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As part of a DOE/Departrnent of the Navy agreement for an interagency program, 
ORNL developed and tested a modeling system for forecasting the availability and 
suitability of Navy mobility fuels. 

BACKGROUND Recent declines in the quality of crude oil entering world markets as 
well as the changing capabilities of domestic and world refineries have 
increased uncertainty in the future supply of military mobility fuels. 
Recognizing these trends, the .Department of the Navy is developing an 
improved capability to forecast the availability and quality of fuels 
that  are crucial to Naval operations. 

OBJECTIVE To develop a forecasting system for the Department of the Navy that 
can be used to analyze and forecast trends in mobility fuel quality and 
availability. The forecasting system is to be based on publicly available 
models that  represent world energy markets in the years I 
and allow the analysis of fuel availability under business-as-usual and 
world market disruption scenarios. The system is to he validated 
against recent history and current world oil market conditions and 
compared against industry forecasts. 

APPROACff A review of current literature on fuel. research was conducted to 
identify current trends in petroleum production and refinery 
characteristics and resulting fuel properties. A critical review of 
available models representing world energy markets was conducted, 



and three models were selected, modified, and assembled as the basis 
of the Navy Mobility Fuels Forecastin System. The three models 
selected were the Oil Market Simulation (OMS) model, the Petroleum 
Allocation (PAL) model, and the Refinery Evaluation Modeling System 
(REMS). REMS was modified to represent Navy aviation jet fuel (JP- 
5 )  and marine diesel fuel. (F-76). The capabilities of the fuel forecasting 
system to forecast kerosene jet fuel availability was tested for the 
West Coast Bureau of Mines District 13 for both a business-as- 
and a hypothet,ical world oil market disruption in the year 
Alternative strategies for increasing the availability of jet fuel on the 
West Coast under the disruption scenario were evaluated. 

RESUL TS The West Coast was selected as a test region because it has 
approximately half of the JP-5 required by the Navy in the United 
States in recent years and because it is a relatively self-contained 
region. This region has also been identified by other investigators as a 
critical pinch point in the production of Navy fuels. The modeling 
system was used to analyze the potential production of kerosene jet 
fuel (JP-5) from the West Coast refineries under a business-as-usual 
and disruption scenario in the year 1990. Under the assumptions of 
this hypothetical evaluation, jet fuel production on the West Coast 
could reach 45.2 thousand barrels per day under normal market 
conditions but could decline to 413 thousand barrels per day under the 
disruption case. Several strategies were evaluated with the forecasting 
system for recovering the lost production. It was found that the lost 
production could be restored by lowering the smoke point s 
or by increasing the refinery gate price for jet fuel. The Navy Mobility 
Fuels Forecasting System was also exercised in a kerosene je t  fuel 
producibility study of the West Coast region. ORNL's estimates of 
producibility averaged 10% higher than those published by Exxon and 
were comparable in magnitude in most cases for simple, moderate, and 
high complexity refineries. 

C Q ~ C ~ U S ~ O ~ ~  The preliminary results indicate that  the forecasting system can be 
used to forecast the availability and quality of specific Navy mobility 
fuels and to analyze fuel supply strategies and options. A more 
comprehensive analysis of Navy mobility fuels for the next 20 years is 
currently being conducted, including all regions in the United States 
and world refinery regions. 

ORNL/TM-9671, July 1985 
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Recent declines in the qu;ality of crude oil entering world markets as well as shifts in the 
capabilities of domestic and wxcorld refineries have increased unicertainty in the future suppiy of 

military fuels. Recognizing this tren ~ the Department of the Navy ( N) is developing an 
improved capability to forecast the availability and quality of fuels that are cruciai to Navy 
operations. Changing fuel patterns are important in planning the Navy’s ~~~~~~~t~ Fuels R&D 
Program, The Oak Ridge National Labratory (ORNNZ,) has developed a forecasting system based 
on DOE Eraergy Information Administration models for lhe DON that can be used to analyze these 
trends, ORNL evaluated available infoormation about past and present quantities and qualities sf 
crude oil produced, investigated the current and expected capabilities of refineries to prwess crude 
oil, and assembled a computerized system to analyze those data and forecast future fuel trends. 

A review of available literature and current Department of Defense (DOD) fuel research was 
conducted to identify current trends in petroleum production and fuel properties. This search was 
supplemented with interviews with industry experts to gain information about ~ n p ~ ~ ~ ~ s h ~  data. 
This investigation led to the general conclusio~ that both imported and domestic crude supplies 
have deteriorated in quality during the past decade For example, average gravity of crude oils 
imported into the IJnited States slipped from 33.7 degrees PI in P978 to 31.8 degrees APE in 1983 
while high-sulfur crudes rose from 5% to 25% of total c imwrts during the same period, This 
trend results from the depletion of high-quality sources of crude oil and the exploitation of fields of 
lesser quality in recent years. The decline in the quality of crude oil reaching the world marketplace 
is expected to continue and will acquire additional downstream refining capability if product quality 
is to be maintained. 

The lower quality crude oil feedstock Bias forced some refiners to either expand their 
downstream processing capabilities to process tbe heavier crudes or Lo go out of business. The 
number of operating refineries in the United States declined from 3 I9 in 1980 to 247 in 1984 with 
most of the decline occurring among small and simple refining operations. The remaining refineries 
are broadening their capabilities hy adding thermal and catalytic cracking, catalytic hydrocracking 
and hydrorefining, alkylation, isomerization, and other processes to their plants to refine the heavier 
feedstock crudes. The capital investment required for this industrial conversion is, in large part, 
eliminating the smaller, marginal refining operations. As of 1984, the. United States refining 
industry had a utilization rate of approximately 72%, indicating that the industry still possessed 
excess refining capacity. However, the industry’s capability appears to be constrained for specific 
fuel products in selected regions, 

The investigations into the trends in crude oil and refinery characteristics served as a necessary 
backgraund to the assembly of the Navy ~ o b i ~ ~ ~ y  Fuels Forecasting System. The system was 
assembled and tested, based on three publicly available models developed and maintained by the 
Department of Energy, Energy Information Administration. The three models selected were the Oil 
Market Simulation (OMS) model, the Petroleum Allocation (PAL) model, and the Refinery 
Evaluation Modeling System (REMS). REMS was modified to represent Navy aviation jet fuel 
(JP-5) and Naval distillate (F-76). 

The predictive capabilities of the fuels forecasting system were tested for the West Coast 
(Bureau of Mines Region 13) for both a business-as-usual (BAW) and a hypothetical world oil 
market disruption scenario. The West Coast was selected as a test region because it has produced 
approximately half of the JP-5 required by the Navy in the United States in recent years and 



because it is a relatively self-contained region. A preliminary test of the: forecasting system was 
conducted to analyze potential JP-5 production from West Coast refineries under BAU and a 
disruption scenaria in 1990. In this hypothetical study, JP-5 production capability could reach 45.2 
thousand barrels per day under normal market conditions but could decline to 41.8 thousand barrels 
per day under the test oil disruption case. Several strategies for recovering the lost fuel production 
were evaluated with the forecasting system. It was found that the lost production could be restored 
by permitting lower smoke point specifications or by increasing market prices for the refined 
product. These preliminary results demonstrated the forecasting systcm’s ability to predict the 
availability and quality of specific Navy mobility fuels in the coming decades and to analyze fuel 
supply strategies and options. 

In the full report, an overview d the project appears in Sect. I ,  the investigation of the quantity 
and quality of crude oil supplies is described in Sect. 2, the study of trends in refinery capabilities 
and flexibilities is presented in Sect, 3, the assembling and testing of the fuel forecasting system is 
explaincd in Sect. 4, and additonal helpful information (including a glossary of terms used, 
specifications for the particular Navy fuels analyzed, experimental details of the model sensitivity 
testing and a bibliography) is presented in a series of appendices. 

X 



ABSTRACT 

The Department of the Navy (DON) requires an Improved capabifity to forecast mobility fuel 
availability and quality. The changing patterns in fuel availability and quality are important in 
planning the Navy’s Mobility Fuels R&D Program. These changes come about primarily because 
of the decline in the quality of crude oil entering world markets as well as the shifts in refinery 
capabilities domestically and worldwide. The DQN requested ORNL’s assistance in assembling and 
testing a methodology for forecasting mobility fuel trends. OKNL reviewed and analyzed domestic 
and world oil reserve estimates, production and price trends, and recent refinery trends. Three 
publicly available models developed by the Department of Energy were selected as the basis of the 
Navy Mobility Fuels Forecasting System. The system was used l o  analyze the a ~ a i ~ a ~ ~ ~ ~ t y  and 
quality of jet fuel (JP-5) that could be produced on the West Coast of the United States Lnnder an 
illustrative business-as-usual and a world oil disruption scenario in 1990. Various strategies were 
investigated €or replacing the lost JP-5 production. This exercise, which was strictly a test case for 
the forecasting system, suggested that full recovery of lost fuel production could be achieved by 
relaxing the smoke p i n t  specifications or by increasing the refiners’ gate price for the jet fuel. A 
more complete analysis of military mobility fuel trends is currently under way. 

xi 





1.1. BACKGROUND TO NAVY FUEL USE AND THE NAVY MQBII,ITU 

'The U.S. Navy (and Marine Corps) consumed 84.2 milion barrels of oil equivalent (NMBOE) 
in 1982, and about 69% of the energy used was provided by oil to power aircraft and ships (Fig. 
1. I ). The Navy's two principal petroleum-based fuels were Jp-5 (jet fuel) and F-46 [Naval distillate 
Fuel (NDF) and diesel fuel m i n e  (DFM)] (Fig. 1.2). Projections of future fuel consumption con- 
tinue to show heavy dependence on these mobility fuels to the year FY 1990 (Table l s l ) e  

Navy mobility fuels are essential to the operations of Navy ships, aircraft, and land-based 
vehicles. Prior to the rnid-l970s, the bulk of these military fuels came from generally sweet low- 
sulfur good-quality domestic or imported crudes that required minimal processing.2 More recently, 
however, crude sources with relatively higher sulfur content, such as those from Alaska and Mexico, 
have become more prominent in the marketplace. As the average quality of crude supplies declines, 
more extensive processing is required to obtain the required fuel specifications. This more extensive 
refining may lead to other fuel quality problems. For example, more severely processed fuels may 
have poor lubricating properties, resulting in more wear of fuel pumps and controls. This overall 
trend towards poorer quality crudes and more severe processing is expected to continue. Moreover, 
the introduction of crudes from synthetic sources, such as heavy oils, tar sands, and oil shale in the 
late 1990s (and possibly coal after the year ZOO), may exacerbate this problem. 

The Navy is conducting a Mobility Fuels R&D Program to improve its understanding of the 
relationships among fuel sources, processing, and properties and the effects these properties have on 
the performance and reliability of Navy propulsion systems. The R&D program is investigating the 
properties of fuels from new sources and processes, dweioping new test techniques, and determining 

Q R N L - D W G  E5C- 12126 

FY 1984 
DON ENERGY USE 

F Y  1984 
DON PETROLEUM U S E  

G A S  
5 8 % 

Fie. 1.1. Department of the Navy total energy use by eseTgy sotuce and petrokm use by end ose. Source: 
Department of the Navy, Energy Pian FY 1984-1990. Washington, D.C., 1983. 
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0 R N L -  D W G  E 5 C  - 12 1 2  5 

P A V G A S  1 9 7 5  1 9 8 4  

M O G A S  

J P4 

DFM 

N D F  

NSFO 
fl E 9 1  DlJ A L  

S H O R E  
H E A T I N G  O I L  

UNDEFINED 

Consumption 

Ships 
Aircraft 
Shore facilities 
Cold iron 
Vehicles and 

ground support 
Total 

FY 1985 FY 1986 

29 6 29.6 
24.9 26.4 
26 9 26.7 

3.4 3.5 

2.0 2.0 
86.8 88.2 

FY 1987 FY 1988 FY 1989 FY 1998 

28.7 28.8 29.8 30.3 
27.7 27.9 29. I 28.1 
26.5 26.3 26.2 26.1 

3.4 3.5 3.1 3.7 

...... .............................. 

2.0 
88.3 88.5 90.8 90.2 

2.0 2.0 2,o ...... .- 

'Source: W. Vrcati, Navy Energy and Natural Resources R & D  Office, Department of 
Defensc, ~ C X S Q ~  communication to R. M. Davis, Oak Ridge National Laboratory, Oak Ridge, 
Term., May 1985. 

the tolerance of Navy propulsion systenis to fuel prowrty changes. One major objective of the 
program is to determine the revisions needed in fuel specifications, if any, so that h e h  with 
required performance characteristics can b:: bought from available sources. UOD goals require 
specifications to be in place by 1990 that will be independent of crude source and processing cxcept 
for coalderived fuels. Specifications that will accommodate coal-derived fuels arc to be included by 
2000. 
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ORNL’s program is one part of the DON’S Mobility Fuels RSZD rogram. This effort is 
designed to help D 0 N  analyze future trends in mobility fuel availability and quality and to analyze 
selected technical, economic, and institutional strategies for coping with these trends. This 
information is needed to help DON plan future mobility fuels research and development. 

1.2. STUDY QBJECTlVES AND SCOPE 

This report describes work conducted by OKNL for the Navy Energy and Natural Resources 
R&D Office. The objective of QRNL’s assignment was to assemble and implement an improved 
system for forecasting future trends in liquid fuel availability and quality. A modeling-based 
approach was selected by ORNL to represent the complex interactions among crude oil supply and 
quality, changing refinery trends, and the technical characteristics of specific refining operations 
used to produce Navy fuels. The modeling approach also represents the economic behavior of the 
commercial market sector in which the Navy must compete with all other usen of cmde oil and 
refined products. A two-phase program has been undertaken. 

The objectives and scope of Phase I have been to 

1. review and assemble available literature on the existing DON mobility fuel research technology 
base; 

2, assemble a modeling system capable of forecasting trends in specific Navy fuel availability, 
quality, and cost; and 

3. test and use the forecasting system to examine future production of selected Navy fuels for a 
sample U S .  region under 1990 BAlJ and world oil market disruption conditions. 

1.3. PROJECT STATUS 

In Phase I, a review was completed of ( 1) a substantial amount of literature of past or ongoing 
work in fuel technology research and (2)  several models (available from public and private sources), 
of world energy supply, demand, and prices. Based on this review, publicly available models and 
data sets developed and maintained by the Department oF Energy (DOE) were selected as the 
foundation of the improved forecasting system. The system consists of the Oil Market Simulation 
(OMS) model, Petroleum AIlocation (PAL) model, and the Refinery Evaluation Modeling System 
(REMS). REMS was modified and tested to represent specific Navy fuels, The initial test of the 
forecasting system included a study of the potential production of Navy aviation jet fuel (JP-5) in 
the West Coast region of the United States under business-as-usual (BAU) and disrupted market 
conditions in 1990. The West Coast was chosen for the test region because it is a major supplier of 
JP-5 and is relatively independent of other domestic refining regions. In this test, the loss in JP-5 
production from the hypothesized disruption was estimated, and various strategies for recovering 
the lost production were analyzzd. ORNL concluded that the forecasting system could be used to 
identify specific Navy fuel availability and quality trends and to analyze fuel supply recovery 
strategies. 

representation of world refineries will be added, and the forecasting system will be used to analyze 
the production of Navy fuels under a range of world oil disruption scenarios and recovery strategies. 
Phase 11 is currently under way and will be documented in a later report. 

In Phase IT, the forecast horizon will be expanded from 1990 to 2 
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1.4. OVERVIEW OF NAVY MO ILZ'P'Y FUELS FQ 

The Navy Mobility Fuels Forecasting System i s  based on a simplified representation of the 
world liquid fuels market. This system i s  shown conccptually in Fig. 1.3 and is discussed in detail in 
Sect. 4. The OMS model is used to forecast general world petroleum supply, demand, and prices. 
The PAL model is then used to calculate more detailed rcgional projections af c ~ d e  and refined 
product production and consumption. $AI, relates ( 1) the crude production by producing region 
with (2) refined products from region of processing with (3) region of consumption by using 
historical worldwide regional flows of crude oils and products. Then the REMS refinery yield model 
is used to estimate detailed quantities and qualities of refined products from each U.S. rcfincry 
region; it provides detailed information on the quantity, quality, and cost of iypical. d i n e d  product 
slates based on the types of crudes processed by the refinery Each of the above models was 
developed under funding from DOE'S Energy Information Administration (HA).  'They are, 
therefore, in the public domain and are maintained and updated by the Department of Energy as 
new information is developed and beconies available. 

1.5. LIMITATIONS AND INTENDED IJSE OF THE SYSTEM 

The Navy Mobility Fuels Forecasting System provides a systematic framework for analyzing 
future fuel trends and strategies, However, the -system has certain limitations. First, it is important 
that thc mdels  and data bases be updated and maintained as new information on propulsion 
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technologies, world oil markets, refinery trends, and other conditions i s  developed. Second, the 
accuracy of model forecasts should be continously cross-checked with history md current ~ o n ~ i t ~ ~ ~ s  
as well as with other forecasting work to ensure that the results are reasonable. A~~~~~~~~ a 
substantial amount of literature was reviewed, only a limited amount of this information has 
actually been incorporated or cross-checked with the models to date. Similarily, the three models 
that make up the system (OMS-PAL-REMS) are currentfy connected by manual transference of 
data. The linkages between these models are still being improved. Third, models are only as 
the data and assumptions on which they are hased. For example, fuel supp4y and 
implications from a potential breakthrough in the synthetics fuel industry? new ~ ~ ~ ~ u ~ s i o ~  
technologies, fuei storage, the use of the Strategic Petroleum Reserve, or possible ~ n s ~ ~ ~ ~ ~ ~ o ~ ~ ~  
strategies such as taxes, allocations, and the like are not accounted for in the forecasting system. 
These and other related factors may be considered in Phase 11. Each of these limitations is 
importairt and should be recognized by the usem of the system. Every effort has been made to 
recognize and minimize these limitations in the design of the forecasting system. 

The primary purpose of the forecasting system is to help managers analyze fuel ~ ~ ~ ~ ~ ~ b i ~ ~ ~ y ~  
quality, and cost trends; to analyze related recovery strategies for coping with fuel shortages; and to 
plan future fuel research programs. 'The Navy Mobility Fuels Forecasting System is designed to bc 
used on a periodic basis to analyze trends in fuel availability and quality as new ~ n ~ o ~ ~ ~ ~ ~ n  and 
assurtiptions are developed. The systern is most suitable for analyzing trends as opposed to making 
&tailed, discrete fuel forecasts. A simplified interactive version of the system to be interactive and 
used directly hjr DON or other DOD fuel planners and managers will be developed hi later phases 
of this work. 

I,& REFERENCES 

1. Energy Information Administration, US. Department of Energy, ~ ~ ~ ~ Q i ~ ~ ~  ~~~~~~ 

~ ~ ~ ~ ~ ~ ~ y ,  DOIE/EIA-O109 (84/ 12), Washinglon, D.C., 11985. 
2. Department of the Navy, Energy Plan FY 1984-1990, ashington, D.C., 1983. 
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As world petroleum reserves are reduced, the quality of crude oil feedstocks to refineries is 
expected to decline, affecting the properties of the petroleum-based fuels produced. Problems 
associated with corrosion, soot, and instability will likely occur with these fuels and become more 
severe as heavier crudes with higher levels of contaminants are increasingly used as refinery 
feedstocks. 

This task had two objectives, One was to review the available literature for data on obvious 
trends in the quality and quantity of the crude oil reaching the world market. The second objective 
was to identify data that cuuld be used lo improve or expand the inputs to the computer models 
used to calculate availability and characteristics of crude oil and petroleum products. 

2.2. NEW PATTERNS IN U.S. PE'I'KOLEU 

Since 1978, three significant trends have influenced the US. petroleum industry: ( 1  ) crude oil 
import levels are down, reflecting lower domestic demand; ( 2 )  major shifts are taking place among 
traditional import sources; and ( 3 )  changes in import volumes and sources have changed the mix of 
crude oil qualities available to 1J.S. refineries, producing an increase in heavy high-sulfur crude oils. 

In the United States the rate of gross imports of crude oil has fallen from 5.4 million barrels per 
day in 1978 to 3.3 million barrels per day during 1983. imported oil, which accounted for about 
40% of U.S. refinery feedstocks in 1978, made up only 26% of those feedstocks in  1983, despite the 
fact that imports for the Strategic Petroleum Reservc have remained unchanged at about 0.2 
million barrels per dijy. ' 

The source of imported oil has also changed drastically in  recent years. The inflexibility of the 
Organization of Petroleum Exporting Countries (OPEC) oil prices in the face of the increased 
worldwide competition and decreasing demand has made OPEC oil more expensive than that from 
other producers. Figure 2.1 shows the change in gross US. imports from OPEC and non-OPEC 
sources during the past five years. Figure 2.2 shows the changes io the percentages of U.S. imports 
from selected countries between 1978 and 1983. 

Recent d a h 2  underscore the importance of viewing changes in import levels and sources in the 
context of the IJX business cycle and in the context of the interactions among economic activity, 
seasonal demand for petroleum products, inventory strategies, and the price of oil. With the rally of 
the U S .  economy, imports from OPEC nations have increased in recent times. in August 1983, 
imports of OPEC crude oil reached an 18-month high of 2.7 million barrels per day, more than half 
of the U.S. crude oil imports. This increase reflected stepped-up imports from Algeria, Indonesia, 
and Saudi Arabia. The rate of importation from OPEC nations increased over that for similar 
periods the previous year from August 1983 to June 1984. Subsequently, the monthly rate of 
importation once again declined in comparison with the previous year's. 

2- I 
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2.3.1. ~ ~ e ~ ~ ~ e ~ / ~ ~ ~ ~ ~ ~ ~ ~ ~  ~d hleasmres 

The changes in import voluriies and sources sincc 1978 also represent ch:mges in &e qiditgi  mix 
of crude oil available to U.S. refineries with a shift toward heavier c r i ~ e s  and  incrases in su?fur 
content. 

Crude oils can be ciassifiexl by several characteristics, such as viseusity, asphalt or paraffin bax, 
drid mineral content. 'The chemical cornposition of the crude oil fed mto a refinery influences the 
mix of products that can be obtained from that refincry. 

One important index of crude oil quality is weight per unit volume or deaasq. A system of 
density measurement developed by the American etaoleurn Institute (Alipl) i s  the most conmc~nly 
used measure of the density or spcafic gravity of crude oil. It w e b  units o f  degrees AYI gravity As 
the AQI gravity increases. the crudes are generdly Ggbntcr axid inore preferable. Ba general, the 
heavier crudes w ~ r n t d i ~ ~  higher l e ~ 3 ~  of s i i l f t i c  atad other m i n e d  
impurities. 

those with l ~ ~ e r  APX gravity 

Since the rate of U.S. crude p ucliors peaked in 1978, the qalalify of dumeshr: crudes has 

'I'he average gravity of crude oak imported into the Unatzd States also dipped, from 33.7 
degrees API in 1978 to 31.0 m 1983. As the total vulume of crude oil imports declined, the 
percentage of heavy (below 25 degrees API gravity) Lrude 011s amported i t w w s d  at the expense of 
the higher priced light (above 37 degreer APX gravaty) eitide oils (see Fig. 2.3).l 

Between I978 and 1983, therc was also a rrotable increase in the ptceiirage of higiwdfur crude 
oils imported The average sulfur content of crude oil miports rose durimsg the period fl-cxn 1.0 to 
1 3%. High-sulfur crudes (2,5% or ~iiore sulfur) accounted for 25% of the imports in 1983, 
compared with only 5% in 1978. Imported crudes wiQh less than 1.55'10 suh r  accounted for 6Q% of 

Recent OPEC prrcang developments h ive  included a shrinkage in the ItgbtJheavy c r d e  price 
premium This reduction it1 the premium placed on hgbt v:: heavy m p r t  crude is rekited to the 
additional heavy crude conversion capacity that has been installed in the past three tu EOUK years in 
the t l n i t d  states.' ~ l t ' i i oug t i  the $1.00 per barrel for grcater) premium closure may be 
"significant," i t  probably will not affect the genera! trend towards heavim crude inrports, but i t  
could conceivably slow that trend 

slrpped an terrns of A P I  gravity and sulfur content 

the i 9 8 3  VdUIXIeS, down frt>Fll IllOre than 75% dUrlHlg 197% (See Fig. 2 41.' 

1% study by Chase Manhattan esthated that the average crude strcani (both import and 
doinestic) used inr the Uiii td States will slip further hot11 32.3 degree$ gravity in 1984 to 31.7 
degrees gravity by 1490.4 Figure 2.5 gives the distribution by API gravity of the wcarkl's original 
crude oil reserves, arid F E ~ .  2.6 gives a forecast for world crude oil gravity to g ~ ~ d 3 0 . j  &tailed 
iitipublished data on AYE gravity and sulfur content of crude oils are available by major producing 
fields.' 

Chevron economist Turn Burns says that the refiniery upgrading trend 3s a rcsponse by t h ~  oil 
industry Lo long-term trends not short-term rnarkets. liae believes that every indication points to R 
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O R N L - D W G  8 5 C - 1 2 1 2 3  

1978 1983  
6 . 4  MILL ION BARRELS PER DAY 3 . 3  MILL ION B A R R E L S  PER DAY 

0 - 2 5  o c  31.1' - 37 0' 
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25 .10  - 3 i . a o  
API  G R A V I T Y  

4 a . 1 0  AND O V E R  n API G R A V I T Y  

Fig. 2.3. API gravity si in1 rted crude oil, 1978 and 1963. Source: Petroleun? Supply Monthly, 
DOE/EIA-0109( 84/2), U S .  Department of Energy, Energy Information Administration, February 1984, 
published April 1984. 
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Fig. 2.5. Distribution of API gravity of world's original reserves of crude oil. Source: C. D. Masters, D. H. 
Root, and W. D. DietLman, "Distributlon and Quantitative Assessment of World Crude Oil Reserves and 
Resources," US. Geological Survey Open-File Keport, USGS-OFR-83-728, 1983. 

33.6 

1978 1 8 0  1985 

33.4 

ti 
9 

33.2 

Fig.2.6. World crude gravity. Source: "LP Model Simulation Shows Now Crude, Product Trends Will 
Shape U S .  Refining," Oil and Gas J. 83-92 (May 30, 1983). 
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grcater proportion of hca.~y,  high-sulfur criidc ~ i l  in the future and to light. oil being in short 
supply.4 

2.4. PMODUCTPON AND CRUDE 011, RESKMYES 

2.4.1. 1983 Values 

Ihe most complete data set on crude oil reserves and production (for the year 1983) results 
from a combination of data from p~blicat ions~s~,~ of the US. Department of LnergylEnergy 
Information Adroinistration (DOE/EIA) and from the Oil and Gas J.9*’0 Sixteen regions supplied 
87% of the 1J.S. crude in 1983 (see ?able 2 I ) .  Annual data sirnilat LO that in Table 2.1 are 
available from the same sourccs for the past decade The list was quite different a decade ago, 
especially in terms of the major exporting counirks. Thcrefore, it is not surprising that the mix is 
quite different for the 1990s. 1 he supply region mix can change bccausc of new major discoveries, 
but is more likely to change for political ieasons and because of clianging transportation costs. 

2.4.2. Yrojected valws 

Several studies project world and U.S. oil production and demand to the years 1995 through 
i016.5,11~12 These forecasts in general agree with each other in the aggregate. 

The 13BE/EIA forecast,13 for example, projccts oil production in the world market economies to 
increase steadily through 1995, as illustrated in Fig 2 7. A large proportion of the additional oil is 
piojgected to come from OPEC countries. OPEC’s share of total maiketd production i s  projected to 
go from 43% in 1983 to 46% in 1995. iihe “other” countries group is projected to go from a net 
importer of oil in the 1980s to a nct exporter by the 1990s. l h c  industrialized countries are 
projected to remain net oil importers. Oil production in the indiistrialized countries is projected to 
decline by aboiit 2.3% betwcen 1983 and 1995. l h e  largest percen;age gaim in production between 
1990 and 1995 are projected to come from the “cther” countries group Mexico, currently 
producing around 3 million barrcls per day, incliadirng gas liquids, is the largest producer among the 
“other” countries group and is, indeed, the fourth largest prodiicer of oi! in the world today, 
following thc Soviet Union, the IJnitcd States, and Saudi Arabia. 

Although thc U.S. domestic production o f  crude oil and natural gas liquids is ROW lower than in 
the peak year of 1970, generally stable production is projected through the 1980s, followed by a 
slow decline in the early 1990s (see Fig.  2 8). The DOL projects that petroleum consumption will 
grow at about half the rats: of the gross national product (GNP) and that this rising consumption, 
along with stable or declining domestic production will produce a resurgence in crude oil and 
refined prodiict imports.” 

ICF, Inc., on the other hand. forecasts a drop in U.S. petroleum consumption based on an 
assumed real crude oil price of $47.50 per bar id  by the year 2000. ICF also forecasts a lower 
growth in overall transportation firel demand and a greater drop in gasoline consumption, which 
may also reflect the higher assumed price for 0i1.I~ 

Ihe  Chcvron Corporation studiedI5 future supply scenarios in view of the uncertainties of war 
and the threat of (1) war in the Middle East, (2) the petroleum industry restructuring, and (3 )  
overcapacity of OPEC. Figures 2.9 and 2.10 show the Chevron foiccnats for oil consumption for 
crude oil production in the non-Communist world Figwe 2.1 1 illustrates Chevron’s projection of an 
OPEC overcapacity, and Fig. 2.12 gives its forecast for expected 1J.S oil supply through the year 
2000. 
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In 1983, the US. Geologicaj Survey4 gave a strong warning that the amount of economically 
recoverable nil in the world is smaller than some optimists would like to think and may be even 
smaller than some conservative estimates. 11 indicates that world demonstrated reserves of crude oil 
are approximately 725 billion barrels of oil !WSO), that cumulative production is 445 BBO, and 
that annual production is 20 BBO, Demonstrated reserves have declined during the past 10 years, 
which is consistent with the fact that discoveries have lagged behind prduction during the same 
peritxl. The distribution of ultimale recoverable resources of crude oil is highly skewed toward the 
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Fie. 2.7. World anzarket economies' oil g~rodnctiorr, 1940 to 1995. Source. Annucab E~rergy Outlook 1983 
with -Projections to 1995, DOE/HA-o383(84), U.S. 
Administration, January 1985. 
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Fig. 2.9. Oil Consunrp~-aon-Cmunist world (mifliw barrels per day). Source: World Energy O~&ok, 
Forecast Through the Year 2000, Chevron Corporation, July 1984. 
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Fig. 2.10. Cmde dl productioa-rPan-C-ist world (miUions barrels per day). ,Yoource: World Energy 
Outlook, Forecast Through the Year 2000, Chevron Corporation, July 1984. 
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Fi;g- 2*12. U.S. 03 supply (minil ion barrePs per day). Soupce: World EnPrgy Ou:look, Forecast Through the 
Yeor 2000, Chevron Corporation. July 1984. 
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Middle Easr (see Fig. 2.13), and rates of discovery have generally declined during the past 20 years 
even though exploration activities have increased. The Geological Survey’s estimates of reserves and 
production by country and the average API gravity by world region are presented in  Appendix C of 
this report. 

2.5. UNCERTAINTIES ASS-TED WITH PROJECTIONS 

A significant amount of uncertainty is present in these projections. Past projections have been in 
error, and such might be the case for any of the projections cited in  this report. The supply and 
kind of oil available are subject to variations imposed by political decisions, technical developments, 
swings of the U S .  business cycle or of the world economy, natural or man-made disasters, and any 
number of other influences. Many of these influences are impossible to predict, even in the short 
term, such as the rise to power of an anti-Western charismatic leader in an oil-rich country. For 
these reasons, such projections must be continually updated with the most recent data available. 

2.6. DATA TO SUPPORT THE PROJECTIONS 

It is virtually impossible for such projections to predict the production and qualities of crude oil 
from tens of thousands of oil fields around the world. However, the bulk of world petrokum 
resources occur in a relatively small number of very large fields. With more than 30,000 known 

ROO 
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M1DDl.E EAST 

EASTERN EUROPE, 
U.S.S.R., ASIA, OCEANIA 

WESTERN EUROPE, AFRICA, 
WESTERN HEMISPHERE 

Fig. 2.13. Demonstrated reserves of crtlde oil in 5-year iatervals. Source: C. D. Masters, D. H. Root, and 
W. D. Dietzman, “Distribution and Quantitative Assessment of World Crude Oil Reserves and Resources,” 
W.S. Geological Survey Open-File Report, USGS-OFR-83-728, 1983. 
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fields globally, more than half of the known recoverable oil is in the 33 fields classified as super- 
giants (>5  billion barrels), and more than three-quarters i s  in the few hundred giant fields (>500 

million harrels).16 This makes it feasible to roughly describe the quality of petroleum and possible 
future production patterns by using data from a small numlser of fields and countries to 
characterize regional. patterns. 

It should be noted that while data on reserves and crude quality are extant for each field, these 
data are not always available in the open literature. The DOE/hlA Dallas Field Office naintains 
files on world reserves by field, and the DOE/EIA Washington Marketing Office tabulates U.S. 
imports by crude stream. These data sets are not published, but both are accessibk6 

Assay data on the most important crude streams in world trade are published occasionally, for 
example by the Oil and Gas J."v '~  A typical published assay i s  shown for Arabian Heavy crude in 
Table 2.2. These assays include both field assays (for the crude) and laboratory assays of the 
distillation components. Full assays represent a laboratory cost in excess of $10,000 and are not 
always readily availahle. The National Institute of Petroleum and Energy Research, Rartlesville, 
Oklahoma, and Petroconsultants, Inc., Houston, Texas, maintain files of laboratory assays on crude 
oils. 

Some estimation may bc required to transform published or publicly available assay data into a 
form suitable for use in a particular refinery model or to estimate the future quality characteristics 
of selected products. 

For the sake of anticipating the quality of feedstocks to U S .  refineries over the next decade or 
two, it is possible to provide reasonable bounds closely tied to historic trends. 'There are, as 
previously described, a number of detailed projections of crude production. The DOE/EIA 
projections of crude quantities are particularly well documented and could serve as a basis for 
projecting crude qualities. 

Currently available data overwhelmingly support the notion that both domestic and imported 
crude supplies have deteriorated in quality and will continue to do so despite brief reverses caused 
by economic slowdowns and alternative supply sources. Furthcrmore, refinery capabilities are 
continually changing in response to this outlook. 

This trend is coupled with statistical trends toward lower U.S. consumption, lower imports of 
foreign crude oil, and lower worldwide production of oil. Some data indicate reversals of these 
trends. If the recent increase in consumption continues, it will exacerbate the problems caused by 
the progressive degradation of refinery feedstocks 

Current oil production and reserves are so dominated by a small number of fields within a small 
number of countries that future production and quality of all the world's petroleum can be 
estimated by focusing on this small number of sources (125 fields in 16 countries and states). 

This review identified sources of data that could be used as inputs in computer models of the 
production of inability fuels. These S Q U ~ C ~ S  include the DOE/EIA data that are already used in the 
models selected for this study as well as several other published and unpublished compilations of 
data. 
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Table 2.2. Arabian Heavy, Saudi Arabia 

Field Assay 

Crude Light Gas Oil 
Gravity, "APT: 23.9 
Sulfur, wt 5%: 2.85 
Pour pt, F .: - 20 Gravity, "API: 35.2 
RVP, pu: 7.5 
Kin. vis., cSt @ 70°F.: 37.0 

Range, "FVT. 455-650 
Yield, vol 76: 16.5 

Sulfur, wt 76: 1.30 
Pour pt, "F.: 5 
Aniline pt, OF.: 154 
Kin. vis., c5t @J 100°F.: 3.45 

@ 210OF.: 1.30 

@ 100°F.: 19.0 

Laboratory Assays 

Light Naphtha 
Range, ' FVT: 68-2 12 
Yield, vol %: 7.9 
Gravity, "API: 79.9 
Sulfur, wt %: 0.0059 
RVP, psi: 8.5 
Paraffins, vol 96: 88.6 
Naphthenes, vol %: 10.2 
Aromatics, vol %: 1.2 
RON, clear: 58.0 

Range, "FVT: 212 -302 
Yield, vol %: 6.8 
Gravity, "API: M.5 
Sulfur, wt %: 0.016 
P/N/A, vol %: 70.81 19.5/9.7 

Heavy Naphtha 

Kerosene 
Range, "FVT: 302-45s 
Yield, vol 8,: 12.4 
Gravity, "APT: 48.4 
Sulfur, wt %: 0.16 
Aromatics, vol %: 18.9 
Freeze pt O F . :  -67 
Smoke pt, mm: 26 
Lmninometer no.: 57 
Aniline pt. O F . :  141 
Kin. vis., cSt @I -30" F.: 5.14 

@ 100" F.: 1.14 

Heavy Cas Oil 
Range, FVT: 650-1,(MY 
Yield, vol %: 30.6 
Gravity, 'API: 20.9 
Sulfur, wt %: 2.92 
Pour pt, O F . :  9s 
Aniline pt, O F . :  173 
Kin. vis., cSt @ 100" F.: 714.0 

@ 210' F.: 8.46 

Residual Oil 
Range, "FVT: 6 S 0 f  
Yield, vol %J: 53.8 
Gravity, "APT: 12.6 
Sulfur, wt %: 4.34 
Pour pt, O F . :  60 
Con. carbon, wt %: 13.3 
Kin. vis., cSt @ 100" F.: 4,103 

8 210" F.: 94.2 

Range, "FVT: 1,0494- 
Yield, vol 95: 23.2 
Gravity, "MI: 3.0 
Sulfur, wt %: 6.0 
Pour pt, O F . :  1204- 
Con. carbon, wt %: 27.7 
Kin. vis., cSt 6% 210' F.: 55,292 

Furol, see @ 275" F.: 1,309 
V/Ni/Fe, ppm: 205/64/30 

Residual Oil 

Source: McNelis, F. P., ' E K X O ~  Organizations: Modern Crude Oil 
Assay Practices," Oil and Gas J., 94 (March 21, 1983). 
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1.630 
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Nigerian 

Light heafing oil 3.050 (65.279) 
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Loss 40 (736) 

Fig. 3.1. ~y~~~~~~~~~~ refinery: innpat and product &%e (2j. Inputs and outputs arc in IO3 metric tons per year. Approximate 
conversions t o  barrels per day ate in parentheses. 1BP equals ini?ial boiling p i n t .  Source: R, E. Kirk and D. F. Othmer, 
Encyclopeslia of Chemical Technobogy, vo!. 13, Third Ed., John Wiky & Sons, New Y&, 1982. 
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Fig. 3.2. Simplified Row diagram of a typical U S .  refinery. Source: American Petroleum Institute, Stan- 
dard Definitions for PetroIeurn Statistics, Technical Report No. 1, 3rd ed. 
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category a d  are often LeTerrcd to as refiniiip complexes Jn thc recent past, refineries in the Wnitcd 
State< have gefizially been dcrigncd :a maximize gasoliiic productht~, wkr;.:?s foreign rcfheries 
tend to favor disiillatc production, primarily t,c;Auw of inarket  demand^. 

Pctrolcwn i&"incrics are nlro classified by sile. t>,etinriy size ST thoughput is a ineasurc of the 
crude distillation capacity of th: atmospheric dkt;llation unit(s) at the refinzt y a d  is usually 
measilred in thousands of barrels per calendar day (B/CD) or 5 l l a 1 7 r  day Kehnerics range in siLe 
from 1css than 10,000 to inore than 400,000 F4/CD CcnceaCy speakiig, the smaller-sire refineries 
tend tc, be topping refintrics, ami  the largtc iefincries tend to be refining cemplcxs. 

A s  of Janhnry 1, 1984, the United States had 247 opxable refineries, having a combincd 
operable distillation capacity of 17.1 rnilliaa, baircls per S ~ ~ G R I I I  day.3 Table 3.1 gives a breakdowci 
of the operable refinerks by crud:: distillation and selectcd categorirs of nrtrcaiiir pioccssing 
capacity. 

'4s a gcseral rule, ieflnery fieubility is a function of the dovmtwanr capabilities of a refinery. 
Whilc refiners have some flexibility in the types of C L W ~  that can be fed to the atmospheric still 
and in the opcrzting conditions, this f leddi ty  is h i d e d  breater procc.s?ing flexibility is obtained 
as ii-oie dovmtream poccsshg OpCidtlOiiS are added Froni Table 3.1 it can be see11 that 
approxiinatcly 20% cf the U.S  refirmies are  in the !00,000 UjCU cla5s and that these refmeria 
have 62% cf the criide dktiilation capacity. lbwe rcfirrcn;,s also have the largest capacity of 
downstream processirig, thcreby indicating that the prcscnt U.S. refining i~dtisb-y has considerablc 
flexibility in i f :  operdtioii both in i c m s  of the crades processed and thc product< prohced 

3.4. HdSl ORlC TRENDS IN YE'! ROLhUM REFINING: 

cf changing market demands, thc current treid in the petroleum rchning industry is to 
shut down uneccnornic refining capacity and to incieasr C"rwmti earn processing capabilities. TRc 
United Statcs (and t h  vodd, especially Europe) has had cxzcss refining cnpacity since 1979. 
Worldwide refiqing capncity utili7ation rates from 1979 to 1983 are shown in Tablr 3.2 and have 
varied from 69% in 1980 e.tb 1981 to I%G'Y in 1?&3.4 t J  S. refincry capacity utilization rztz:s haye 
a150 varied over the ye2rc and werc approximately 76% in 1983. 

lahJc 3.3 lists the number of operablc ,er̂ niuciies in th:: IJnited Statcs by refinery s i x  far the 
past five years. lhr: fuliowwg trends are WE 

1. the total oumbci of operab!r refineries has decreascr! from 334 ; T i  1980 to 247 in 1983; and 

- 

2 the largest decrease in the nuinbci of opelab!c ccfmLi::s has DCCD in simple rcfiiiciics Kith a 
ci I& oil distillation capacity of 30,900 E/CD or lcss. 

Table 3 4 givec a breakdown of thc aggregate U.S refinery a--" se!ected categor jcs of 
downstrcaili processjlig capacities for the past fcur From Tahlc 3.4, it can bc seen that 
downstwarn processing capacrty of U.S. refineries generally increased during the past foeas years, 
whereas crude distillatioii capacity dccreased 

Dirring the pait five years, the refining industry has gorre through a pcrlod of considerabla 
change Whi!: chaagrs cnniiirw to be made as the irxdxstry i i i c s  to stay competitive, thc rate ~f 
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Percent of oDerable canincitv 
1979 1980 1981 1982 1983 

North America 
United States 

Westcrn Europe 
Belgium 
France 
Germany 
Italy 
Netherlands 
United Kingdom 

Japan 

Oceania 

Middle East 

Latin America 

South Asia 

East/Southeast Asia 

Africa 

China 

Communist Europe 
World 

Source: F. Fesbaraki and D. Isaak, "The Changing 
Structure of World Refining Industry: Implications for US. 
Energy Security," Notes on presentation made to the US. 
Department of Energy at Washington, D.C. by the OPEC 
Downstream Project Resource Systems Institute East-West 
Center, Honolula, Hawaii, January 23, 1985. 

Table 3.3. Number of operable refisrerim in the IJlalted States 
by size from January 1, 198 

....... ___ . . . . . . . . . . 

Years 

1984 1983 1982 1981 1980 
.~ ...........-...- Crude distillation capacity 

(B/CD) 

Less than 10,000 63 67 82 91 102 

10,001 -30,000 55 59 80 93 83 

30,001 -50,000 41 40 44 42 39 

50,001--100,000 41 44 43 44 44 

1 00,OO 1 - 1 7 5,000 26 26 30 21 25 

21 22 22 27 26 

Total 247 258 301 324 319 

~~ __ .......... ___ Over 175,000 

Source: Energy Information Administration, Petmleum Supply 
Annud 1983, vol. I ,  DOE/EIA-0340 (83)/1, June 1984. 
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Table 3.4. Operable U.S. crude distillation and downstream processing capacities from 1981 to 1984 
- 

Operable unit capacities in MB/SDa 

Crude Vacuum Thermal Calalytic Catalytic Catalytic Cat aiytic 
distillation distillation operations cracking* reforming hydrocracking hydrotreating 

Number of 
Year operable 

refineries 

1981" 301 19,018 7,197 1,782 6,036 3,966 892 8,539 

1982' 258 17,871 7,180 1,715 5,890 3,918 883 8,354 

1983b 247 17,059 7,165 1,852 5,802 3,907 952 9,009 

1984d 247' 17,191 7,244 1,896 5,870 3,890 1,020 9,063 

"Thousands of barrels per stream day. 
bCalculated from information in Energy Information Administration, Petroleum Supply Annual 1983, vol. 1, 

DOE/EIA-0340 (83)/ 1, June 1984. 
cSource: E. E. Campbell, "Trends in Refinery Capacity and Utilization (Results of 1983 EIA Refinery Survey)," 

Proceedings of the Energy Informalion Adminislrarion Symposium on Petroleum Supply Informa&ion, Arlington, 
Virginia, August 26, 1983, DOE/ETA-0425, September 1983. 

*Projected. 
'Estimated. 



change has hegun to level, and tiit: industry seems to be cnterilig a period of islatively stable 
operation. Several faetors responsible for these upheavals were 

I .  the worldwide rcccssicigl of 1980 to 1351 and increased energy conservation resulted in a 
significant drop in product demand; 

2 the deinlind for lightei gasoline-type products increased, whereas the demand for heavier 
residual fuel type products decreased; 

3. decontrol of domestic crude oil prices and the termination of the Crude 0 1 1  Entitlements 
Program in 1981 resulted in a large number of small refineries being shut down because they 
becamc uneconomical; and 

4. the input crude oil quality shifted to “heavier” (i.e., lower API gravity) and higher-sulfur 
content crudes that contain fewer of thc desired hydrocarbons needed to produce lighter 
products, such as gasoline. The changes in the crudes’ quality resulted in refiners’ increasing 
downstream processing capacity to convert the iesid to lighter, niore desirable products and, as 3 

corollary, shutting down those refineries that did not have adequats dowiistream processing 
capalr ilitics. 

The near-term trend in the industry is to further match refining capacity to product demand. 
One scenario for the petroleum products demand for the ccmainder of the eighties is shown in Fig. 
3.3. Plccording to this EIA scenario, petroleum products demand is likely to increase to 17 or 18 
million barrels per  day (MMB/D) by the late eighties; howcver, there will be sufficient domestic 
refinery capacity to meet the demand6 The EIA’s report states that “only evolutionary changes in 
refinery configurations are expected for the next few years as refiners continue to increase their 
flexibility in responding to changing demand patterns and in processing a wide range of crude oil 
types.” 

Discussions with petrolcum industry and engineering/constr-llction personnel and supplemeiital 
reviewing of pertinent literature produced the following forecasts of petroleum consumption trends 
for the 1990 to 2000 tirnefratne. The forecasts are for a BAU scenario and should be recognized as 
educated gucsses rather than as bheprints of the future. 

1. Energy consumptioin worldwide i s  expected to grow about two-thirds as fast as the world 
economy.’ 

2.  World crude supplies are likely to be tight by the year 2000. The crudes supplied to U.S. 
refineries are likely to be heavier and contain more sulfur. The gravity of the 1.J.X. crude slate i s  
likely to drop from an average of 32 degrees A H  to a level of 30 degrees APT, and the average 
crude sulfur level will likely increase to more than 1. I%.* 

3. Synthetic fuels are not likely to make a major contribution to the world’s energy supply until 
the 2 1 st century.’ 



4. Demand for distillntc fuels in the Xlnited States is likely to increzsc, while the demand for 
gasoline is Bikeiy to decrease becaase of anticipated growth ic airline and "ireight traffic and 
itriproved automobile efficiencies. Consequently, as rnuch as 40% of the f;xi UT(: rehery  output is 
hkelgi to be middle-o.F-tha-bara~ prodnets such as kcrosenc, jet? and diesel 

A comprehensive review of world and U.S. refinery trends by the National Petroleum 
currently under way. The r e ~ d t s  of this rujrvey wilLB be available later :his year. 
discussions with industry experts and Bitertkture reviews indicate that the following responses from 
the refining industry are probable: 

1. Two to three: million barrels per day of some type of cracking capacity will prabably be added 
to petroleum refineries to convert rcsiduutn to needed lighter p r d u ~ t s . ~  'The cracking capacity 
added could be either as catalytic cracking, hydrocracking, coking, or v i d ~ d & ~ g ,  depending 
upon the individual refiner's needs and economics. Planned II .S.  rsfioesy tmstruction in 1984 
(with expected umpletian in 1987) is rjhtawn in Table 3.5 .  From Tablz 3.5, it can be seen that 
U S .  refiners are planning to add significant catnlyt ic hydrocracking (and relared hydrogen 
production), thermal cracking, and isomerization capacity.' 
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Table 3.5. Pliamed U S .  refinaery ~omtructicm, 1994 
(Cowrpktin7- 1 QP4-5 989) 

__ 
Ne* Percent of 

capacity 1984 
(barrcls per day) capacity 

Crude distillation 

Vacuum distillation 

Thermal cracking 

Catalytic cracking 

Catalytic reforming 

Catalytic hydrocracking 

Catalytic hydrorefining 

Catalytic hydrotreating 

Alkylation 

Aromatics/isomerizatios, 

Hydrogen (MMcfd) 

Coke (t/d) 

259,000 

162,200 

134,010 

59,500 

33,000 

122,900 

67,500 

65,200 

16,600 

32,500 

285.5 

3,489 

- 

1.55 

z 31 

1.75 

1.01 

0.85 

13.36 

2.95 

0.98 

1.78 

6.87 

12.99 

5.26 

Source: B. K. Bailey, N. R. %fer> and 3. R. Bright, 
Naval Fuel Property Projections, Phase It Geirernl Trends, 
Report No. AFERL No. 179, Aug. 1984. 

2. Petroleum refiners are likely to augment distillate volumes by broadmiag boiling ranges and by 
greater use of additives.8 

3. Refinery capacity wor!clwide is expected to be inore than sufficicnt to meet pehrolwm product 
demand. Figure 3.4 suggests a refinery titilizatim raic of about ‘10% frorr r3w tc the cnd of this 
century. 

4. Recent government pronouncements to stop the use of Iczded add ihw in gaso!ine will require 
hydroconversion and reforming of more gas oils and distillates to produce gasoline hlcnding 
stocks with sufficient octane rating. Thesc regulations wiU lead to a dec~ease in feedstocks for 
distillate production. In addition, Hoffman’o indicates that several refiners not having siifficieilt 
downstream capabilities may shut down because they will not be able to compete under a na- 
lead situation. ‘These shutdowns will result in a further reduction of petrolciirn refining capaslty 
in the United States. At present, such a reduction may be 5eseficial; how~lcvcr, the long-terr 
consequences may be to force the Navy to buy of i t a  file1 from oversem refinerips, 
increasing its vulnerability to fuel supply interruptions. 

5. Increased imports o f  finished and semifinished petideunl piodlrcts from overseas refineries will 
further drive down U.S. refining capacity. According to the Ancrican Indcpendmt ReCnncrs 
Association (AIRA), from the first half of 1983 to t k  first half of 1984, finished gasohno 
imports rose by 40%, residual fuel oil by 3096, liquefied petroleua gas by 55%’o, and distillate 
fuels from virtually zero to inore than 200,000 barrels per day.” For many oversc,;~~ refinc;ie% 
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piojgecked decrease in gasoline demand in the U.S materializes, however, residual feedstocks and 
the hydrocracking and catalytic cracking facilities used io the production of gasolinc could be used 
to produce rulid-distillates and ~ p - 5 . ' ~  

Sigtaifmnt rolunaes of JP-3 and F-76 are not likely to be produced from shalc or coal-derived 
synthetic crudes at kast until the 21st century ' Any marketable synthetic crudes produced in the 
interwring time perid &ll mssi likely be small in voliime and will be hleadcd and processed with 
naturally occurring crude oils with little or MI impact on mobility fuel qnality or quantity. 

Although i n  the 'IJnGted States the distillate pol. may be sdficient ta supply the Wavy's nobility 
fuel requirements, regional shortages could occur in the hrnitecl States, For example, there could be 
a shortage of JP-5 in "YDD 5 between 1995 and 2000.'3 Thc refiiieries supplying JP-5 to the Navy 
in FY 1978 are given in Table 3.6, which shows that the U.S. refineries supplyillg JP-5 to the Navy 
at that time were located in PADDs 3 and 5 .  In the fttture, average crude quality is expccted to 
deteriora'c, especially for refineries located in PADD 5, about half of which are relatively small and 
have ~13 middle distillate hydroprocessing capabilities. Moreover, an increased demand for civilian 
jet file! is expcted in that region. As a resuit, these PABD-5 refineries I K M ~  have problems 
supplying JP-5.'3 Refinerim located in the Caribbean, Europe, and the Far East that currently 
provia: some nf the Navy's JP-5 stock ofk: the potential for increasd production of JP-5. 
However, attempts to inrreasc gasoline production by these acfineiics may reduce their ability. to 
providc Navy rn~bility fuels. 

3-6. SUMMARY 

'I'ke nurnbcr of refineries in the United States i s  declining, and the remairaiag refineries are 
broadwing their capabilities to accommodate the heavier crudes that are becoming more prevalent 
on tlx world petrolcum market. This broadening of Capability (and flexibility) is taking the form of 
incrcased capacities for thermal and catalytic cracking, catalytic hydrocracking and hydrorefining, 
alkylatiw, isomerization, hydrogen production, and other processes involved in downstream refining, 
In gencral terms, under UAU conditions, these developments indicate (1) an overall sufficient 
supply of Navy mob:lity fuels, (2) the occurren.~;~ of some regional shortages, (3)  the eocroarhmcwt 
on the; supply of military fuels by other market demands and (4) the decline of the quality of those 
mobility fuels produced. A s  work progrcsscs, these develoiroaents can be used to cross-check and 
cahance the inputs to the models that make up the Navy Mobility Fuels Forecasting System to 
provide more reliable and useful information from that systcm. 



Table 3.6. Refinerlev supplying JP-5 to the U.S. Nary in J7Y-1878 

Refinery 
location 

JP-5 Middle distillate Crude distillation Middle distillate hydrocracking 
hydrotreating capacity produced 

capacity in FY-78 (MM gal) 
capacity 

(MB/CD) (MB/CD) (MB/CD) 

PADD 5 

California 
Douglas Oil Co., Paramount 
Mobil Oil Co., Torrance 
Fletcher Oil Co., Carson 
Powerine Co., Santa Fe Springs 
Beacon Co., Hanford 
Newhall Co., Newhalf 
Exxon Corp., Benecia 
Lion Oil Co., Avon 

Total 

Washington 
Arco, Ferndale 
Mob& Ferndale 
U.S. Oil Co., Tacoma 

Total 

Hawaii 
Hawaiin Independent Oil Co. 

Total for PADD 5 

PADD 3 

Texas 
Shell Oil, Deerpark 
Mobil Oil Co., Beaumont 
Gulf Oil Co,, Port Arthur 

Total 

Louisiana 
Exxon, Baton Rouge 

Total for PADD 3 

Total for United States 

46.5 
123.5 
20.1 
44.1 
12.3 
11.5 
93.0 

126.0 
477.0 

106.0 
71.5 
21.4 

198.9 

62.5 

738.4 

285.0 
325.0 
334.5 
944.5 

510.0 
1454.5 

2192.9 

United States 

6.3 
23.9 

None 
None 
None 
None 

20.7 
30.0 
80.9 

10.8 
18.9 

29.7 

None 
80.6 

77.0 
io0 
59.0 

236.0 

24.0 
260.0 

370.6 

None 
17.6 

None 
None 
None 
None 

21.9 

61.5 
22.0 

37 
None 
None 

37 

None 

23.5 
27.6 
14.3 
65.4 

63.0 
128.4 

226.9 

36 
96 
24 
58 

6 
6 

67 

293 

38 

20 
58 
- 

75 
426 

72 
105 

257 

103 
360 

786 

80 

- 
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'The investigations of crude oil and refinery trends, discussed in  the ~ ~ e ~ ~ ~ ~ %  sections, providic: 
#he essential foundation of information for the assembly of the Wavy obility Fuels Farecasting 
System. This computerized system for evaluating the ~ v a ~ l a ~ ~ ~ ~ t y ,  costs, and c 
mobility fuels has been activated and tested by OWNI,. The system i s  based on thwe ~ u b ~ ~ c ~ ~  
avaiiable models: the OMS model, the PAL model, and the domestic refinery yield model of the 
REMS. These m d d s  have been sp~ecially enhanced to use an expanded, validated input data set 
and to produce data for special fuels of particular interest the Navy (i.e.> aviation turbine fuel 
9P-5 and Naval distillate fuel F-76). Test runs ~f the I eh have provided data Tor the rull 
product, slate of the modeled refineries, but only the JP-5 results are reported here 

The OMS model produces forecasts of world petroleum ppi~es, relate 
foreign oil supply, and regional demand for oil by an econometric approach that balances supply 

MS 1s the array of point estimates of world 
crude oil prices for 1979 to 1995 shown in Table 4.1. The 0 s mdc%e! OUtpMtS are ~Wl3lbln 
crude oil characterization data derived from a variety of data sets and are input to the: PAL ~ 1 ~ ~ ~ ~ ~ "  

on a region-by-region basis. Decisions are made by matching ( 1 )  supply with demand an 

data on aggsegat 

demand. An abridged example oPoutput from 

The PAL model predicts refining destinatioti for crude oils. It considers psduction and sefiahg 

Table 4.1. Oil Market Simulation 
of worM emde oil pice 

Year Price'' 
(in 1982 ddlars per barrel) 

19779 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

27.48 
39.32 
39.27 
33.59 
29.54 
25.82 
25.47 
95.24 
31.53 
34.1 1 
35.68 
36.7 I 
39.53 
43.8 1 
48.57 
52.35 
54.97 

JThe world oil price developed by the OMS 
model is the average delivered price of all crude 
oil  (both spot and contract) imported into the; 
United States. 
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charactcristics with retire S’ capaMities (among ather variahlcs). In Phmc I of thc prejgcct, the 
Navy M05ib:y Fuds Fore ting System was exercised in cplah~+ions of hypothesized hcenarios for 
Bureau of Mines Dstrict 13 (BOM 13, thc 17 S Wcst Coast) BQM 13 is of particular intcrrst 
becausc it i s  a relatiliely indeperxdscf refining region, because it is a substzntial JP-5 producer, and 
because some stu+es have suggzsted that in the h t u r e  it may not p rodxe  sufficient kersacne jzt 
fiicl. Tahlc 4.2 :Ilusirate? PAL forecasts fc? 1390 :-id the I983 actual crude and rdw i:naterial curls 
to refineries of BCM 13. 

foiccasts of crude runs am input into the 
dc.tal!ed domestic redirncrjl yield w 1 cf XEMS The REMS rc r,J rnoaei bc EssG.a to 

assess tine ~ C S ~ ~ M G  of the psodt&on of military mobility fut’ to changes in l ~ ~ ~ ~ e i O i ~ 5  variahlcs 
including proccssifig capacity, feedsrock assay and quantity, prodclei spxifka:icns and dcmarad, iaw 
material costs and product prices, and environmental ccnsidcrdtiox 

OKNL’s analyses with these aodzls in Phase I of ths pz+xli have fowsed m strategies for 
increzsing the productiar, of JP-3 by substi’.uting alternate CI udc tds, by alteriag flncl spccificatioas, 
or by offering a h i g h  r:ice for the fiaishcd pisduct. 

The OMS m d c l  w2s dcvelog~d by EL4 as a tool for sirndating thc impact of nlarkct f m x s  on 
world oil prices.’ In the model, the v m Y  67.1 market is dividcd into three groups of participants who 
have dXfcrent objsjecti-ves. oil consumc-T, m a - 3 E . C  oil producers, and OPEC 011 yr~ducens. The 
behavior of this market is dctzmiined by the interactive behavinr of these Bhiec groups of 
participants. To simulate tht- w d d  oil maikct, thc inode! specif;tx a set of behavioral rdcs for czch 
market sector. These rules, ~vhlc5 are erprcsscd ciq mathenvatical idationships, reflect the price 
elasticity of demand 2nd other factors that affect svpply/demand rdat+ships. With the aid of 
thcse rdcs,  the model calculates the price StriXCttll*:: that would grodixc a 3vcdd balance of supply 
and demand. 

of crnde oi! acd -efirred pxodlaets during BAU and 
disrupted assket C O W - E ~ Q ~ S  and can quantify thr; i-novern~rrt of C K U ~ C  oil and iefiqed produc:ts to 

a d  Iron7 all regions of !he world * Flows to the TJAited State? and to other International Filcidy 

Thc OMS crPrde oil  pi^ esti tcs sad the 

The PAL linodcl skiulaies thc world ti2 

Origin of raw material 
1990 PAP, forecast 1983 actua.1 

Crude 
ROM District 13 
A!aska N. S b p  
S. Arsbiq. r,;ght 
Indrrnmia 
Venezuela 
Algr;k 
Vi .  SO. Aificika 

Butanes 
Natural Ciaso!inr 
Others 

1 otal 

950.0 
1514.5 

82.3 
44.4 

1.6 
9.3 

36.8 
38.0 
10.1 

2707.0 

1889.5 

183.8 
5.0 
1.1 
2.9 

12.4 
8.5 

57.1 

2140,5 

............. 
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Agency ( E A )  countries from the Organization of Arab Petroleum Exporting Countries (OAPEC) 
and OPEC are particularly emphasized. In addition, the model simulates how the flows of crude 
and products may shift in the event of a supply disruption and expresses quantitatively the changes 
in movement of crude and products from each supply source. 

These simulations can be examined under two bask scenarios. In one, the shifts occur under the 
assumption that the market mechanism is allowed to function; that is, crude and product flows will 
shift to minimize the cost of satisfying the specified demand. In the model, these shifts are 
restricted to a range determined by historical trends. If desired, the simulation may also be 
performed wnth the assumption I hat petmleuni allocation is not constrained by historical patterns. 
In the other basic scenario, PAC simulates how crude and product flows may shift under the 
a ~ s ~ i ~ ~ ~ i o n  that avaiiable supplies will be allocated according to the emergency sharing agreements 
between the 'IJnited States and other members of the IEA. PAL also has a limited ability to take 
into consideration the capabilities and fiexibilities of refineries around the world. 

'The REMS petroleum refinery yield model3 is a linear program that maximizes the 
predepreciation, pretax margin of an average petroleurn refinery, subject to linearized constraints 
describing refinery operations. The prwise number of descriptive elements differs with each 
refining scenario, but approximately 350 constraints are described in terms of 1100 activities. 

Regional differences in average refinery characteristics are represented by ten different model 
data sets. One model data set represents an average refinery at  the national level, and the 
remaining data sets describe an average refinery for ROM refining districts. Figure 4.1 illustrates 
tbe 13 ROM regions and conipares them with the Petroleum Administration for Defense Districts 

), which are used by other researchers to describe regional r ehe ry  operations. For reasons 
of c o n v t ~ ~ i e n ~ e  related to model data specification, BOM Districts 1 and 2 are described within the 
same data set; the same is true for Districts 3 and 4, Districts 7 and 11, and Districts 9 and 10. 
The average refinery for each model data set is represented by processing capacity values equal to 
Ilae total processing capacity of the modeled geographic area scaled by one-tenth. 

As shown in Table 4.3, an average refinery is described in terms of 21 types of processing units. 
Power generation, steam production, and plant fuel mixing are also represented. New processes can 
easily be added to the model if the product yield structure, utility requirements, and variable 
operating costs for those processes are known. 

The average refinery can process any number of crudes. Detailed assays for the 41 principal 
crudes shown in Table 4.4 are represented within an assay data set. New crudes can be added 
directly to the assay data set or, alternatively, can be expressed as iinear combinations of any of the 
principal crudes. 

The operating strategy for the average refinery is the linear programming optimal solution that 
describes the use of the raw material slate and the utilization of processing units to produce a 
refined product slate. As shown in Table 4.5, the production of more than 30 refined products can 
be represented. The expected refiner's revenue, or gate price, for each unit of each product is 
specified by the user in the model data set. The price of refined products may influence the 
quantity of that product demanded by consumers. Because the consuming sector will demand a 
specific level of commodity offered at  a particular price, the production of products may be 
demand-constrained within the model data set. Demand constraints presume and enforce an 
equilibrium between refiners (suppliers) and consumers. Demand constraints would not be applied if 
the analyst were interested in the refinery's "level of choice" of production of a given product. For 
example, in the absence of demand constraints, the refinery would be free to produce volumes of a 
product in excess of the marketable level if refinery economics were favorable. 
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Processing unit Capacity 

Crude distillation 
Delayed mkcr 
Fluid coker 
Y isbreaker 
Naphtha hydrotreater 
Distillate ~ y d r ~ c s u ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~ ~  
Fluid catalytic cracker feed hydrofiner 
Resid desnlfurizer 
Catalytic reformer 450 psi 

Fluid catalytic cracker 
Fluid catalytic cracker gasolinic splilter 
Kl[yclrocrac~~~-----two-slaae 
Alkj,Sat ion 
Catalytic polyinerizatiun 
Hytltogen plant (fucl oil 

Catalytic reformeF 200 psi 

2quivalents) 
Sdfua-  plant, t/d 
Aromatics recovery plant 
Peentane/hexane isoriierization 
Butane isomerization 
Lubs and wax plants 

333.4 
38.3 
9.2 
6.1 

52. I 
37.0 
26.6 
9.6 
8.0 

58.6 
75.4 
56.5 
39.7 
13.3 
0.7 
5 3  

54.4 
0.6 
11.3 
1 .o 
1.7 

The refined prdduct slate is produced in complia~~ce with the specification requirements of the 
product-user. Standard specification limits should be modified in the modeling process to reflect 
margins for blending errors, testing variability, and chemical or physical charages that might occur 
within the product between manufacture 2nd use. 

'The inocfel selects motor gasoline blends subject to specifications for E S C X ~ K C ~  octane, motor 
octane, control octane, lead limitations, Reid vapor pressure, and several distillation points. Because 
lead is being phased out, the model provides for octane enhancement by the addition of limited 
amounts of M'TBE (methyl t-butyl ether) and Oxinol (a 50/50 mixture of ~ ~ t h ~ ~ ~ o ~  and t-butyl 
alcohol). A valid representation of motor gasoline production is essential because it. i s  the major 
refined product, and its ~ ~ o ~ ~ c t ~ ~ ~  affects the production of all other refinery products, including 
~ ~ ~ ~ ~ a r ~  anobility fuels. 

Distiliatt: and fuel oil products are blended by the model to meet specification subsets of the 
following properties: gravity, aromatics content, sulfur cootent, freeze point, lurninometex number, 
pow point, cetane index, flash point, atiscmiry, Reid vapor pressure, and several 
Srnokt; p i n t  for jet fueis can be specified by a correlation with himinometer n 
prw~irles for cetane number enhancement by the addition of diesel ignition improver. 

Because of Ehe large number of variables described in e REMS refinery yield model, the 
number of types of problems that can be addressed by the m 1 is large. The model can be used to 
evaluate the implications of changes in process unit capabilities, process unit utilization, refind 
product prices, demand for products, crude oil supply, crude oil assay, costs of utilities and plant 



4-6 

Ciude oil API gravity Sulfur 
(wt %) 

Algeria Hassi-Messaoud 
Canada Federated 
Canada Rgld 
Canada Conds 
Indonesia Minas 
Iran Heavy 
Libya Brega 
Nigeria Bonny 
Saudi Arabia Light 
Saudi Arabia Heavy 
Venezuela Tiajuana 
Mexican Maya 
North Sea 
Gabon 
Alaska Cook Inlet 
Alaska Prudhoe Bay 
California Outer Contincntal 
California Wilmington 
California Sjv Heavy 
California Ventura 
California San Ardo 
Florida Jay 
Illinois Weeks 
Kansas Common 
Louisiana North 
Louisiana Ostrica 
Mississippi Hey Light 
Micsissippi Baxterville 
Montana/ Wyoming Rebeki 
Oklahoma Garbcr 
Oklahoma Cement 
Oklahoma Condensate 
Texas West Sour 
Texas West Scurry 
Texas Gulf Refugio 
Texas East 
lexas East Hawkins 
Texas West Light 
Texas West Intermediate 
Utah Altamount 
Wyoming Sour 

44.0 
40.4 

34.7 
30.9 
40.2 
34.8 
34.5 
28.2 

34.0 
35.8 

36.1 
27.8 

20.9 
13.7 
29.7 
12.5 
51.0 
38.6 
35.6 
40. 3 
32.9 
37.9 
21.0 
36.9 
41.7 
34.3 
47.6 
32.4 

34.3 
38.5 
26.6 
42.3 
40.1 
41.6 
23.6 

0.2 
0.2 

0.1 
1.6 
0.7. 
0.1 
1.6 
2.8 

1.7 
0.2 

0.2 
0.9 

1.4 
1.3 
1.2 
2.0 
0.4 
0.2 
0.5 
0.3 
0.4 
1.2 
2.0 
0.3 
0.1 
0.2 

1.8 

0.1 
0.3 
2.1 
0.2 
0.4 
0.2 
2.7 

fuels, costs of additives, product specifications, process unit yields, plant product losses QT gains, and 
other situations. Section 4.4 discusses specific applications of the REMS refinery yield model in the 
analysis of future petroleum refining operations on the West Coast under such varying conditions. 

As described in the preceding sections, the flow of information within the Navy Mobility Fuels 
Forecasting System consists of (1)  price, oil supply, and oil demand data produced by OMS for 
input to PAL; (2) price data produced by OMS for input to REMS; and (3) forecasts of crude runs 
to stills produced by PAL for input to REMS. 
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Table 4.5. Refmcd pruducts of the REMS refinery 
yield madel and producticm quantities from 

all refineries for 1990 BAU 
in BOM District 13 - .._---.-___-.-.--.-___I..__ 

Product Quantity 
(MB/CD) 

Regular motor gasoline 
Premium unleaded motor gasoline 
Unleaded motor gasoline 
Aviation gasoline 
Naphtha to petrochemicals 
Special naphtha 
Aromatics 
Jet fuel B 
Jet fuel A 
Jet fuel JP-5 
Kerosene 
Distillate fuel 
Navy distillate 
Residual fuel, O.Y% sulfur 
Residual fuel, 0.5% sulfur 
Residual fuel, 1.0% sulfur 
Residual fuel, 2.0% syulfur 
Residual fuel, >2.0% sulfur 
Lubes and waxes 
Gas oil to petrochemicals 
Road oil and asphalt 
Coke, low sulfur,t/d 
Coke, high sulfur, t/d 
Sulfur, t/d 
Process gas 
Still gas to petrochemicals 
Ethane 
Propylene to petrochemicals 
Propane fuel 
Propane to petrochemicals 
Butylene to petrochemicals 
Normal butane 

Plant fuel burned 

Total (excluding coke and sulfur) 

488.0 
125.1 
455.9 

6.1 
4.3 
3.0 
5.4 

108.8 
450.8 
45.2 
13.0 

284.0 
110.1 
0.0 
1.5 
0.0 

309.6 
0.0 

13.5 
17.8 
54.6 
11.7 
5.4 
2.3 
0.0 
I .8 
Q.0 

44.5 
22.6 
4.6 

54.8 
10.8 

230.2 

2765.9 
~ 

Operational relationships of the forecasting system are shown in Fig. 4.2. Given exogeneous 
inputs describing world and domestic energy and economic factors, the OMS model balances oil 
supply and demand at a world oil price. Relevant OMS data are converted automatically by data 
preprocessing programs into PAL-compatible data files. 

The PAL model of world production, refining, and transportation relationships automatically 
accesses, on an as-needed basis, the preprocessed OMS data to forecast disaggregate regional 
petroleum supplyldemand balances. 

Relevant PAL data on crude runs to stills are manually preprocessed for input to the detailed 
REMS model representation of domestic refinery operations. OMS world oil price data are also 
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manually converted to spec if^ crude oil prices for input to EMS. Among crther ou 
mmputcs the refined product slate which ~ ~ x ~ n ~ j ~ e ~  the refiner’s gross margirn. Rb 
hard copy nutput a 
REMS and PAL-R 

I stores the probJcm solution for ;atetorntitic: retrieval. 
data linkages are 10 be automated in Phase %I of the prqjech. 

T’he n1anu:d OMS- 

E 

Prior integration of the refl~~ery yield 111tM4el ~ailto tile total mobiIity feels fosccijsting bystern, 
N t  conducted an clrarniiiatiktn of thc xrxtdel’s sensitivity to the three key variable categories of 

crude type, grhhCauct specification, and refinery coanplexity. 
stars of the analysis, the sensitivity ~ ~ a ~ ~ ~ ~ ~ ~ t ~ ~ ~  was pe. 

is virtually idcritical tu the strricture of the R m&l, En fact, the REMS model 
i s  an updated version of a ~ ~ 7 ~ ~ ~ ~ ~ ~ ~ g ~  model in which ( 1 )  a more efficient rnatrix- 
operations module is used and (23 raw material and product yield vectors are ~ ~ ~ o ~ ~ t i c a ~ l y  
transmitted to a downstream product distribution model. GiRNii nnade the riecessary alterations and 

A model to represent JP-5, P-76, and wtul  refinery operations for 1383, the year 
of most recently available operating data. 

ORNE selected a set of vhilues for each variable category m d  exercised the TMA model under 
the conditions defined in Appendix A. As defined in Appendix A, the niodel’s representation of 
military mobility fuels IS sufficieritl y sensitive to crude inputs, product specifications of flash pQiiot, 
 free^ point, and cetane index; and refinery cornp?e&y. All these: categories of variables are of 
irnportnnce to the availability atid cost of military mobility fuels. 

’rurnGr.  awn associates of D ~ I I ~ S ,  (tile TMA n m i d ~ .  n e  structure of the TMA model 

Exxon has used its refinery yield model to evaluate the prducibility of kerosene jet hrels in the 
United States, Canada, and Europe. Exxon’s model is a proprietary linear program, and an explicit 
momparison to the REMS structure cannot be performed. H Q W W ~ ~ ,  a comparison of the solutions of 
the two models, given identical input aSSUmptiQnS, is instructive. 

Exxon has defined “producibility” as that amount of a fuel that a particular refinery 
configurat~o~ can make when sirnultanmusly satisfying the market demand for a11 other refined 
petroleum products. Within economic constraints, the refinery ~ o n r i ~ ~ ~ a ~ i o ~  of this definition is 
permitted to purchase additional crudes and to invest in process units to meet ~ b - e ~ d l  product 
demands. 

Exxon and REMS have been compared through analysis of the ~ r o ~ u ~ ~ ~ ~ ~ ~ t y  of kerosene jet 
fuels in ROM District 13 for the year 1990. Results are presented In Table 4.6 for the production 
of two sttidy fuels hy various combinations of refinery c ~ n f ~ ~ ~ r a t ~ o n s  and crude runs. The three 
refinery configurations were 

1. ~ ~ ~ r o s ~ ~ ~ i ~ ~ ~ ~  in which. a crude is distilled to produce a distribution of products appropriate 
to that crude. This refining configuration ineluded atmospheric ~~s l i l~a t ion ,  catalytic reforming, 
and hydrorefining process units. 

2. Luw Conversion for which vacuum distillation, catalytic cracking, and alkylation process units 
were added to the hydroskimming c o ~ ~ ~ ~ ~ u ~ a ~ ~ o ~ .  
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1990 West Coast (% of crude run) 

Refinerycrude Baseline yield of Property relaxation yield 
model kerosene Jet (TF-1) kerosene Jct (TF-4) 

REMS Exxon REMS Exxon 
~. ......... .................... ......... - 

Hydroskimming, 7.49 7.30 7.49 7.30 
low sulfur 

Low Conversion, 14.55 9.90 14.98 10.40 
low sulfur 

High Conversion, 8.93 9.70 10.19 10.19 
low sulfur 

High Conversion, 13.47 8.70 13.47 12.18 
medium sulfur, 
Heavy 

high sulfur, 
Heavy 

High Conversion, 9.76 9.80 11.27 12.25 

Source of Exxon data: AGAKD Propulsion and Energetics Panel, 
Produribility and Cost Studies of Aviafion Kerosene, Draft report 
received January 25, 1985. 

3. High Conversion for which cokw and hydrocracking process units were added to the Icw 
conversion configuration. 

Crude inputs to the modeled refinery were categorized by sulfur content and density. A high- 
sulfur crude contained more than 1.0 wt % sulfur. Medium-sulfur crude contained 0.5 to 
1.0 wt ‘70 sulfur. Low-sulfur crudes contained less than 0.5 wt % sulfur. A crude was 
designated as “Heavy” if at least 15% boiled above 1050” F at atmospheric pressure. 

Table 4.7 shows key specifications for the test fuels TF-I and TF-4. TF-1 is an average qiialily 
kerosene jet fuel based on 1378 Jet A inspection reports. TF-4 is a fuel for which the TF-B baselihe 
inspections have been relaxed for aromatics, smoke point, and freezing point. Process stocks, 
including hydrocracked stocks, were not permitted in either study fuel. 

Table 4.7. Test bud ~ ~ ~ ~ i ~ ~ ~ ~ i ~ ~ ~  for the 

-. ............ ................... ..... 

Test fuel designation 
- ......... Property 

TF- 1 TF-4 

Aromatic$, nax . ,  vol % 18 33 

Smoke point, min., mm 21.5 14 

Flash point, min., “F 109.4 109.4 

Freezing point, max., O F  -45.4 -20.2 

Process stocks allowed No No 
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Table 4.5 displays the: 1990 prtAuCt slate that maximises the gross refining margin for BOM 13 
in tbe BAU scenario. In the BAW scenario, JP-5 output for BOM ’13 i s  45.2 MB/CD, atad its 
production i s  limited by specifications for flash p i n t  and smoke pint. “Stnoke point,” “Rash 
point,” and other refining terms are defind in a glossary in Appen 

4.4.2, ’II‘Rs Crude oia Sa3 

All the projected foreign crudes for 1990 rcfiinery runs in BOM 13 are from natlons that are 
currently members of OPEC. The refinery yield model was used to evaluate thc effects of a total 
loss of OPEC crudes in 1990 in 130M 13. This loss i s  7 ~ 3 %  of BAU total crude rins, and will be 
designated the “basic disruption.” It was assumed that, relative to 8AlJ operations, no change 
would occur in real operating costs, raw material cost and product gate pries. In reality, rapid 
price and coniinodity demand adjustments might occur. These important adjustments are 
extraordinarily difficult to predict and beyond the scope of this investigation. 

‘The loss of OPEC imports results in a 7.5% loss of JP-5 production relative to 1998 BAU 
operations. As in the BAU case, JP-5 production during the disruption i s  limited by specifications 
for flash point and smoke p in t ,  

Three strategies for recovery of JP-5 p r o d ~ t i o ~ ~  wcre considered: (1) crude replacement, (2) 
J P - 5  specification relaxation, and (3 )  JP-5 price inducements. One additional constraht was p!aced 
upon the model in the assessment of these recovery strategies, Jet A production was fixed at the 
basic disruption level, and the demand ratio relating Jet A to JP-5 production was removed. This 
modeling tactic was incorporaled to free JP-5 from possible limitations in Jet A production. 

Figure 4.3 presents a comparison of JP-5 production for BAU, basic disruption, and three crude 
oil replacement scenarios. With the disruption, production declined 3400 B/CD. A 76% rccovery sf 
JP-5 p r ~ ~ ~ ~ ~ o n  is realized with scenario IIIA, in which lost crude is replaced by proportionally 
increasing all domestic crudes. A 41% recovery of JF-5 production results in s~enaiios IIIB and 
IIIC in which lost crude i s  replaced by California Heavy, the prest-quali ty crude from the BAU 
slate. Scenarios IIIB and IIIC specify different prices for California Heavy. The BAU piice is used 
in IIIB, and the higher weighted average price of lost inports is applied to California Heavy in 
IIIC. Although the same volume of JP-5 is produced in scenarios HIIB and IIIC, the refining 
revenue i s  lawer for the case in which the California Heavy price is higher. In summary, REMS 
suggests that full recovery of BAIJ JP-5 production is not possible with the crude replacement 
options mnsiderd here. 

Relaxations of flash and smoke points were evaluated for recovery of JY-5 production. Figure 
4.4 shows that, as the flash point is reduced to 132”F, JP-5 production can be increased. Below 
132”F, no additional recovery is realized because other constraints begin to bind 9P-5 production. It 

rtant to remember that, for thc rccovery stuudics, the model permits production at  the level of 
choice; for JP-5, kerosene, distillate fuel, and F-76. ‘Therefore, gains in JP-5 production result from 
declines in the production of other middle distillates. In reality, consumers would hc expected to 
compete for reduced supplies of distillate fuel by bidding higher prices for the commodity in 
shortage. The refiner might well respond to higher bid prices by modifying his operating plan to 
produce more distillate at the expense of jet fuel. Obviously, a more rigorsus analysis would require 
consideration of the dynamic interactions among price, supply, 2nd demand. 
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Figure 4.5 plots JP-5 production against smoke paint. It indicates that full recovery of BAU 
productibsn of JP-5 i s  possible if the smoke point is reduced to 17.2 rnm or lower. 

The 9P-5 price-response curve of BOM 13 refineries is given in Fig. 4.5. Discontinuities, which 
refleet changes in the linear program solution basis, result when the modeled refinery discards one 
activity in favor of a new activity. Full recovery of BAU production of JP-5 is possible if thc 
refiners are offered $45.32 per barrel of JP-5, an increase of $1.95 per barrel above the RAU price. 
In fact, at  $45.32 per barrel and with no constraints on JP-5 production, ROM 13 refineries wodd  
increase production of JP-5 to 47.6 MB/CD, exceeding the BAU production level of 45.2 MB/CD. 

I I I I I I I I 1 I I 
.... - 

ORNL- D'NG 95-9665 

TOTAL LOSS OF OPEC IMPORTS IN 1990 IN BOM DISTRICT 13 
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G 
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4.5. SUMMARY 

The available models for predicting future movements in the petroleum industry were surveyed 
and studied. Three models (OMS, PAL, and REMS) were selected for use because in concert they 
appeared to be able to reliably provide predictive data of interest to Naval planners and researchers. 
These models were adapted to operate in a coordinated fashion, to provide information ~f specific 
interest to the Navy Mobility Fuels Forecasting System, and to use enhanced sources of 
inlormation to improve their accuracy. 

The sensitivity of the REMS refinery yield model to differences in values of critical variables 
was tested, and the model was found to be sufficiently sensitive. REMS was also found to replicate 
well the results of Exxon's refinery yield model in an analysis of jet fuel produdbility on the: Wed 
Coast. 

The predictive capabilities of the linked models were then tested €or a 1990 scenario in which all 
OPEC crude imports to the West Coast are: terminated. The system allowed evaluation of various 
strategies for recovery of JP-5 production to the predkruption refining level. Refinery production of 
middle distillates was unconstrained, and the price responsiveness of consumers was not considered 
in the analyses. 

The forecasting system indicated that partial recovery of JP-5 production was possible by 
replacement of the lost imports by reapportionment of the predisruption domestic cntde slate for 
the West Coast or by relaxing the flash point specification. It indicated that full recovery of 
production would result from a decrease of the smoke p i n t  specification or by offering refiners a 
$1.95 per barrel increase in the JP-5 gate price. 

The modeling system could be applied to consider the shortage mitigation possibilities of other 
strategies (such as joint adjustments of smoke point and price) or market overrides (such as 
rationing). Furthermore, it could be used to predict responses to disruptions for any or all of the 
BOMs. 

Because JP-5 and other Navy mobility fuels are produced globally, future work will address 
worldwide refinery representation by models with structural detail similar to that of the domestic 
REMS refinery yield model. QRNL is presently considering the construction of model data sets 
which will account for capacity contributions of freeworld refineries in 10 regions which are 
geographically compatible with the PAL model: North Europe, South Europe, Canada, Caribbean, 
Latin America, Africa, Mid-East, Japan, Pacific, and Asia. 

'The importance of supply-and-demand responsiveness to price in the forecasting system has been 
noted several times. Although it is extremely difficult to portray these phenomena over the mid- to 
long-range horizon, it is advisable to support the refinery yield model with some systematic method 
for estimating price elasticities of demand. This enhancement is planned for the second phase of 
work. 

Lastly, QRNL is constantly monitoring the quality of data which support tbe forecasting 
system. In mid-summer, 1985, the National Petroleum Council (NPC), a federal advisory 
committee to the Secretary of Energy, will complete the acquisition of detailed survey data 
describing current and projected domestic and foreign refining operations. ORNL will evaluate the 
applicability of NPC data and make appropriate updates to the REMS data sets. 
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A. GLOSSARY 

Alkylation---A conversion process for improving the antiknoc, properties of gasoline. Specifically, 
alkylation converts isobutane and olefins, such as butenes, to iso-octane and other similar 
hydrocarbons in the presence of a strong acid catalyst, such as sulfuric or hydrofluoric acid. 

APg Gravity -An arbitrary scale expressing the density of liquid petroleum. The measuring scale is 
calibrated in terms of degrees APII, which may be calculated by the following formula: 

141.5/spgr - 131.5, 1 
where the specific gravity is measured at 60°F 

Aromatics-Unsaturated cyclic hydrocarbons characterized by the benzene ring which may be 
present either singly or multiply and with or without side chains. 

Asphalt-A blackish, bituminous, thermoplastic mixture of hydrocarbons, including high molecular 
weight asphaltenes, oily constituents, and intermediate molecular weight resins, 

Atmospheric Distillation - - A process that performs the initial separation of crude oil into gas, 
naphtha, distillates, and residuum. 

Aviatiion C;ssoline-All special grades of gasoline for use in aviation reciprocating engines. 

Barrel- A volumetric measure equivalent to 42 U.S. gallons. 

Blending-The combination in various proportions of refinery streams into commercially saleable 
products that meet given specifications. 

Bunker Fuel Oil--- A high viscosity fuel oil (grade 6) used mostly in commercial and industrial 
heating. 

Butane -A normally gaseous paraffinic hydrocarbon (C ,  HLo) which is extracted from natural gas 
or refinery gas streams. 

Butylene- -An olefinic hydrocarbon (C, Hs) recovered from refinery processes. 

Catalyst--A substance that contributes to chemical reactions without itself undergoing any change. 
Catalysts usually lower the activation energy required to initiate a chemical reaction, permitting the 
reaction to proceed at  milder conditions. 

Catalytic Cracking---A conversion process that uses silicon oxide and aluminum oxide catalysts 
(which may contain other metal oxides and metals) and temperatures substantially lower than 
thermal cracking to convert a raw oil charge into branched-chain hydrocarbons of excellent octane 
number. Fluid catalytic cracking (FCC) converts virgin atmospheric, vacuum gas oils, and heavy 
stocks derived from other refinery operations into high octane "cat" gasoline and light fuel oils 
called "cycle stocks." Olefin-rich gases, which can be directed to polymerization or alkylation 
operations to produce gasoline, are co-products. Typicaly, yields of liquid products will exceed 75 
to 80 vol % of the FCC feed. The term "fluid catalytic cracking" is derived from the use of a 
catalyst consisting of small particles that, when aerated with a vapor, behave as a fluid. This 
fluidized catalyst will flow and is circulated within the system. 

Catalytic Hydrocracking-A fixed-bed conversion process that catalytically cracks and 
hydrogenates hydrocarbon feeds. Hydrocracking is the most severe form of hydroprocessing, and 
practically any stock can be hydrocracked, including refractory feeds that resist conversion by other 
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proce,ses. Yield, of jet fiicl approximating 85 to 90 vol % of feed can be achieved, with the 
concurrent production of liquifred petrolelm ga, and light gasoline 

Catalytic Hybr~aprocessEfi~g -.4 category of operutions in vrl~ich a variety of p e t r ~ l e ~ m  fractions may 
bc treated at elcvlited temperature and pressure with hydrogefi in the pre5cncc of a catalyst to 
reduce sulfur; to ~inprovr: stability, odor. combubtion characteristii3, and appecrance; aird to convert 
heavy f~actioni to lighter and inore valuable products. See hydrotxeating, hydrorefming, and 
hydrocracking. 

Catalytic Hydraarfiniog - A hydroprocessing opcration that usually involves only minor molecular 
changes of the feed, with hydrogen consumption in t h t  range of about 100 to 1000 cubic feet per 
barrel. Applications include desulfuritation of a wide range cf feeds (naphthd, light arid heavy 
distillates, and certain r e d u e )  ;ind occasions1 pretreatment of catalytic cracker feeds 

Catdy*ic 1lydss:trealir-Fg- A hydropiocessing operatiera that essmtially involves no reduction in 
mcderul:ir sise, with hydrogcn consumption less than 100 cubic feet per barrel. A primary 
application is to remove small amounts of inrpuritks, with typicnl uses including the ador 
improvement of naphtha and kerosene. 

Catallytic Reformhag-A convcrsion process in which a series of rerrcticms occurs in the presence of 
a platinum catalyst. The rnosi important of thebe reactions is aromatieation. The dcsired product 
has approximately the same boiling rang:: as the feed. hut the nolcc;iles have been reformed into 
higher octane compounds. Reforming i s  also the major source of hydrogen for many refinery 
operations. 

Cetarx Indcx-An appvximation of a cetane nlnrnber based on APl gravity and a mid-'ootling point 
of a fuel. 

A ~iieiiiim of the ignition quality of a diesel fuel. Ilighcr cetane numbers indicate 
a horter  ignition lag and are associated with hetter all-around performance in most diesel engines, 
especially in sensitive engines of the high-speed type. 

Coslwecbbir Process The chemical transforii~~tlon of a refinery stream into products of higher 
value. 

Crude O$i! -A conpplex mixture of hydrocarbons containing rnai~ly parzffin hydrocarbons plus s ~ m e  
naphthenes and aromatics. Molcciilar weights may range from the lightest, to more than 6,000. In 
addition to hydrocarbons, c~mpounds containing oxygen, sulfur. and nitrogen as well as traces of 
metal. salt, are also present 

Delayed Coking A conversion operation to produce low carbon-rcsidue gas oil for catalytic 
cracking feedstock and for gasoline. 

Distilliztc Fad Oil A gerieral classification for a petroleum fraction used primarily for space 
heating. on-and-off highway diesel engine fuel, and electric po\~er generatian. 

eats Prl-ogram-A program that essertially required large refiners bo subsidize small 
refiners if the latter's crude oil acquisition cost W B S  higher than the national average, The 
Entitlemeats Program was a Iesult of provisions of the Emergency Petroleum Allocation Act of 
1973 and the Energy Policy and Conservation Act of 1975. 

Ethane -A normally gaseous paraffinic coinpound ( C ,  I-16) extracted from natural gas and refinery 
gas streams 

Flash $oint--'rhe l o ~ e s t  temperature at which an air-vapor mixture will ignite in the presence of 
an ignition source. 

A thermal process that uses the flurdrzed-solids technique for continuous conversion 
of heavy, low-grade oils into lighter products. 

bw 

id Coking 



Freeze Fdnt--The ternperdure at which crystals of hydrocarbon formed i m ~oc)/xiig diwppear when 
the teorperature of the fuel is allowed to rise. 

Gasoline-A light hydroc:nrbon distillate of relatively high antiknock value ~xi!;ilde to serve as :I 

fue) for gasoline engine\. First-quality gasoline require!, B ntlnibcr of specid f~ftturcs: ( 1) vol'itility 
high enough for easy starling and rapid warm-up, but not bo high ds to m h c e  vapor lock; 
( 2 )  inhibition of  carhurctor icing tendencies; ( 3 )  cleanliness charncteristics to prevent the buildup of 
curhurctor deposits and to reduct: the possibility of spark plug fouling; and (4) antiknock properties 
that meet the requirements of the engine in which the gasoline is used. 

Hexane 

Ignitiori tag-The delay between time when conditions ;ire suitable for ignition and time when 
ignifbn actuslly occun in an internal ccimbustbn engine. The longer the ignition lag. the greater 
the tendency of the engine to knock. 

~ n ~ e ~ ~ ~ ~ i o ~ a ~  Energy Agency P~~~~~~~~~ SP~rhatg A ~ ~ ~ ~ ~ n ~  ----A petroleum dibruption rriitrgatiott 
agreement that commits participating countries to sham available supplies based on historical 
consumption, production, and import levels. All countries we  required to maintain an emergency 
reservc commitment equal io a 90-day supply of irnprts and must have demand-rertraint measures 
in pldce. The agreement can be triggered by ;I 7% shortfall experienced by a single country or by 
the entire group. At the 7%) shortfall level, die country invoking the agreement must absorb the first 
7% through demand-restraint measures. If the shortfall is 12%) or more, at  leabt 10% of the shortfall 
muct be absorbed. After 50% of emergency reserve commitments have h x n  reached, the 
petroleum-sharing procedures go into effwt. hinder these procedures, each t;uuntry rewives a supply 
right (normal consumption minus I O %  minus storage commitments). A country whose supply right 
exceeds the sum of i t s  normal domestic production and actual net imposts rweives an allocation 
right equal to the difference. A country whose supply right is iess than the sum of these two 
quantities would be required to redirect the excess to countries in the first category. 

Isomerization- A conversion process used to convert normal butane into isobutane (an aikylaticsn- 
process feedstock) and normal pentane and hexane into isopentane and isohexarie (high-octane 
gasoline components). 

BercDsene--A petroleum distillate that boils at  temperatures between 300 arid 550°F. 

A volatile paraifink hydrocarbon ( C ,  III4).  

Kerosene-Type Jet Ftiue1L-A relatively low freezing point distillate of the kerosene type, used 
primarily for turbojet and turboprop aircraft engines. 

Knock-Detonation occuring in the cylinder of  an internal-combustion engine and caused by sudden 
excessive pressures developed during combustion. Knock reduces efficiency and can be destructive 
to engine parts. 

Lead Alkyl- - -One of the several lead compounds used to improve octane nunnber in a gasoline. The 
maximum allowable lend content of domestic leaded gasoline will drop from the current 1.1 grams 
per gallon to 0.1 grams per gallon by January 1, 1986, with an interim standard of 0.5 grams per 
gallon effective July 1, 1985. 

Lubricating Oil - A substance produced from either distillates or residues that is used to reduce 
friction between bearing surfaces. 

Iwbricity -A moderate load-carrying ability of an oil over and above that indicated by the oil's 
viscosity. 

hminorneter Number A measure of an aviation turbine fuel's radiation characteristics. The higher 
the luminometer number, the greater the flame radiation and combustion characteristics. 

Naphtha-A generic term covering a range of light petroleum distillates Naphthas are not 
neccssarily naphthenic, but may be paraffinic, naphthenic, aromatic, or any c o ~ b ~ ~ ~ ~ i ~ n  thereof. 
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'The. term "light crude naphtha" usually refers to the first liquid overhead fraction, with a boiling 
range of 100 to 375°F. "Heavy crude naphtha" is usually the second overhead fraction, with a 
boiling range of 350 to 450°F. 

 on^^ -A saturated cyclic hydrocarbon. 

~~~~~a~ Gas-Gas occurring naturally in the earth, cxnsisting mainly of methane but also ethane, 
propane, butane, and minor quantities of heavier materials. 

Octane Naniber--.--A measure of the antiknock properties of a gasoline. 'The Motor Method of 
measure is considered to give better correlation with high engine speed or part-throttle conditions. 
The Research Method correlates better with low engine speed. 

Olefins-A class of doalile-bonded chain hydrocarbons. 

Paraffinic Hydroca~bon-A saturated straight or branched-chain hydrocarbon. 

e--A volatile paraffinic hydrocarbon (C, H12).  
Petroleum-A term applicable to crude oils and the hydrocarbon products and materials that are 
derived from them. 

Petrolleiam Coke-----A residue that i s  the final product of the condensation process in cracking. 
Marketable coke i s  produced in delayed or fluid cokers and may be sold or further purified. 
Catalyst coke is deposited on and deactivates catalysts of inany refining processes. 

ra-An operation i n  which two or more unsaturated molecules combine to form a 
polymer, a different molecule of higher molecular weight. 

Pour Psint~-----The lowest temperature at which an oil will flow, a factor of significance in cold- 
weather start-up. 

ne-A normally gaseous paraffinic compound (C3 I&). 

lenc---~ A n  olefinic hydrocarbon ( ( 2 3  H6) recovered from refinery or petrochemical processes. 

apor Pressure-The absolute vapor pressure exerted by a liquid at 100" F. 
1 Final Oil-The topped crude of refinery operations, which includes grade 5 ,  grade 6 ,  and 
ecial fuel oil. Residual fuel oil is used for the production of electric power, space heating, 

vessel bunkering, and various industrial pi~rposes. 

Oil-LAny heavy petroleum oil, including residual asphaltic oil used as a dust palliative and 
surface treatment on roads and highways. 

Smoke Poirat---The maximum flame height obtainable in a test lamp without smoking. Cleaner- 
burning aviation turbine fuels have higher smoke points. 

erial ~ a ~ ~ t ~ ~ ~ ~ - A l l  finished products within the gasoline range that are: used as paint thinners, 
cleaners, or solvents. 

Still Cas-Amy form or mixture of gas produced in refineries by distillation, cracking, reforming, or 
other processes. The principal constituents are methane, ethane, ethy!ene, butane, butylene, 
propane, propylene, etc. 

pet ate^^^ Petrole m Reserve--Petroleum stocks maintaincd by the Federal Government for use 
during periods of major supply disruption. 

§sur Crude Oil-----Crude oil that contains as much as 0.05 cubic feet of dissolved hydrogen sulfide 
per 100 gallons. 

r Conteaat-The amount of naturally occurring sulfur in petroleum products. 
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Thermal Cracking-. -A conversion process in which heat and pressure are used io break down, 
rearrange, or combine hydrocarbon molecules. 

Vacuum Distillation--Distillation under reduced pressure, which lowers the boiling temperature of 
the liquid being distilled. This technique, with its relatively  OW temperatures, prevents cracking or 
decomposition of the charge stock. 

Visbreaking-A thermal cracking process in which vacuum distillation bottoms are cracked to 
increase production of distillate products. 

Viscosity---A measure of a fluid's resistance to flow, ordinarily expressed in terms of the time 
required for a standard quantity of' the fluid at a certain temperature to flow through a standard 
orifice, 
Wax---Petroleum components of' plastic consistency derived from distillates or residues by such 
treatments as chilling, precipitating with a solvent, or de-oiling. 
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The Navy mobility fuels are aviation gasoline; motor vetiicle gasoline; aviation turbine fuel, 
grade JP-4; aviation turbine fuel, grade JP-5; diesel fuel marine; Naval distillate fuel, graBe F-76; 
and Naval special fuel oil residual. 

JP-5 is a kerosene jet fuel. Kerosene jet fuels are spxially cws of the kerosene frh'actiw of tire 
crude. Generally, they are cut directly from the crude oil in the atmospheric ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r .  
amount of jet fuel so produced (referred to as virgin jet fuel) depends upon the crude ~ h ~ r ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~  
and can range from 7 to 19 v d  % of the crude. While many of the properties of JP-5 are sirarilac to 
those of other kerosene jet fuels (such as the conimercial Jet A/A-1 and the USkF JP-$), it has a 
unique requirement in that it must have n rninimun flash p i n t  of 60°C (14Q'F). The s ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~  
for JP-S are summarized in Table B.1. The specifications for commercial jet fuels and JP-8 are also 
given in that table for comparison. 

military specification MIL-F-16884)3[, are summarized in Table B.2. 
F-76 is a distillate fuel that is similar to No. 2 fuel oil. The fuel characteristics, cover 
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TaRIe 8. I Jet fad s ~ ~ i f i c s t i o w s  
.__.__-___~..- ... ~ ~ 

U S .  military specifications - - -  
Operational fuels 

.~ ~.. 

Composition 

Volatility 

Fluidity 

Combustion 

Corrosion 

Stability 

Contaminants 

Additives 

Other 

Issuing agency: 
Spccifica?ion: 
Latest revision date 
Grade designation: 
Fuel types: 

Acidity. total (mg KOH/g) 
Aromatics (vel %) 
Olefins (vol Z) 
Sulfur, mercaptan (vol 96) 

oc doctor test N -': neg. 
Sulfur, total (wt 9b) 
Color, Saybolt 

Distillation Init. BP"C 
Tcmp. IO% rsc ("C) 

20% rec ("C) 
50% rcc ("C) 
90% rec ("C) 
Final BP ( " C )  

..I___........ . ...... ....... ~ _ _  

Residue {vol %) 
Loss (vol 7%) 
Explosiveness percent 

Flash point ("C) 
Gravity, API (60°F) 
Density ( I  5°C) kg/ml 
V a p i  pressure 38°C (kF'a) 

Frxzing point ("C) 
Viscosity a t  -. 20°C (cSt) 

Aniline-gravity product 

Smoke point (mm) 
or net heat of comb. (MJ/kg) 

or naphthelenes (vol 96) 
or hydrogen contcnt (wt % j 

Copper strip (2 h at 100°C) 

Coker AP (mm Hg) 
Coker tuhe color rode 

Existent gum (mg/100 ml) 
Particulatcs (rng/l) 
Water reaction interface 
Water reaction separation 
WSiM 
Filtration time, min 

Anti-icing, vol % 
Antioxidant 
Corrosion inhibiter 
Metal deactivator 
Antistatic 

Conductivity (pS/in) 
service 
NATO code No. 

. , . . . . . . . . . . . . . . . . 
M a x .  
Max. 
M3X. 
Max. 

Max. 

Max. 
Max. 
Max. 
Max. 
Max. 
M Z X .  

Max. 
Max. 
Min. 

Max. 

Max.. 
Max. 

Min. 
Min. 
Min. 
Max. 
Min. 

Max. 

Max. 
Max. 

Max. 
Max. 
Max. 
Max. 
Min. 
Max. 

USAF 
MIL-TS624 K, Ammend. 1 USAF 

Nov. 12, 1976 MIL-T-83133 Test i n t % h d  
May 3, 1976 ASTM FTMS 791 .__..__~ ~ 

JP-4 JP-5 JP-6 
wide .cwt kerosene kerosene 

0.015 
25.0 
5.0 
0.001 
N 
0.4 
Report 

Report 
Report 
145 ( 130) 
190 (185) 
245 (250) 
270 (320) 
1.5 
I .5 

75 1-802 
14-2 1 

--58 

5250 
42.8 
20.0 

13.6 

Ib 

25 
<3  

7 
I 
Ib  
I 
70 
I S  

0.1&0.15 
Required (7) 
Required 
Option 
Option 

5C300 (8) 
All 
F-40 

0.015 
25.0 
5.0 
0.001 
N 
0.4 
Report 

Report 
205 (186) 
Report 
Report 
Report 
230 (320) 

50 
60 

788-848 

46 
8.5 

4500 
42.6 
19.0 

13.5 

Ib 

25 
<3  

7 
1 

86 

0. IO 0.1 5 

Option 
Option 

Rcq. (7) 

Navy 
F-44 

0.0 I5 
25.0 
5.0 
0.001 
N 
0.4 
Rqxirt 

Report 
205 ( 186) 
Report 
Report 
Report 
300 (320) 
1.5 
1.5 

33 
37-5 1 
715-a40 

---50 
8.0 

42.8 
2 5  
3.0 (3)  
13.6 

Ib  

25 
<3 

7 
I 
I b  
2 
70 

0.10 0.15 
Option 
Required 
Option 
Option 

5C3oo (8) 
USAF 
F-34 

D3242 
d1319 
D1319 
D1323 
D484 
D1266/1552/2622 
D156 

D66/DZR87 ( I )  

1151 
093 
D281 
D I298 
D323/r)2851 

D2386 
D445 

D1405 
D2382/D3338 ( 2 )  
D1322 
D I840 
DIOI8/D3343 (4) 

D130 

D3241 ( 5 )  

D381 
D2276 (6) 
D1094 
D1094 
D2550 

(6) 
5327 

D2624/03114 

--__ 
Notes: 
( I )  Test limits for G.C. distillation by D2887 appear in parentheses. 
(2) D3338 allowed for JP.4 and JP-6. 
(3) Plus Smoke Point of 20 mm, minimum. 
(4) D3343 allowed for JP-4 and JP-6. 
( 5 )  'Test at 260°C and 3.45 M Pa pressure. No peacock or abnormal deposits by visual rating. Report span TDR ratings, 
( 6 )  Minimum one-gallon sample. Filtration time by Appendix A of MIL-T-5624K also used for D2278 particulatcs. 
(7) I f  hydrogen treated blend stocks wed, concentration equals 17.2 to 24 mg/l. Optioiial if no hydrotreating used. 
(8) if  anti-series additive used, one wppm maximum to meet limits. 
SOUWP: M. Lieberman and W. F. Taylor, Effect of Refining Va?iahtrs on the Properlies and Coor~zposition of JF-5, Final Report 

September 1978 -February 1980. Exxoii Rcsearch and Engineering Company. Linden, N.J. 
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T a b  R.1. (continued) 

c 

.... 

Commercial spcifications 
Airlines 

I__.- _._l--_.... ~ __ 

Fluidity 

Combustion 

Corrosion 

Stability 

Contaminants 

Additives 

Other 

Issuing agency: 
Specification. 
Latest revision date: 
Grddc designation: 
Fuel type: 

IJnired Airlines 

Nov. R, 1974 
FIJE 4 ~ 0 0 - 7  

~~~ 

Jet A/A-I Jet B 
kerosene wide-cut 

Test methrd 
ASTM 

Acidity, total (mg KOH/gj 
Aromatics (vol %) 
CNefins (vol "x.) 
Siithir. ii-rercaptan (wt  8 )  

or doctor test N = neg. 
Sulfiir, iota1 ( wr %) 

Oistillation init. W " C  
Temp. 10% rec ("C) 

20% rec ("'2) 
SO% rec ( " C )  
YO% mc ("C) 
Final BP ("C) 

Residue (vol I.) 
Loss (vol 9hj 

Flash Point ("C)  
Gravity, .&PI (60°F) 
Density ( I  5°C) kg/ml 
Vapor pressure 38°C (kPa) 

Freezing point ( " C )  
Visrosity at ---2O"C (cSt) 

Aniline-gravity product 

Luminometer No. 
or net heat of comb. (MJ/kg) 

or smoke point (mm) 
or naphthalenes (vol 90) 

Copper strip ( 2  h at IOO°C) 

Coker AP (rnm hg) 
Coker tube color code 

Existent gum (mg/100 rnl) 
Particulates (rng/l) 
Water reaction interface 
Water reaction separation 
WSIM 

Anti-icing 
Antioxidant 
Corrosion inhibiter 
Metal deactivator 
Antistatic 

Conductivity (pS/m j 

Max. 
Max. 
Max. 
M ~ x .  

Max. 

Max. 
Max. 
Man. 
Max. 
Man. 
Max. 
Max. 
Min. 

Max. 

Max. 
Max. 

Min. 
Min. 
Min. 
Min. 
Max. 

Max, 

Max. 
Max. 

Max. 
Max. 
Max. 
Max. 
Min. 

0.1 
25 (1) 

0.003 
N 
0.3 

2w 

Report 
Report 
300 
1.5 
1.5 
37.5 
37--S1 
775-840 

-40 (2) 
8 

42.8 
45 
25 
3 ( 1 )  ( 3 )  

I 

25 
<3 

7 

Ib 
2 

Agreement 
Option 
Agreement 
option 
Option 

so- 300  (4)  

25 

0.003 
N 
0.3 

143 

243 

1.5 
1.5 

45-57 
751-802 
20.6 

50 

188 

42.8 
45 
25 
3 ( 1 )  ( 3 )  
1 

2s 
1 3  

7 

Ih 
2 

Agrecmen t 
Option 
Agreement 
Option 
Option 

50- 300 (4) 

Notes: 

D974 f D3 24 2 
TI1319 
J.?1319 
D1323 
D484 
1>1246 

D86 

D 5 6 / D 3 2 4 3 
D287 
D1298 
D323 

~ 2 3 8 6  
0445 

D 1405 
V2382 
D I740 
D1322 
V I840 

D130 

a3241 ( 5 )  

D38 1 
D2276 
D1094 
D1094 
D2550 

V2624 

(I)  If actual aromatics content over 20 vol % and/or Smoke Point below 20 mm, a report must be submitted to 

(2) If Jet A-I smil'ied, Freezing Point is  -50°C. maximum. 
( 3 )  Plus Smoke Point of 18 mm, minimurr~. 
(4) Applies only when anti-static additive is used and under the conditions at  point of use. 
(5) Test at 260°C tube temperature. Repeat lest at 24S°C that meets stated limits considered to pass. D1660 is 

alternative at  149°C preheat 204°C filter temperature with maximum test limits of 76.2-mm Hg filter AP and 
code 3 tube rating. 

United Airlines. 



Table B.S. Military specifications MlL-F-l6$84H 
for Nnval distillate fuel (F-74) 

- .... - ~ .... .~ __ 

Characteristics FED-STD-791 ASTM Requirements test method test method 

Ignition quality, cetane 
number (min) 

Appearance at 21°C (70°F)  
or amhient temperature 
whichwer is higher 

Distillation: 
50% point, "C ( O F )  
9 0 6  point, "C (OF) 

End p i n t ,  "C (OF) (inax)' 
Residut: plus loss, percent 

Flash point, "C ( O F )  (min) 
Pour point, "C (OF) (max) 
Cloud point. "C ( O F )  (mar) 
Vixosity at 40°C (104°F) 

Kinematic, centiktokcs 
Carbon residue, on I O 7  

bottoms, perccnt (rnax) 
Sulfur, percent (mar)  
Corrosion (max) at 100°C 

(212°F) 
Color (niax) 
Ash, percent (rnax) 

Gravity (hydromcter) 

minutes (max) 

(max)  

(max) 

Demulsification at 25°C (77°F).  

Acid numbcr (max) 
Neutrality 

Aniline point, "C ( O b )  
Accelerated stability, tutal 

insolubles mg/100 ml (max) 

45 
Clear, bright, and 

free from visible 
particulate 
mattera 

Rccord 
357'C (675°F) 

385°C (725'F) 
3.0 

60°C ( l40"F) 
-6OC (20'F)' 
- l °C  (30°F)' 
1.7-1.3 

0.20 
I .OO 
No. 1 ASTM 

3 
0.005 

Record 

10 
0.30 
Neutral 
Record 

1.Y 

5101 

D613 

D86 

D93 
D97 
D2500 
D445 

D524 
D129d 
DI 30 

D1500 
D482 

D1298' 

D1401 
D974 

D611 

D2274 

"A slight haze i s  acceptable providing a maximum (max) water and sediment of 0.01% is 
obtained using procedure ASTM D2709. 

bAs the end point uf the distillation is approached, if either a thermometer reading 385°C 
(725°F) or a decomposition point i s  observed, discontinue the heating and resume the 
procedtrri: as directed in ASTM D86. 

T h e  ASTM mcthods for pour and cloud points permit optional use of either Celiius or 
Fahrenheit procedures; thcrcfore, requirements are specified for either option. 

dASTM [)I552 and ASTM D2622 may bc used as alternative methods. 
'ASTM D287 may he used as an alternative method. 
'.Average of thrcc dclcrminations is accept.able. 
Sourcr: Kef. 2, MiliZury Specification, Fuel, N o d  Distillore, MIL-F-I 6884fI, U S .  

Government Printing Qifice, May 3, 3983. 
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THE MAJOR PRODUCING FIELDS 
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E MAJOR PRODUCING mms 
The U.S. Geological Survey estimated the recoverable resources of the major known oil fields of 

the world and of likely undiscovered fields. The production to date, the estimated reserves, an 
probable undiscovered resources are presented in Table C.I. The data are arranged by geographic 
areit. The distribution of the average API gravity of each region’s production is also given, when 
kflOWfl. 

TnMe C.1 World estimate of ~ighaf rmverable resopTces of 
@onveacioaal ffllde oil 

(in billions of barrels) 
--- 1-1__ 

Probability range. of 
Cumulative Reserves (as of 1 / 1 /8 1) undiscovered recoverable Ultimate 
production ~ ___I resources (as of 3/83) recoverable 

(as uf 1 / 1 /8 1 ’l Demonstrated Original -- . wurm 
95% Mods: 5% (mode) 

_--. ..-- _____I.--.._ _I -. 
North America 

U S A ,  
Canada 
Mexico 
Other 

Cuba 
Guatemala 
Greenland 

Percent original reserves 
by avg API gravity 

South America 
Venezuela 
01 her 

Argentina 
Bolivia 
Brazil 
Chile 
Columbia 
Ecuador 
Peru 
Trinidad 

Percent original reserves 
by avg API gravity 

Europe (less USSR) 
Western 

U.K. 
Noway 
Other (he. Med) 

Austria 
Denmark 
Ireland 
France 
W. Germany 
Greece 
Italy 
Netherlands 
Spain 

142.2 
124.0 
10.1 
8.1 

10-20 
11 

47.2 
36.1 
11.2 
3.5 
0.2 
1.2 
0.3 
2.2 
0. 7 
1.2 
2.0 

10-20 
8 

11.2 
5.7 
1.9 
0.8 
3.0 
0.6 

<o. 1 

0.4 
1.3 

0.23 
9.4 
0.1 

62.7 
29.8 
6.4 

26.5 

20-25 25-35 
16 31 

34.2 
25.5 

8.7 
2.5 

<0. 1 
1.6 

0.8 
2.3 
0.9 
0.5 

2@-25 25-35 

a. 1 

15 63 

26.5 
24.9 
14.0 
8.8 
2.1 
0.1 
0.3 
0.1 

a. 1 
0.4 
0.2 
0.4 
0.3 
0.1 

205.6 
153.8 

16.5 
34.6 
0.7 

>35 
36 

81.5 
61.6 
19.9 
5.9 
0.3 
2.8 
0.4 
2.9 
3.0 
2.1 
2.5 

>35 
14 

37.7 
30.6 
15.9 
9.6 
5.2 
0.8 
8.3 
0.1 
0.5 
1.7 
0.2 

.6 
0.7 
0.2 

1 
64 
19 
26 

1 

1 

20 
12 
1 0 

8 

1 

13 
12 

9 

163 
8 
26 
50 

2 

2 

33 
17 
114 

12 

2 

20 
17 

15 

322 369 
104: 
48 

1 70 
8 

8 

69 115 
38 
28 

26 

4 

49 
40 

34 

58 
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U.S.S.R 

Percent original reserves 
by 2vg API gravity 

Africa 

Algeria North I Llhya 

Egypt 
Tunicia \Africa 
Nigeria 
Oihes 

Angola 
Cameroon 
Gabon 
Ghana 
Ivory C07.St 

Congo 
West Sahar. 
h4orocm 
Benin 
Chad 
Sudan 
Zaire 
Niger 
Mali 
Mauritania 
Ethiopia 
Somalia 

Pzrceat original rcsemcs 
by avg API gravity 

Coin ialative 
prcduction 

(as of 1/1/81) 

5.5 
3.9 
1.6 
0.2 

<o. 1 
<O. 1 
<o. 1 

0.4 
0.4 
0.5 

I O  20 
2 

67.8 

10-20 

32.1 
12.8 
6.4 
2.4 
0.4 
8.4 
1.7 
0.6 

<o. 1 
0.9 

0.1 

0.04 

<o. 1 

Reservcs (as of 3/83) 

. . . . . . . . . . . ... . . . . 

Probabiiity range of 
undiscovered recoverable Ultimate 

__ I- resources (as of 3/83) recoverable 
DC~I IO~S~P~ ted Original sources 

95% Mode 5% (mode) 
. . . . . . . . . . . .. . . . . . 

1.6 
0.9 
0.7 
0.2 

<O. 1 
a. 1 
<o. 1 

0.2 
CS. 1 

0.3 

20 25 25 35 
7 18 

69.8 

20-25 25-35 

52.9 
24.3 
11.7 
4.0 
0.7 
7.9 
4.3 
0.1 
0.4 
0.6 

<0. i 
0.8 
0.4 

0.02 
KO. I 

1 .o 
2.0 
0.1. 

7.1 
4.8 
2.3 
0.4 
0.1 
0.1 
0.1 
0.6 
0.4 
0.7 

<35 
73 

137.6 

>35 

85.0 
37.1 
18.0 
6.3 
1.1 

16.3 
6. I 
1.3 
0.4 
1.5 

<o. 1 
0.9 
0.5 

0.1 
KO. 1 

1 .o 
0.4 
0.1 

1 &20 20--25 25-35 >35 
2 3 29 66 

1 

59 

28 
4 
3 
1 
1 
2 

10 

1 

0 
0.1 

0.8 
1.4 

0 
0.0 
0.0 
0.1 
0.1 

2 

107 

46 
7 
5 
2 
2 
6 

21 

3 

0 
0.2 

2 
3 

1 
tr 
tr 
0.2 
0.2 

343 245 

105 131 
25 
17 
12 
9 

23 
45 

11 

2 

8 
15 

2 
0.1 
0.5 
2 
6 
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Table C.l (continued) 

Probability range of 
Cumulative Reserves (as of 3/83) undiscovered recoverable Ultimate 
production resources (as of 3/83) recoverable 

sources -.-________ (as of 1 / 1 /8 1) Demonstrated Original 
95% Mode 5% (mode) 

Middle East 
Saudi Arabia 
Kuwait 
Nmatral Zoo$ 
Iran 
Iraq 
A h  Dhabi 
Dubai 
Other 

Bahrain 
Oman 
Qatar 
Syria 
Israel 
Turkey 

Percent original reserves 
by avg ,4PT gravity 

Asia / Qceania 
China 
Indonesia 
Other 

Austraiia 
M. Zealarrd 
Malaysia 
Brunei 
Thailand 
Vietnam 
Philippines 
Pepua N.G. 
Afghanistan 
Pakistan 
India 
Bangladcsh 
Burma 
Japan 

Percent original meryes 
by avg APB gravity 

Antarciica 

Wosld 

Percent original reserves 
by avg API gravity 

123.6 
40.8 
20.3 

3.3 
30.0 
15.8 

7.1 

6.3 
0.7 
1.5 
3.2 
0.6 

<O. 1 
0.4 

10-20 
5 

21.0 
6.1 
9.4 
5.6 
1.6 

2.2 

0.1 
1 .o 
0.4 
0.2 

10-20 
2 

0 

445.1 

10-20 
5 

441.7 
170.5 
88.6 
12.6 
63.8 
50.8 

46.5 

8.Y 
0.3 
3.5 
3.6 
1.2 

KO. 1 
0.2 

20--25 25-35 
3 68 

34.6 
16.3 
10.5 
7.7 
2.1 

2.4 

<o. I 
0.2 

0.5 
2.4 

0.1 
<0. 1 

20-25 25-35 
12 45 

0 

723 

20-25 25-35 
6 57 

565.3 
211.3 
108.9 
15.9 
93.8 
66.6 

53.6 

15.2 
1 .0 
5.0 
6.8 
1.8 

<o. 1 
0.6 

>35 
24 

35.6 
22.4 
19.9 
13.3 
3.7 

4.6 

KO. 1 

0.2 

0.6 
3.4 

0.6 
0.3 

>35 
41 

0 

1168 

>35 
32 

72 
23 

1 
1 

11 
32 

3 

<1 
0 

€1 
0 

33 
14 
5 

12 
4 
0.05 

tr 
1 

3 

0 

321 

125 
40 

2 
2 

19 
56 

5 

1 
0 
1 
0 

58 
34 
9 

21 
6 
0.15 

1 
3 

5 

0 

550 

337 690 
109 

7 
4 

5 1  
150 

13 

4 

4 

176 114 
90 
35 
34 
11 
0.5 

8 

9 

19 0 

1417 1718 

Sowce: C. D. Masters, D. H. Root, and W. D. Dietman, "Distribution and Quantitative Assessment of World 
Crude Oil Reserves and Resources," US. Geological Survey Open-File Report, USGS-OFR-83-728, 1983. 
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D. SOURCES OF INFORMATION 

Forecasting conditions in the world oil market require a wide range of up-to-date information. 
Une major source of this information has been the Department of Energy, Energy Information 
Adniinistration (EM). This agency is Congressionally mandated to monitor and document current 
energy supply and demand information for the United States and the world on an annual basis. The 
EIA maintains current information on crude oil reserve and production characteristics and on 
refinery capacities and capabilities, both domestic and international. In addition, the EIA makes 
annual forecasts of energy supply and demand and prices using a variety of models and 
assumptions. The three models referred to in Sect. 1 and described in detail in Sect. 4 are used 
by the EIA and others to make annual forecasts of energy supply and demand and prices to the 
year 1990 and 1995. In addition to the data and models of the EIA, information from a variety of 
rese;mh programs at  federal and private laboratories has been collected and studied. Examples of 
these sources of information are cited in Fig. D.l. As part of its role of integrating contractor for 
this project, ORNL is continuing to maintain contact with these facilities to ensure awareness of 
any information from these sites that will be useful to the current Navy Mobility Fuels Forecasting 
System. 

O R N L  WS-38937 

ORNL’S ROLE AS INTEGRATING CONTRACTOR FOR NAVY 
MOBILITY FUELS REQUIRES THAT WE DRAW UPON THE 

EXPERIENCE IN SEVERAL PUBLIC AND PRIVATE AGENCiES 

DQD 

NAPC 
DTNRDC 

NRL 
D FSC 
Sw R 
FT. BELVOIR 

WRIGHT PAT. 
WARREN 
PORT HUENEME/ 
CHINA LAKE 

M ASA 

DOE PRIVATE 

EIA EXXON 
NIPER CHEVRON 
MOR GANTOWN/P I TTSB U R G H PHI LL I  PS 
OAK RIDGE BECHTEL 

BATTE LLE 
SR I 

not/usc;s 

R ESTON 
DALLAS 
DENVER 

LEWIS 

Fig. D.1. Federal and private agencies conducting 
developing the Navy Mobility Fuels Forecasting System. 

CONSULTANT 

research programs or providing information useful in 
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SENSITIVXTU ANALYSIS OF THE 
REFINERY YIELD MODEL 
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EL 

obilily Fuels  cast^^^ System is to provide forecasts and relevant 
inhoarnab ion for anwalyses of trends in tbe ~~r~~~~~~~ a v a ~ ~ a b i ~ i ~ ~ ~  quality, and ~ e ~ n ~ a ~ i ~ i t y  of 
~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ a s ~ ~ ~  and $ ~ ~ ~ ~ ~ ~ t ~ ~  liquid fuels that will be usefuH to the Navy in planning research and 

analytical system consists of a three- 
md .d  Bnnkage: the 
and a ~~~~~~~~~ refinery ~ ~ e $ ~ ~ ~  system. The domestic refinery model will be a version of the 
Refinery YiePd Mode9 of Turn 
version of; which is known as tlr 

the Petroleum A ~ ~ ~ c ~ t ~ o ~  (PAL) model, 

on & Associates [the most recent Department r~f Energy 
deiing System (REMS)]. 

tion of  the ability of the 
ason & Fassm'aatas (the to represent the smsitivit of fuel production to three key 

refining variable categories: crude typk, uct specification, and refinery complexity. A set of 
values was se:BectwJ f5r each vaiabk c A model was exercised under the 
~~~~~~~o~~ described here These p ~ e ~ ~ ~ ~ n a r y  results indicated that the TMA modeling framework is 
sensitive to the key variables examined. 
tables that support the a 
will he ~ ~ n t ~ ~ ~ ~ ~ ~ ~ y  reviewed. 

The reader i s  advised to keep in m 
in no way eumparablc to Exxon's 
presc;ernts a strong case for the ability 
the Errxow Refinery rmtxiel. 
rather easily tu  meet fixe 
condition of rued crude av 

cause the ~ ~ ~ ~ ~ ~ r n e ~ t  of Energy is modifying the data 
el, the impact crf these modifications on the model's performance 

e sensitivity analyses presented in this appendix are 
ity" approach discussed in Sect. 4.3. Section 4.3 
to replicate product yield and sensitivity results of 
ity" implies that additional crude can be purchased 

demands. In this appendix, sensitivity is evaluated under a 
nd relatively unconstrained limitations on the product slate. 

E.2 

$be ability o€ the T A model to portray fuel production sensitivity to crude type was evaluated 
in &earns of the product yields and the marginal costs of products manufactured by a refinery 

consisds of seven western 
leum Administration for 
The PADD 5 madel was 
entia1 ~ i f ~ ~ ~ ~ t i e s  in meeting specifications for kerosene turbine 
83 c ~ n ~ g u r a t ~ o n  of the average refinery in PADD S is presented 

in Table E.1, For a given execution of the model, the PADD 5 refinery was constrained such that 
t crudes would be processed. The: crudes were selected' to represent ali 
low lev& of gravity, sulfur content, and gross chemical structure ( i s . *  
I Given a crude input level equal to the observed 1983 level of 39,818 
average mfinery was required to produce the product volumes listed in 

ction of motor gasolines, 
75), highway diesel, and 

to select the optimal levels of 
1, Navy distillate (NATQ sym 

NO' 6 fuel oils. 



Process Unit 

Atmospheric distillation; 
Atmospheric distillation (hydroskimming) 
Ccaher (delayed) 
Coher (fluid) 
Visbreaker 
FCC feed desulfurizcr 
Naphtha hydrotreater 
Distillate desulfueizer 
Residual desulfurizer 
Catalytic ieforrner (450 psi) 
Catalytic reformer (200 psi) 
Fluid catalytic cracker (FCC) 
FCC gasoline splitter 
Hydrocracker (two-stage) 
Alkylation plant 
Aromatics plant 
Butane isomerization 
Pentanc/hexane isomerization 
Lube and wax plants 
Hydrogen plant (fuel oil equivalent) 
Sulfur plant (M short t/d) 

52.6 
3.4 
5.4 
2.1 
1 .o 
5.0 

11.4 
6.6 
0.7 
6.6 
6.0 

14.2 
3.9 
1.5 
2.5 
0.1 
0.2 
0.2 
0.3 
1.2 
0.07 

‘Capacity is a true arithmetic avcrage. Table 4.3 
reflects dotal region capacity scaled by an arbitrary factor. 

Prodnct 

Aviation gasoline 
Special naphtha 
Jet fuel IP-4 
Lubes 
Waxes 
Road oil 
Asphalt 
Naphtha to petrochemical fedstocks 
Gas Oil to petrochemical feedstocks 
Still gas to ptrochemical feedstocks 
Propane (fuel/other) 

115 
57 

902 
218 
36 

515 
515 
82 

335 
34 

427 
Propane to petrochemical feedstocks 87 
n-Butane (fuel/other) 165 
n-Butane bo petrochemical feedstocks 38 

Note: Madel i s  alllowcd to select the optimal 
lwels of production of three grades of motor 
gasoline, Jet A, JP-5, kerosene, No. 2 f ~ d  oil, 
Navy distillate (NATO symbol F-76), highway 
diesel, and No. 6 fuel oils. 
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Yields of turbine fuel JP-5 and Navy distillate F-75 are presented in Table E.3. Also shown in 
Table E.3 is the yield of motor gasoline, the product category that has the greatest influence on 
refiner decisions. Model sensitivity to crude type i s  illustrated in Table E.3 by the following: 

1. Five crudes cannot satisfy all the constraints of the model. 

2. Saudi Arabian Heavy crude cannot meet requirements related to ~ i s ~ s i t ~ o n  of heavy gas oils, 
special naphthas, and naphtha for petrochemical feedseoch. 

3. California Wilmington crude cannot meet requirements related to disposition of heavy gas oils. 

4. Saudi Arabian Light crude cannot meet requirements related to heavy gas oils, JP-4, special 
naphthas, and naphtha for petrochemical feedstocks. 

5.  Both Texas West Sour and Nigeria Bonny crudes cannot meet requirements related to heavy 
gas oils. 

The three crudes that satisfy modef constraints have a 12.3% difference between their maximum 
and minimum JP-5 yields, a 69.3% difference between their maximum and minimum yields of F-76, 
and a 7.8% difference between their maximum and minimum yields of motor gasoline. With the 53 
refineries of PADD 5 receiving a total crude input of 2,110,330 (B/D), an absolute difference 
between the maximum and minimum productions of 13,323 S / D  of JP-5, 2,910 B/D for F-76, and 
109,226 B/D for motor gasoline would result. 

Table E.3 Feel production sensitivity La crude inpt 

Barrels of product per barrel of crude Crude - 
JP- 5 F-I6 Motor gasoline 

-- -I-. lll__ _.I.- 

Saudi Arabian Heavy 

California Wilmington 

Oklahoma Garber 

Louisiana Ostrica 

Saudi Arabian Light 

Texas West Sour 

Hassi-Messaoud 

Nigeria b n n y  

( ~ , W ) ”  

tH,H,N 

W,LJ’) 

(H,L,N) 

w - I , P )  

(L,H,N) 

(L.J-3) 

( eL ,N i  

Infeasible 

Infeasible 

0.820256 0.002063 0.5 1 3422 

0.017756 0.002230 0.5651ao 

Infeasible 

Infeasible 

0.024069 Q.00(%84 0.S21063 

Infeasible 

“W indicates high Ievel; L indicates low level; P indicates 
paraffinic. N indicates naphthenic. Given (I,J,K): ]I refers to specific 
gravity level; J refers to sulfur level; K refers to chemical structure 
(P or N). 
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The mamaginal cost of a product i s  the cost that would be irncnrred by the refincr in the 
manufacture of an additional barrel of that product. The refiner would not be axpected to prodace 
the increnieiital barrel unless the product price cqualled o r  exceeded tine marginal cost. A reflection 
of the economic and technical. envirsnmebxt in which a product is manufactfired, the marginal cost is 
another indieator of the ability of the TMA model to represcnt fuel prduction sensitivity to model 
variables. Modell sensitivity to crude type is illustrated in Tablc E.4 by the following: 

1. Among the three criidcs that satisfy model constraints, thc difference between maximi-rn~ and 
minimum marginal costs pci barrel are $6.90 for JP-5, $18.98 jm barrel for F-76, $2.21 per 
barrel for regular motor gasoline, $3.98 per barrel for prcrnium motor gasoline, and $1 10 per 
barrel for unleaded m o t a  gasoline. 

2. With ip $0.03 per barrel cost difference, Oklahoma Garber (528.80 pci barrel) and Louisiana 
Ostrica ($28.83 gxr barrel) arc the most similarly priced crudes, Among the three feasible 
crude scenarios, a comparisoaa of the Garher and Ostrica cases would most effectively reiiiwe 
the impact of crude cost. In fact, the differences between rnilximmm and ininirnum marginal 
costs for JP-5, F-78, and al! motor gasoliraes occiir in the comparison of Garber and Ostrica 
crudes. Marginal costs are higher for each product for the Garber case compared with the 
Ostrica case. 

Marginal cost of product" 
(dollars per barrel) 

Motor gasoline . ..... ............... ._ Crude 
JP-5 F-76 Regular Premium Unleaded 

Infeasible 

Infcasibic 

43.82 58.39 37.30 46.93 38.65 

36.92 39.43 35.09 42.?5 37.55 

Infmsihk 

Infeasible 

39.25 48.85 37.01 46.40 38.50 

Infeasible 

~. ......... ......... - ......... - 
'All costs expressed in 1984 doUm 
bH indicates high level; L' indicates low level; P indicates paraffinic; N 

indicates naphthenic. Given (I,J,K): I refers to spcciiic gravity level; J refers to 
sulfur level; K refers to chemical structure (I' or N). 



The TMA model's ability to represent fuel production sensitivity to adjustment in the product 
specification was assessed for perturbations in flash point and freeze point specifications for JP-5 
~ ~ a n ~ ~ ~ ~ ~ u r e ~  in PADD 5 refineries processing the 1983 crude slate. In addition, the sensitivity of 
F-76 production to middle distillate celane number specification was investigated. 

Table E 3  indicates that n reduction in .JP-S flash point from 144 to 102°F results in a 5.9% 
yield increasc in YIP-5, a 20% yield increase in F-76, and a 3 5% yield decrease in motor gasoline. 
As fiikown in Table E.4, a substantial $6.70 per barrel reduction in marginal cost of JP-5 is 
sssc~:iated with the flash point decrease. The marginal cast of F-76 increases $5.80 per barrel, and 
the marginal costs: of motor gasdines decrease negligibly. 

Table E.7 shows tlilal an increase in JP-5 freeze p i n t  from -51 bo -12°F' has a very small 

increase in the yield of F-76 'T'he margxnal costs of Table E.8 suggest that the refiner is making 
groccssing adjustments to accomm ate revisions in the YP-5 freeze point. When compared with the 
--51*F freeze poitit case, the -12°F freeze point case results in a marginal cost per barrel 

impact 00 the yields of 2 -5 and motor gasolines. The JP-5 freeze point increase causes a 3.5% 

'raMe E.5. Faael productioo sensitivity to JP-5 ftssh point specification 

Barrels of product per barrel of crude Flash point 
of JP-5 blend %p-5 F-76 Motor gasoline 

102 0.013870 6). 5 52032 
144 0.013095 0.ooo68 1 8.512 14 

Marginal cost of product" 
(dollars per barrel) -. .............. - II ......... ........... 

Motor gasoline ...... .- I______- 

Flash point 
of JP-5 blend ("F) JP-5 F-76 Regular Premium Unleaded 
I___ .................. 

102 37.55 40.05 35.55 43.79 37.78 
144 44.25 34.25 35.60 43.88 37.80 

"All costs expressed in 1983 dollars. 

TaMc E.7. Fuel cost sensitivity to JP-5 
freeze point specification 

Freeze point Barrels of product per barrel of crude 
Of JR-5 blend ____1___---.^ 

JP-5 F-76 Motor gasoline 
._ ........... ---._.I 

(OF) - 
- 5 1  0.01 30% O.oOOti8 I 0.57 2 164 
- 12 0.01 2970 0.000705 0.572149 
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Marginal cost of pradaci" 
(dollars wr barrel) 

-51 44.25 34.25 35.60 43.88 37.80 
- 12 43.22 36.41 35.40 43.51 31.70 

'All costs expressed in 1983 dollars. 

decrease of $1.03 for JP-5; an increase of $2.16 for F-76; and a decrease sf  $0.10 to $8.37 for 
motor gasolines. 

The influence sf the blend values of predominantly civilian fiiels on the availability of militasy 
fuels is illustrated in Table E.9. When the cetane number of highway diesel is iiicaeased from 40 to 
45, there is a 6.0% yield dccreac ~ Q X  F-76. This result is a consequence of two similar fuels 
competing for the same pool of cetane-ilunlhec barrels. The impact on JP-5 and motor gasoline 
yield is small. As shown in Table iE.10, the marginal costs per barrel of F-76 increases by $3,40,  
JP-5 falls $3.04, and motor gasolines decrease $0.25 to $0.9 1, 

Barreli of prdslet per barrel of crude 
lll_l__ 

Highway diesel 
cetane number 

9P-5 F-76 Motor gasoline 

40 0.01 3095 O.OGW8 1 0.572 Z 64 
45 0.01 3 159 0.000640 0.573691 

Tab!& E.10. Fsnel cost scarfikirity to kigh5Pm.y dias-al 
cetace U!B::?rlblT sp8EdfiCa;inn 

.................................... ll_____l. ............ 

Marginal cost ~f product" 
(dollars per barrcl) -~ ._ _l_l___________ 

I-lighwsy diescl Motor gasoline 
cetane number _. -. .... 

YP-5 P-76 Regular Piemitlm Unleaded 
~ ~ 

40 44.25 34.25 35.60 43.88 37.80 
45 41.21 37.85 35.10 42.97 37.55 

--___.-.-___I ..... 

'All costs cxpvx.3d in 1983 dollars. 
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A model‘s ability to represent fuel pr uction sensitivity to re1i‘iner-y ~~~~~~x~~~ was 
terms of two refinery ~ ~ ~ ~ ~ ~ r a t ~ o n s . ~  The capacities o ey psomssing units for the 

“large” and “smal2” refineries are shown in Table E. 11. Given the p uct mnstsaints of PADD 5 ,  
these refineries were a wed to purchase that quantity of any ~ ~ b ~ a t i ~ n  of crudes in the 1 
slate that would result in an 80% crude unit opg§at~n~ rate. The raw material of choiw was 
California ~ ~ ~ ~ n g t o n  crude for both refinery configurations, 

xaty. The yield of 
JP-5 is virtually lost small refinery operations relative to large refiner rations. The large 
refinery yield of F-7 s 18.9% lower than the small refinery yield. The large refinery uses i t s  
a ~ v ~ n t a ~ ~  in treating and conversion capacity to produce a motor ~~s~~~~~ yield that i s  IO$% 
greater than the small refinery yield. The ~ a ~ g ~ ~ ~ ~  wsts of 

similar For f’P-5, $13.34 per barrel higher for F-76 prad;m& in the large refinery, an$ $2.93 to 
$10.7 1 per barrel lower for motor gasolines. 

Table E.12 indicates a strong fuel production sensitivity to refiery co 

Process 

Atmospheric distiIlation 141.32 31.39 141.32 
Catalytic cracking 47.30 7.33 33. 
Catalytic reforming 34.14 6.30 28.35 
Hydrocracking 8.95 0.94 4.24 

Alkylation 8-31 1.45 6.55 
Coking 13.44 1.34 6.02 

Hydrofining/hydrotrwting 48.37 4.3 I 19.42 

“Adjusted equals actual X 441.32/31 to remove wnoniies 
of scale. 

Barrels of prduch per barrel of eaudc 
Refincry ........ _ _ l _ _ _ . . _ l l l _ _ _ ~  _I_ 

JP-5 F-75 Motor gasoline category 

- 

Marginal wt of producta 
(dollars per barrel) - __I__ Refinery l__--- Motor gasoline 

Category -_ 
egular Premium Unlca 

Small. 37.05 38.3 53.56 
Largc 37.09 51.64 35-03 42.85 34.42 
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Multiply this y this To obtain this 

ton (long) 10 16,047 k 

tonne (metric) kk? 
1.12 ton (short) 

2204.62 Ib 

The '?Sysdrne lIntentntionat (Si)'' of 

<hv6rshn Tables 

Note: "E" (exponent) implies 18 raised to a power: 

Customary Unit x Conversion Factor = Preferred Metric Unit 
2 . 0 ~  + 03 = 2.0 103 = 2000 

Preferred Conversion 
SI unit Customary unit metric unit factor __ ._l_ll._l._._.____-.-...-.-.~ 

Volairnc, capacity 
m3 

Temperature (customary) 
K 

Pressure 
Pa 

Viscosity (dynamic) 

Viscosity (kinematic) 

Pass 

d / s  

bbl (42 gal) 

gal 

"F 
"F 

atm 
Ib/in2 

CP 

cSt 

1 S90E -01 

3.785E-03 

5/9(Qa;-  32) 
5/9("F+459.5) 

1.013E-t-02 
6.895E-i- 
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