing'sﬁstems to reduce particulate matfer enigsions may result in
an increase in water demands. Thus, in forecasting future water utili-
zation, the complex interrelationships.between intake water utilization,.
dilution demand énd all relevant énvironmental quality policies must
be silmultaneously consideredJ Although such an analysis is beyond the
scope qf this paper, it should be notéd that alterations in air quality
programs alona may result in significant changeslin water utilization.
To illustrate, regﬁlatory pressﬁ;es are mounting to: (1) reduce lead
alkalis used for gasoline octéﬁé improvement; (2) desulfurize residual

oils and; (3) remove sulfur from stack gases. There is also evidence
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that an émphasis upon no-lesdgasoline could reédlﬁ in anﬁincréase of
water fequirements of between & and 11 percent depending uﬁon the octane
rating. In addition, given praesent envirommental staﬁdards; an increase
in the Sulfuf content of the crude (due to a higher pertion of foreign.
imports) by 50 vercent could result in an increase of.water requirements
of approximately 1.2 percent [Russell, 1973].. Thus, as desulfurization
OfVSQur foreign crude imports_is inereagingly required, an inérease in

waber demands can be expected.

Process Technologyi A third factor, closely related to effluent contrbls,

affecting per unit waber a@mands‘in refining is the.pattern of change in
process téchnology. Refineries may bé‘classified into thfee broad caté;
gories by type of technologj: (1) old; (2) new and; (3) typical. An
older réfinery'utilizes relatively inefficient or obsoleécent.prbcésses,
a ﬁéﬁ"refinery uses all or most of Ehe advaneéd prdcesses, while'a

typical réfinery utilizes thé processes and subprocesses most widely

utilized today [U;S.rDepartment of the Interioﬁg 1967;.011 and Gas Jourﬁ@l,
1967]. o | |

' The'avefage Waste water flow from an older refinery has been estimated
at 250 gallons per barrel of crude? while that of & ngwer‘iefiﬁery aﬁ 56
gailbns'per barrel of crude [U.S. Department éfrthe Interior, 1967]; A
compariscen of wagte water flows uander different process technologies does
not allow a direct comparison of intake demands because of differences
in consumptive loss. However, as #bnsgmptive icss is relati#ely small
comparéd_to inteke requirements,. it is clear that technological cﬁange
can have‘é significant effecf upon intake water demands. The extent

%o which prOcéss technology will be altered over the next seversl
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decades is a matter of conjecture. However, at the present fime U.s.
refineries are processing crude petroleum at a virtual full capacity

raté [APT, 1974]. Given the projected consumption forecasts for petroleum
products and increasing environmental standardé, it may be hypothesized
that new domestic refinery capacity utilizing "advanced" process techw
nology will be consﬁructéd to at least partially meet these increasing
energy demends. This assunes that.assured supply sources caun be obtained
[Johnson, 1974]. Thus, a technological shift may occur in the future
which could result in a reduction in the average demand for water per
barrel of crude refined.

A closely related technelogical factor which must be considered is
the degree of refinery complexity vhich ig defined as the combination of
processes ubllized as opposed to the type or age of process technology
discussed above. Over the past several decades, there has been a general
increase in refinery complexity [Bower, 1968]. This is due, in part,
to changes in the finished product mix. Higher proportions of middle
distillates and gasoline, as opposed to residual fuel oils, are belng
produced today because of their greater profitability [API, 1971; Johnscn,
1974]. As refinery-complexity increases, there is an increase in fesidual
heat and hence water utilization per unit of product.

It should be noted, however, that the product mix oﬁtput, which 1is
a principal factor affectiﬁg complexity, has remained quite stable over
the past 10 years [API, 1971]. Moreover, recent short-term forecasts
indicate only‘minor'shifts iﬁ the pfoduct mix [Adams and Griffin,‘1972].
On the other hand, energy shorﬁages could lead to dhaﬁgés ihrthe preduct

mix that were not anticipated until very recently. For example, the
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petroleum shortfall during the winter of 1974 led to a pronpunced shift
from the production of gasoline to the production of fuel oil. Based
upon Russell's coefficients, such a change if prelonged could resplt in
a ‘decrease in water utilization of approximately 16 percent [Russell, 1973].

From the above discussion, we gee that alterations in.per unit. intake
water demands may be induced by envirommental legisiation, technolegical
change,:and to a. lesser extent, water resource pricing policies. The
principal response to the factors discussed will be to change thg amount
of water recireulated. Thus, for the purpose of forecasting future water
demands, the degree of recirculation, which is defined as the ratio of
recirculated water to gross water applied, becomes a key paremeter and

a logical proxy for the effectis discussed above.

THE DEGREE OF RECTRCULATION

- Based upcn data from the 1968 Census of Manufacturers and from the
Americen Petroleum Inétitute, the following relationship between intake
vater consumption and the degree of recirculation in the refinery pro-

&

duction process was derived.

I = 1524k.1 - 1511.1 R/G
(T = -7.922)
32 = .83
where: I = intake water in gallons per barrel of crude

E= recirqulated.water in gallons per barrel of crude

G = gross water flow in gallons per barrel of_crude
As would be expected, infake water is substantially reduced as the
degree of recirculation increases. The relationship between recircula-

tion and the demsnd factors, then,'is the important consideration.
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In areas of the country with less than 20 incheé Qf annual’préci«
pitation, the degree of recirculatiorn tends to be higher than in areag
in which the annual precipitation excdseds 20 inches. This relaticnship
holds true not only for the petroleum refining ssctor but also for the
electric power generation sector [Lbb and Ward, 1971; U.S. Department of-
Commerce, 1968]. - Thus, it may be inferred that if water is limited or if
a withdrawal constraint is imposed, the degree of recirculation tends to
increase.

.Lifflé evidenée ig avallable on the relatioﬁship between the degree
of reczrculatlon and cnv1ronmental standard However, data from the
1907 Amerlcan Petroleum Tustitute survey indicates that the average
degree of re01ruulatlon is 38 peroent for thos¢ refineries utilizing
on.ly @rlmarJ waste treatment This compares to 73 percent for those
utlllzlng intermediate a?d.blOlOﬁLC&l waste water treatment [Crossley,
19683° TblS data may Lndlcate that the degree of recireulation increases
as env1ronmental restrlctlons increase. Since Russell's data indicates
g decrease in most residuals as recirculation.increases [Russeil, 1973},
there ié reason to belleve that one response to increased environmental
stagndards w1ll be to 1ncreaqe the degree of re01rculatlon

The 1967 APT survey 1ndlcdted llttle, if any, relationship between
refinery capacibty or complexity and the,degree of recirculation. An
empirical examination of the data,.howevep, ghows that there is a statis-
tically sigﬁificant diffefence (at the 0.95 percent confidence level)
between total intake consumption and refining compiexity. In general,
as complexity ihcreases intake water utilization per unit increases.

In general, 1t may ﬁe anticipated that a high degree of recircula-

_ tlon will be assoc1ated with stringent effluent limitations, and a
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relatively high cost of input water; while a low degree of recirculation
may be aséociated with less stringent effluent regulations and lower
water intake or treatment costs. In addition, toftal intake utilizaticn
tends to increase as refining complexity increases. II these factors
are held constant, the quantity of water utilized in the petroleum
refining sector will depend upon the fufure domestic consuﬁption of

petroleum and that portion refined in the United States.

THE DEMAND TOR PETROLEUM

Althﬁugb numerous forecasts of energy and‘petroleum'consumption
are availﬁble, few if_anﬁ explicitlf attempt ﬁo estimate both suppiy and
demand and hehce consumption és a function of markef variébles'such'as
price, prices of cther fuels, supply conétraints or alﬁernative public
policies. Changes in market forces or public policy can significantly
affect the future demand for petroleum and hence water utilization in
the petfoleum.refining sector. Thus, the approaclh utilized in this.
paper is to develop several alternétive scenarios of petreoleun demand.
For this purpose, a parametric model 6f fossil fuel mafkets is utilized
[Kalter, 19731.

The model ig a market.simulation framevork which is utilized to
forecast the demand and supply of oll, natural gas and cbal. Variations
in the size and speed of consumer and producer response to price, income
and pepulation changes may bé tested. In addition, alternative fore-
casts may be developed for various policy actioné such aé the deregula-
tien of natural gam prices at the welihead,

The petroleum component of the model assumes that any shortfall

between domestic demand and production will be closed by imporis. Imports,
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as well as price, consumption and reserve additions, are the product of
the scolution. The natural gas component of the meodel can assume wellhead
prices which are deregulated to variogs degrees or conditions of eontinued
regulation. The coal component of the model is similar in principle to
the natural gas component under unregulated conditions. For both of these
components, pricefchanges and consumption are the products of the solution.

Interfuel competition is. taken into account in the model by the
addition of post production costs to the wellhead or mine-mouth prices
resulting from the -basic parametric model in order to obtain burner tip
prices on a BIU basls.. When the burner tip cest or price per BTU for
the‘respective fuels differs by an exogenously predetermined percentage,
demand shifts are modified within the model context. Environmental ‘
constraints can be entered se that the market solution is modified to

maintain environmental standards.

Model Aééumptions: Féf‘purpdses of this analysis, fwo alternative petro-
leum forecasts were preparéd,, These forecasts differ with respectrto the
assumptions concerning long-run demand elasticities.. The model assumptions
+ and varigbles utilized for each forecast are presented in Table 1.

Both férecasts assume deregulation of natural gas prices at the
wellhead. The long-run natural gas demand elgsticity is assumed to be
-0.7, while the long-run supply elasticity is assumed to be 0.7 [MacAvoy
and Breyer, 1973]. TFor the coal sector, allongwrun'deman& elasticity of
~0.7 is also assumed; the long-run supply. elasticity is set-at 3.0. A
high burner tip price differential between coal and other fossil fuels
(50 percent) is mainbtained in both projections. This approximates the
situation where relaxation of alr quality standards does not take place.

The model results for petroleum are presented in Table 2.
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In general, the results obﬁained from‘the parametric modéi fall in
the low end of the fange of the.results from other forecaéts [DuPree
and West, 19721. Case lfbrecésts} especlally, are lower then most
recent forecasts. Given price interdependencies and a high petroleum
demand elasticity, fuel switcﬁing occurs with coal and gas picking up
a large.share of the growth in consuﬁption. The difference in petroleum
congumption estimates due to different assumptions regarding demand
price elasticity and the prices of other fuels thus appears potentially
substantlal. If water use policy variables are held constant, a sub-
stantial variation iﬁ water utilization is possible due solely to
alterations in the fosgsil fuel market structure and policy. In addition,
it is lmportant to recognize that recently there has been a virtual
stagnation in the growth of domestic refining capacity in relation to
£he consumption of petroleum products. Thus, a substantial variation
in future waber use is possidle depending upon whether new refinery

capacity 1s located in the United States or abroad.

Future Domestic Refining Capacity: Over the 1963-1973 period, domestic

refinery capacity increamsed by approximately one-third to a total of 13,248
million barrels per calendar day [U.S. Department of the Interior, 1972].
However, the refined product shortfall has increased rapidly over thé pagt
five years and in 1973 imports of refined produchs tétaled b million
barrels per day. Moreover at present, there is a lack of signific@nt'
planned domestic refinery expaﬁsion frém 1974 onward [U.S. Department
of the Interior, 1972].

Three principal factors account for the reéenﬁ.sﬁagnation of domestic

refining capacity growth in relation to demand: (1) environmental
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constraints; (2) uncertainty with regard to foreign crude supplies, and;
(3) Gomestic product prices were not considered high enough to justify

capital expenditures in new capacity . [Wall Street Journal, 1973]. As

domestic crude petroleum production peaked in 1972, the only source of
additional crude for the ﬁear future lies abroad. Thus, the principal
factors which will influence the éxpansion of domestic refining capacity
in the future include: (1} actions by foreign countries; (2) transpor-
‘tation costs, and; (3} environmental considerations. Obviously a great
deal of uncertainty is aswsociated with the future impact of these Factors.
However,. given the lead time necessary to develop new domestic capacity,
the Office of Oil and Gas states that, "nothing significant in terms‘of
new demestic ca@acity‘couldjbe realized before 1976." In addition,
there are indications that unless public policy is. drastically altered,
domestic refining capacity will be maintained at present levels'through
at least 1980 [U.S. Depariment of the Interior, 1972].

For the purpose of this analysis, domestic capacity projections
developed by the National Petroleum Council will be utilized as one
forecast. For 1975 the shortfall of refining capacity is projected to
be 25.9 percent. of domestic.consumption. This shortfall riges to 26.7
percent by 1980 and 30.7 perceﬁt by 1985 [NPC, 1973}. As an alternative
forecast, it will be assumed that a concerted effort is begun immediately
to expand domestic capacity, and that imports of refined products will
be eliminated by 1980. This forecast is commensurate with the President's
fécently announced program of energy self-sufficiency by 1980. These
two forecasts are intended to represent polar cases for this analysig.

At this point, the variables considered can be integrated to form alter-

native water utilization forecasts.
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ALTERNATIVE WATER UTLITZATION FORECASTS

. Thg following combinations of variables were chosen to illustrate_/
two possible foyecasts of future water utilization in the petroleum
refining sector. The variables combined to form the Tirst forecast
incliude cgntinuétion of current water pricing policies, liberal enforce-
ment of.envirogmental regulations, a minimum of technological change in -
the U.5. refining industry, a shortfdll in domestic refining capacity
of.26.7'percent in 1980 increasing to 30.7 percent in 1985, a 6.7 billionu
barrel per year congumption of petroleum in 1980, and a 7.5 billion
barrel consumption in 1985. Under these conditicns, it is anticipated
that the average water withdrawals per barrel of crude will remsin at
the current levgl of approximately 378 gallons per barrel.

The second forecast assumes a water pricing policy such that cooling
Lowers are utilized by all petroleum refineries. In addition it ig
assumed that technological change in the refining sector will be such
that wvirtually all refinerieg will be utilizing the newest process
technology and that self-sufficiency in refining capacity will be achieved
by 1980. Under these conditions, it is assumed that the average degree
of recirculation will increase to .95 and that withdrawals per barrel
of crude will average approximately 88 gallens. Commensurate with the
low forecast variables, petroleum consumption of 5.0 billion barrels per
yvear in 1980 and 5.2 billion barrels in 1985 is used.

The projected withdrawals for the nation under each combination of
variables is presented in Table 3. Also included in Table 3 are the

withdrawals projected by Wollman and Bonem.
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SUMMARY AND CONCLUSIONS

A range of alternative futures is possible depending upon energy
consumption, environmental quality standards, technological change, and
a host of other variablesg. Given emerging energy ag well ag water resource
policy optlons, a consideration of their combined effect is & critical
element in fubure water rescurce management decisions. For example, the
magnitude of potential localized water shortages or use conflichs depends
largely upon the policies adopted with regard to energy as well as watbter
resourcesg. Since water resource demands assoclated with energy demands
may require adjusﬁments in regional as well as national policies and
programs, a consideration of alternative fubures associated with both
factors is a necessary element in all plamning and rescurce managemant

programs.



Table 1. Model Variables and Assumptions
{Petroleun Sector)

Variables and

Asgsumptions Case 1 Cagse 2
Long-run demand -7 -.1
elasticity

Long-run supply .9 _ .9
elasticity ‘

Demand elasticity 5% in 3 years, 100% in 8 years

response rate

Supply elasticity 50% in 3 years, 100% in 8 years
regponse rate

Exports Endogenous in both cases

Price Endegencus in both cases




Table 2. rrojections of Petroleum Congumption
{(billion barrels/year)

Case 1980 1985

1 5.0 5.2

) 6.7 7.5




Table 3. Projection Demands for Water in Petroleum Refining, 1980

Alternative Withdrawsls in Barrels (billions)
1980 1985 |
1 1856 1,966
2 Lho 458
Bonem and Wollman 1,07l - l,993a ———

SDerived from Wollman and Bonem f1971]. Thelr results were derived for
gelf-supplied fresh water only. Thus, a factor based upon the 1968 Census
of Manufacturers was spplied to adjust thelr totals to include all water
intake from self-supplied, brackish and public waters. ‘
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