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recommendation for use. Copies of this report are available 
through the Library Services Office (MD-35), U.S. Environmental 
Protection Agency, Research Triangle Park, NC 27711, or from 
National Technical Infonnation Services, 5285 Port Royal Road, 
Springfield, Virginia 22161 . 

• 
iv 



TABLE OF CONTENTS 

LIST OF FIGURES viii 

LIST OF TABLES ix 

l.O INDUSTRY DESCRIPTION l-l 
1.1 BACKGROUND 1-l 
1.2 STATE REGULATIONS . 1-2 
1.3 WCUS DATA BASE . 1-3 

1.3.1 Commodity Categories 1-7 
1.3.2 Terminals . . . . . 1-7 

1.4 REFERENCES . . . . . . . . 1-11 

2.0 EMISSIONS AND EMISSIONS CONTROL 2-1 
2.1 EMISSION SOURCES . . . . . 2-1 
2.2 CARGO LOADING EMISSIONS AND EMISSION FACTORS 2-3 

2.2.1 Cargo Loading Emissions Factors 2-3 
2.2.1.1 VOC Emission Factors 2-3 
2.2.1.2 HAP Emission Factors . 2-7 

2.2.2 Cargo Loading Emissions 2-10 
2.2.2.1 voe Emissions 2-10 
2.2.2.2 HAP Emissions • . 2-11 

2.3 TANKSHIP BALLASTING . . . . . . . 2-15 
2.4 EMISSION CONTROLS . . . . . . . . 2-17 

2.4.l Closed Loading of Vessels 2-18 
2.4.2 Combustion Processes . 2-18 

2.4.2.1 Flares . . . . . . 2-19 
2.4.2:2 Incinerators . . 2-19 

2 . 4. 3 Recovery Devices . . . . . 2 - 21 
2.4.3.1 Lean Oil Adsorption 2-21 
2.4.3.2 Refrigeration 2-22 
2.4.3.3 Carbon Adsorption 2-23 

2.5 CURRENT PRACTICES AND SAFETY PROCEDURES 2·24 
2.6 REFERENCES . . . . . . . . . . . . . . 2-25 

3. 0 COSTS . . . . . . . . . . . . . . . . . . . . 3 - 1 
3.1 DEVELOPMENT OF MODEL TERMINALS AND VESSELS 3-1 

3 . 1 . 1 Background . . . 3 - 1 
3 .1. 2 New Models . . 3·- 2 

3.2 MODEL VESSELS . . . . . . . . 3-3 
3 • 3 MODEL TERMINAL COSTS . . . . . 3 - 4 

3.3.1 Capital Costs . . . . . . . . 3-4 
3.3.1.1 Incineration 3-5 
3.3.l.2 Recovery 3-7 

3. 3. 2 Annual Costs . . . . . . 3- 8 
3.4 NATIONWIDE COSTS AND COST EFFECTIVENESS 3-10 
3.5 REFERENCES . . . . . . . . . . . . . . 3-47 

v 



4.0 

5.0 

TABLE OF CONTENTS (continued) 

REGULATORY ALTERNATIVES 
4.1 INTRODUCTION ... 
4.2 REGULATORY ALTERNATIVES 

ECONOMIC IMPACT ANALYSIS . . . 
5.1 SUMMARY OF ECONOMIC IMPACT ANALYSIS 
5.2 METHODOLOGY FOR ESTIMATING ECONOMIC IMPACTS 
5.3 GROUNDRULE FOR ECONOMIC IMPACT OF THIS 

5.4 

5.5 

5.6 
5.7 
5.8 

5.9 

5.10 

REGULATION . . . . . . . . . . . . . . . 
POTENTIAL PRICE INCREASES . . . . 
5 . 4 . 1 Crude Oi 1 . . . . . . . . . . . . 
5.4.2 Potential Price Increases for Marine 

Transport of Crude 
5.4.3 Potential Price Increases for Final 

Products from Crude Oil 
5.4.4 Potential Product Price Increases . 
5.4.5 Combined Potential Product Price 

Increases. . . . . . . . . . . . . 
5.4.6 Potential Price Increases in the Costs 

MARKET 
5.5.1 
5.5.2 

for Marine T~ansport of Products 
IMPACTS . . . . . . . . . . . . . . 
Marine Transport Versus Pipeline 
Marine Terminals . . . . . . . . . 
5.5.2.1 Crude Oil Terminals Impact 

Analysis .......... . 
5.5.2.2 Product Terminal Impact 

Analysis . . . . . . . 
5.5.3 Marine Vessels ........ . 

5.5.3.1 Tanker Impacts .... . 
5.5.3.2 Barge Impacts ..... . 

5.5.4 Producers of the Regulated Products 
SMALL BUSINESS IMPACTS . . . . . . . . . 
EMPLOYMENT IMPACTS . . . . . . . . . . . 
CONCURRENT LEGISLATION AND REGULATIONS . 
5.8.l Budget Reconciliation Act of 1989 
5.8.2 The Oil Pollution Act of 1990 .. 
5.8.3 Clean Air Act Amendments of 1990 
5.8.4 Benzene NESHAP Handling Regulations 
FIFTH-YEAR PROJECTIONS 
5.9.1 Crude Oil ... . 
5.9.2 Gasoline ... . 
5.9.3 Other Products ... . 
5.9.4 Fifth-Year Demand Conclusions 
5.9.5 Fifth-Year Supply Conditions 
5.9.6 New Terminals and Vessels 
REFERENCES . . . . . . . . . . . . . 

vi 

4-1 
4-1 
4-1 

5-1 
5-1 
5-5 

5-7 
5-8 
5-8 

5-12 

5-13 
s-:6 

5-16 

5-19 
5-22 
5-22 
5-24 

5-30 

5·32 
5-36 
5-39 
5-44 
5·44 
5 - 5::;. 
5-52 
5-54 
5-54 
5-55 
5-56 
5-56 
5-56 
5-57 
5-57 
5-57 
5-57 
5-58 
5-58 
5-58 



TABLE OF CONTENTS (continued) 

Appendix A. Detailed Description of Model Vessels and Terminals 

Appendix B. Documentation of Costs for an Incineration-Based 
Technology 

Appendix C. Carbon Adsorber Design Characteristics and Adsorber 
Capital Costs 

Appendix D. Documentation of costs for Model SA for a Carbon 
Adsorption-Based Technology 

Appendix E. Printout of Terminals Represented in Data Base 

• 
vii 



LIST OF FIGURES 

Figure 1-1. Pie chart of facilities and 

Figure 2-1. Emissions from cargo loading 

Figure 5-1. Petroleum products pipeline capacities . 

viii 

1-6 

2-2 

5-47 



TABLE 1-1. 

TABLE 1-2. 

TABLE 1-3. 

TABLE 2-1. 

TABLE 2-2. 

TABLE 2-3. 

TABLE 2-4. 

TABLE 2-5. 

TABLE 3-1. 

TABLE 3-2. 

TABLE 3-3. 

TABLE 3-4. 

TABLE 3-5. 

TABLE 3-6. 

TABLE 3-7. 

TABLE 3-8. 

TABLE 3-9. 

LIST OF TABLES 

COMPARISON OF STATE AND LOCAL REGULATIONS 
GOVERNING MARINE LOADING . . 

COMMODITIES BY ANNUAL THROUGHPUT 

NUMBER OF TERMINALS BY THROUGHPUT 

voe EMISSION FACTORS FOR CARGO LOADING 

HAP EMISSION FACTORS 

ANNUAL EMISSIONS BY COMMODITY (CONTROLLED 
EMISSIONS EXCLUDED) . . . . . . . . 

ANNUAL EMISSIONS BY COMMODITY (CONTROLLED 
EMISSIONS INCLUDED) 

HAP EMISSIONS ESTIMATES 

DESCRIPTION OF MODEL TERMINALS . 

MODEL VESSELS 

MODEL VESSEL CAPITAL AND ANNUAL COSTS 

CAPITAL AND ANNUAL COSTS: MODEL SA 
(INCINERATION) . . . 

CAPITAL AND ANNUAL COSTS: MODEL SB 
(INCINERATION) . . . 

CAPITAL AND ANNUAL COSTS: MODEL SC 
(INCINERATION) . . 

CAPITAL AND ANNUAL COSTS: MODEL 6A 
(INCINERATION) . . . 

CAPITAL AND ANNUAL COSTS: MODEL 6B 
(INCINERATION) . . 

CAPITAL AND ANNUAL COSTS: MODEL 6C 
(INCINERATION) . . . . 

' 
ix 

1-4 

1-8 

1-10 

2-4 

2-8 

2-12 

2-13 

2-14 

3-13 

3-14 

3-15 

3-16 

3-18 

3-20 

3-22 

3-24 

3·26 



TABLE 3-12. 

TABLE 3·13. 

TABLE 3-14. 

TABLE 3-15. 

TABLE 3-16. 

LIST OF TABLES (continued) 

CAPITAL AND ANNUAL COSTS: MODEL 7A 
(INCINERATION) . . . . 

CAPITAL AND ANNUAL COSTS: MODEL 7B 
(INCINERATION) . . .. 

CAPITAL AND ANNUAL COSTS: MODEL SA 
(CARBON ADSORPTION) 

CAPITAL AND ANNUAL COSTS: MODEL SB (CARBON 
ADSORPTION) 

CAPITAL AND ANNUAL COSTS: MODEL SC (CARBON 
ADSORPTION) 

CAPITAL AND ANNUAL COSTS: MODEL 7A (CARBON 
ADSORPTION) . . . . 

CAPITAL AND ANNUAL COSTS: MODEL 78 (CARBON 
ADSORPTION) . . 

TABLE 3-17. CAPITAL COSTS COMPARISON (MODEL TERMINAL SA): 

3-30 

3-32 

3-34 

3-36 

3-38 

3-40 

INCINERATION VS. CARBON ADSORPTION . . 3-42 

TABLE 3-18. TOTAL ANNUALIZED VESSEL RETROFIT COSTS . 3-43 

TABLE 3-19. ANNUAL COSTS COMPARISON (MODEL TERMINAL SA): 
INCINERATION VS. CARBON ADSORPTION . . . . 3-44 

TABLE 3-20. NATIONWIDE CAPITAL AND ANNUAL COSTS AND COST 
EFFECTIVENESS . . . . . . . . . . . 3 - 4 S 

TABLE 3-21. NATIONWIDE ANNUAL COSTS TO CONTROL EMISSIONS 3-46 

TABLE 4-1. REGULATORY ALTERNATIVES VOC's (ALASKA 
CONTROLLED) . . . . . . . . . . 4-4 

TABLE 4-2. REGULATORY ALTERNATIVES VOC's (ALASKA 
UNCONTROLLED) . . . . . . . . . . . 4-5 

TABLE 4-3. REGULATORY ALTERNATIVES HAP'S (ALASKA 
CONTROLLED) . . . . . . . . . . . 4-6 

TABLE 4-4. REGULATORY ALTERNATIVES HAP's (ALASKA 
UNCONTROLLED) . . . . . . . . . . . 4-7 

TABLE 4-5. SECONDARY AIR IMPACTS BY REGULATORY 
ALTERNATIVE . . . . . . . . 4-8 

' 
x 



TABLE 5-1. 

TABLE 5-2. 

TABLE ·s-3. 

TABLE 5-4. 

TABLE 5-5. 

TABLE 5- 6. 

TABLE 5-7. 

TABLE 5-8. 

TABLE 5-9. 

TABLE 5-10. 

TABLE 5-11. 

TABLE 5-12. 

TABLE 5-13. 

LIST OF TABLES (continued) 

SUMMARY OF IMPACTS BY REGULATORY ALTERNATIVE 5-2 

CONTROL COSTS AND PRICE INCREASE PER BARREL 
CALCULATIONS FOR CRUDE OIL REGULATORY 
ALTERNATIVES . . . . . . . . . . . . . . . . . 5 - 9 

CONTROL COST PER BARREL CALCULATIONS FOR 
CRUDE OIL MODEL FACILITIES AND REGULATORY 
ALTERNATIVES . . . . . . . . . 5-11 

POTENTIAL PERCENTAGE PRICE INCREASES IN 
MARINE TRANSPORT FOR CRUDE OIL . . . . 5-14 

POTENTIAL PRICE INCREASES FOR PRODUCTS 
PRODUCED FROM CRUDE OIL . . . . . . . 5-15 

POTENTIAL PRODUCT PRICE INCREASES FOR THE 
VARIOUS REGUI..ATORY ALTERNATIVES 5-17 

POTENTIAL PRICE INCREASES FOR PRODUCTS 5-18 

COMBINED POTENTIAL PRICE INCREASES FOR 
SELECTED PRODUCTS . . . . . . . . . 5-20 

POTENTIAL PRICE INCREASES FOR MARINE 
TRANSPORT OF PRODUCTS . . . . . 5~21 

1988 COUNTY BUSINESS PATTERNS BY STATE FOR 
SIC 4491 . . . . . . . . 5-28 

SMALL ENTITY ANALYSIS 5- 30 

FINANCIAL ANALYSES OF SMALL PRODUCT TERMINALS 5-34 

PERCENTAGE OF TOTAL MARINE TRANSPORT OF 
PETROLEUM PRODUCTS AND CRUDE OIL AFFECTED BY 
THE REGULATORY ALTERNATIVES 5-40 

TABLE 5-14. TANK SHIP FLEET BY AGE . 5-43 

TABLE 5-15. U.S. BARGE FLEET BY AGE, 1989 

TABLE 5-16. 

TABLE 5-17 

PORTIONS OF TOTAL MARKETS AFFECTED BY 
REGULATORY ALTERNATIVE A . . . 

POTENTIAL CHANGE IN EMPLOYMENT IN THE 
PETROLEUM REFINING INDUSTRY . . . . 

xi 

5-45 

5-49 

5-53 



1.0 INDUSTRY DESCRIPTION 

1.1 BACKGROUND 

When tankships and barges are loaded with volatile liquids, 

volatile organic compound (VOC) vapors are expelled from the 

cargo tanks and, if uncontrolled, emitted to the atmosphere. 
These vapors, primarily hydrocarbons, form ozone in the presence 

of sunlight; ozone contributes to smog, which exacerbates 

respiratory problems in the general populace. In addition, 

hazardous air pollutants (HAP's) may comprise some or all of the 

VOC's emitted during marine vessel loading operations. Several 

State and local governments have enacted regulations to control 

voe emissions from the loading of tankships and barges. The 

earliest compliance date associated with these regulations is in 

1991. The primary purpose of these State and local regulations 

is to help these areas reduce ambient air concentrations of ozone 

under the National Ambient Air Quality Standards administered by 

the Environmental Protection Agency (EPA) and limit human 

exposure to HA.P's. 

Benzene emissions from marine vessel loading are also 

controlled, primarily to reduce occupational exposure to benzene 

vapors. A national emission standard for benzene emissions 

promulgated in 1990 (the benzene NESHAP) requires facilities 

loading more than 1.3 million liters per year (l/yr) 

(8,200 barrels per year [bbl/yr]) of at least 70 percent by 

weight benzene to control emissions.1 Terminals subject to this 

regulation are required to reduce benzene emissions by 

98 percent. 

The addition of improperly designed vapor-handling systems 

could present a safety hazard to marine vessel loading operations • 
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by increasing the operational complexity of loading operations 

and in particular by requiring additional handling of potentially 
explosive vapors. Unsafe design or operation of vapor control 

systems could result in fires and explosions, tank n!ptures, and 
spills.2 However, a well-designed control system can advance 

safety by properly handling vapors throughout the loading 

process. Therefore, the Coast Guard, which is responsible for 

the safety of waterborne commerce, requested in 1986 that the 

National Research Council (NRC) conduct a study to assess the 

technical, safety, and economic aspects of controlling 

hydrocarbon emissions from marine vessel loading operations. 

Participants in the NRC study included the Coast Guard, EPA, the 
Maritime Administration, the States of Texas, Louisiana, and 
New Jersey, the Bay Area Air Quality Management District 
(BAAQMD), and industry representatives. The result of this study 

is the document Controlling Hydrocarbon Emissions From Tank 

Vessel Loading (referred to elsewhere in this report as "the 

Marine Board document"). Much of the information contained in 
this report was. taken from the Marine Board docwnent. 3 

The committee concluded in January 1987 that controls were 

technically feasible but that there was a need for the Coast 

Guard to promulgate safety requirements and a need for EPA to set 

uniform emission standards to mitigate some of the safety issues 
that could arise from varied State regulations and eliminate the 

possibility of State regulations disrupting interstate commerce.3 

The Coast Guard has subsequently adopted new regulations for the 

safe design, installation, and operation of marine vapor control 
systems. 2 These regulations became effective on July 23, 1990. 
The Clean Air Act Amendments (CAAA) of 1990 require EPA to 

promulgate a national tank vessel loading rule by the fall of 
1992. 
1.2 STATE REGULATIONS 

The States of Louisiana, Pennsylvania, and New Jersey and 
authorities in the San Francisco Bay Area and South Coast Air 

Basin have enacted regulations to control voe emissions from 

' 
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marine vessel loading operations. The State of Alaska has 
proposed a similar regulation.4,5 Table 1-1 provides a 

comparison of the State and local regulations governing marine 

vessel loading. 4 The regulations presented in Table 1-1 have 

different requirements with respect to the types of terminals 

affected, the required emission reductions, the affected 

hydrocarbons (VOC's) I and compliance dates. The most stringent 

regulation is the BAAQ:twµ)'s Rule 44, which affects all terminals 

regardless of throughput or types of commodities loaded. Because 

of the differing requirements, tank vessels compatible with an 

emission control system accepted in one area might not be 

compatible with the regulations or equipment in another. 4 

Therefore, EPA is developing a rule for marine vessel loading 

operations to promote nationwide installation of comparable 

emission control systems on vessels and at marine terminals. 

1.3 WCUS DATA BASE 

A primary source of info:r:mation for developing voe emissions 

estimates for marine vessel loading operations is the Army Corps 

of Engineers' Waterborne Commerce of the United States (WCUS) 

data base. The WCUS data base contains ,detailed info:r:mation on 

the types and quantities of commodities loaded and unloaded at 

U.S. ports, harbors, waterways, and canals. The portion of the 

1988 WCUS data base containing information about commodities 

loaded in bulk that emit VOC's and/or HA.P's was extracted and is 
referred to elsewhere in this report as nthe data base." 

In its original form, the data base contained information 
about 1,800 terminals loading commodities in 13 different 

categories. Of the 1,800, 133 terminals had throughputs of 

1,000 bbl/yr or less. These 133 tenninals were removed from the 

data base because loadings at a tenninal that constitute the 

1,000 bbl/yr or less do not represent bulk loadings (i.e., the 

liquids are likely carried in containers) . Of the remaining 

1,667 tenninals, 119 are affected by promulgated State 

regulations (CA, NJ, LA, PA). There are two locally regulated 

areas in California, the San Francisco Bay area, and the South 
Coast Air Basin; both have promulgated regulations. 
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TABLE 1-1. COMPARISON OF STATE AND LOCAL REGULATIONS GOVERNING MARINE LOADINGa 
S•n fn111<:1s«• Bav A1ea S<111lh c. .. a.i Air B .. in (C1lif11rnU.) ).Olllhl&ntl 

~"·~uhttion 1uu1h: Ruic 44 Rule 1142 Ruic 2108 

(iuveulln).! hotly Bay Aiu Air IJu•hly M•11Mgcmcnl Di•lricl Soulh Cu11>I Air 81&i Louisiana Dep•rtmenl of Environmenlal 
(8 ... AQMDl iQu1lity <LA DEQ) 

Gtth.olmc c1rn,~iun• S. 7 mg IL"' 95 \\ rcJuclion 95 ~ rcduclion 70 mglL for barges 
lO rn11IL for 6'1ip• 

Cruc.I.: oil c:1ui\~111n~ 5.7 mglL or 95\\ n:Juciiun 95 ';{ rcdu•llun 30 mg/L for b1rge1 
12 1111111. fur •hip¥ 

0111..-r voe •""'""'"'!' S.7 mgll or 95% redul'l1on 9S 'If rcduciion 30 mgll fur bar~« 
12 n111IL fur ships 

l\t'I0,,1.:d l8'ih11c' All 1crm1mll• All lenmn•li lhal h•vc 11 loJing t0Vt0nl grulcr All wilh uncontrollcJ 11mi••ions > 100 1rnuJyr 
thin 1,000 bbl 

Ct11upli•11'-'e 1l11h~:oi July I, 1991, for all facilitie• that l11ad...J murc o ..... mber 31 ~ 1991. for g••olinc and other 
1h1n I million bbl/yr m any calcnJu year after voe 
1985 M•Y I. 1992, for .rude 011 

S11c..:1nl 1u1lie!t Small lcm111111I i• one l11all111g less 1h1n I I .oaJing evcnls i1..:luJc 1.,1J1ng and unloaJiug, 90111: rcJuctiun in crm••ium i' 1lluw•hlt0 
milloun hbl/yr b1llu11ng 110 non•egregated ballast 11nkl. an<! inSlud of mgll limi1s 

hou&d;ccping opcrat10nli 
Allow• the use of open Oaro• if 1hey arc 
Jesi11ned and opcra1ed per EPA 11u1deline• 

W.c:J!Ul11tinn 1ua11tc NIAC-7-27-16.3 18 AAC 50, 105, 500, and 900 (prupo!ied 29 PA, CODE CHS, 121. 129 and 139 - rei:ul1tio11) 

Guvcrttm~ hoJy New Jersey Dcp•nmcnt uf Env1runmen1al ,._lasl:a Department of Environmental Environmcn1al Quality Board (EQB) 
l'rntc•1i,1n c NJ DEPJ Crn,.t0rv11inn (AK DFC) 

GitS4•hn~ ~mi!r.\u1n~ 1153 r<J11c1ion 95 ~ r<ductoon or 2 lb/ 1,000 bbl 90% red11c1ion 

C nul~ oJI cu1it.ll.10fl~ Ex.:111r1 95 3 rcd11•tion n1 2 11111,000 l1lil Excmpl 

! hhcr VO(' enu'-'1011~" l::x<mJlf 9) ~ reducoion ''' 2 lb/ 1,000 bbl Exemol 

Ath:dcd fa.ilihc' All li1•di11g more lhan 6 milli1111 g•liyr uf All tc11ni11al• "''ilh lh1oughpul• g~•ler than S All 1umin1l• 
!:!lll>ohnc m1llllln bhllyr or wilh uncnnuullcd voe 

cmi.s1om !(realer 1han ur equal lu 2~ Ion• 

t "t 11n1,h•11~c: tlalt:it June 21, 1991 June 1992 S.:111t0mber, 1996 

sr ... ·...:1•1 note:" Any fac1h1y thal luaJs 60,000 galld het"''cen Fac1h11e• em1111n~ 250 run• (or greller) of The prop·•~ed amendm.:nl• require con1rol of 
M•y I anJ Scplemht0r 15 •• affccteJ voe·. 11cr yur arc cun•idcrcd "major" bal11111ing emi.sion• 

fa.:1h11cs 

Ala•la '• propuseJ re~ulation was pallcrneJ 
•her the rules devdilpeJ hy lhc BAAQMll 

"SOURCE. ChemKal E1111i11.:crinr. Ma)· 1990 
"111 s ... hHllCl..Cll, VOC's 111d11Je ga\uline hlemhng •fo1ch anJ av1a111111 luel; Ill loUl\IHllM, •hey 1nduJ< any voe that h<w>st• II terminal hl lllO 1omlyr and has a lruc vapur preSMlfC gruler 

'""" I .5 psi•(<.!! .. JP-4 (iel li1el). ov1at11111 j.'•>. 11•s11line t>lcndiui: •hichl. •I lhc lu11din11 lc1npcre1ure; in lhc: S1H1lh C•>ol Air Ba~m. In emissions hmil of 2.0 lb per 1.000 bbl loaded i• in 
ti'"· c: 



Beca~se terminals in the data base are identified only by 

State, the exact locations of terminals in California are not 

known. Therefore, terminals in California cannot be separated or 

further distinguished. Consequently, all terminals in California 

are assumed to be controlled under promulgated regulations and a 

composite of the two local regulations was applied. 

State regulations tend to target (regulate) the more 

volatile compounds. Therefore, part of the total throughput at a 

terminal subject to State regulations may remain uncontrolled. 

For example, terminals in New Jersey that load both gasoline and 

jet fuel are only required to control the vapors from gasoline; 

they are not required to control vapors associated with the 

loading of jet fuel. In this example, the throughput of jet fuel 

represents the terminal's "residual" or remaining uncontrolled 

throughput. Approximately 100 of the 119 terminals affected by 

State or local regulations have residual throughputs. To 

determine the true impact of a Federal rule to control voe and 

HAP emissions from marine vessel loading operations, the 

throughputs and emissions already controlled under state 

regulations were removed from the data base. Uncontrolled or 

"residual" emissions are considered in the data base. Costs to 
control these emissions were developed based on the worst-case 

assumption that the residual emissions constituted a separate 

facility. 

Three terrninals in Alaska would be affected by the proposed 

State regulation. It is possible that a national rule could take 

effect before this proposed regulation were promulgated. 

Therefore, the 3 terminals affected by proposed State 

regulations, the 100 facilities subject to promulgated State 

regulations with "residual" emissions, and the remaining 

1,545 terrninals now form the "current" data base. Only those 

emissions that are already controlled under existing regulations 

were removed from the data base. Figure 1-1 depicts how the 

original WCUS data base of 1,800 terminals was pared down to the 

current data base of 1,648 terminals. 
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The current data base includes information on 1,648 U.S. 

terminals that load liquids in at least one of 13 voe-emitting 

commodity categories. The amount of each liquid loaded into 

tankships and barges is provided for each terminal; the total 

annual throughput for a terminal is equal to the sum of the 

tank.ship and barge loadings of each liquid loaded at that 

terminal. Table 1-2 presents a summary of the corrnnodity 

categories, the number of terminals that load liquids in each 

commodity category, and the national annual throughput of liquids 

in each commodity category. 

1.3.1 commodity Categories 

The following 13 commodity categories were identified ttat 

contain liquids that emit VOC's and/or HAP's: gasoline, crude 
oil, jet fuel, naphtha/solvents, alcohols, toluene, distillate 

fuel, basic chemicals, miscellaneous chemicals, petroleum and 

coal products, crude products, gum and wood chemicals, and 

kerosene. Several of the commodity categories represent a wide 

range of liquids. For example, the basic chemicals category 

includes over 303 different liquids. The alcohols category 
includes 16 different alcohols and alcohol mixtures. The gum and 

wood category represents 12 chemicals (e.g., gum and wood rosins, 

tall oil, turpentine, etc.). Because the quantity of the 

individual liquids loaded within a given corrnnodity category was 

not known, assumptions were made in order to estimate emissions 

associated with those categories. Therefore, some uncertainty is 

associated with the voe and HAP emissions estimates presented in 

Chapter 2 for those commodity categories that cover a range of 

possible compounds. 

1. 3. 2 Terminals 

There are 1,648 U.S. terminals where liquids in at least one 

of the 13 voe and HAP-emitting commodity categories are loaded. 

The majority of these commodity categories refer to petroleum 

products. As shown in Table 1-2, 354 terminals (21 percent) in 
the data base load crude oil, and 469 terminals (28 percent) load 

gasoline; 76 terminals load both crude oil and gasoline. The 

remaining 901 terminals load neither crude oil nor gasoline but 
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TABLE 1-2. COMMODITIES BY ANNUAL THROUGHPUTa 

No. of Throughput, 1,000 bbl/yr Throughput, 1,000 gal/yr 
Commo1hly terminals 

Commodily No.h loading Tank ships Harges Total national Tank ships Barges ·rota! national 

Gasoline 2911 493 106,000 281.000 387,000 4,463,000 1 l,8 I t,000 16.274,000 

Crude uil 1311 354 I, IJR,000 247,000 I, l85,000 47,763,000 10,388,000 58, I 5 I .ocxf 

Jet fuel 2912 IK6 28,900 62,000 91,000 1,213,000 2,5119,000 J,802,000 

Naphlha, solvents 2917 203 IJ,700 59,500 73,200 576,0()() 2,497,000 J,073,000 

Alcohols 2813 212 I0,600 36,700 47.300 447,000 1,540.000 1,987.000 

Toluene 2817 169 2,760 14,300 17,000 112,000 600.000 712,000 

Distillate fuel 2914 694 169,000 346,000 515,000 7,083,000 14,532,<XIO 21,615,000 

Chcmicalsd 578 127,000 159,000 287,()(X) S,JSJ,000 6,6116,000 12, 309,000 

Olherse J78 10,000 49,800 59,800 419,000 2,092,000 2,511.000 

Kerosene 2913 116 J,830 9,710 13,500 161,000 408,000 569,000 

TOTAL 1,609,000 1,265,000 2,875,000 67,590,000 53, 143,000 120,733,000 

3 Numbers have been rounded. 
bcommm.lity numlJer as assignoo by the Army Corps of Engineers' Waler Resources Support Center. 
cApprmimatcly 47 percent of the total nationwide throughput of crude oil is atlributed lo one terminal (Alycslta's Valdez, Alaska, terminal). 
dlndudes basic and miscellaneous chemicals. 
elncludcs petroleum and coal products, crude products, and gum and wood chemicals (commodity numbers 2991, 28 I I, and 2861, respeclively). 



do load liquids in at least one of the other 11 categories. 

Because many terminals load liquids in more than one category, 

the numbers in the "number of terminals loading" colUI!Ul in 

Table 1-2 do not total to 1,648. 
The annual quantity of voe-emitting liquids loaded at each 

of the 1,648 terminals varies widely. Table 1-3 shows the 

distribution of terminals by throughput. The lowest throughput 

of any remaining terminal is 1,006. barrels per year (bbl/yr); tI'.e 

highest throughput is at a crude oil tetminal that loads over 

657 million bbl/yr. The total nationwide quantity of 

voe-emitting compounds loaded at U.S. terminals in 1988 was 

2.7 billion bbl/yr. 

As seen in Table 1-3, the majority of te:::-rninals have 

throughputs less than 1 million bbl/yr; approximately 44 percent 

of those terminals load gasoline and/or crude oil. Only 

300 terminals (18 percent) load more than l million bbl/yr, and 
the majority (83 percent) of these terminals load gasoline and/or 

crude oil. (The annual throughput associated with each terrT'.inal 

in the data base is provided in Appendix E) . 
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TABLE 1-3. NUMBER bF TERMINALS BY THROUGHPUT 

No. of terminals 

Throughput (TP), bbl/yra Al lb Gas and crudec 

1,000 c:TP <10,000 1,652 

10,000 c:TP <50,000 405 

50,000 <TP <100,000 187 

100,000 <TP <500,000 385 

500,000 c:TP <l,000,000 130 

1 , 0 0 0 , 0 0 0 · < TP <5,000,000 215 

5,000,000 <TP <10,000,000 so 
10,000,000 <TP <50,000,000 29 

TP >50,000,000 6 

TOTAL 1,648 

aaarrels per year. 
brncludes all terminals in the current base. 
crncludes only those terminals in the data base that load 
gasoline and/or crude oil. 
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2.0 EMISSIONS AND EMISSION CONTROL 

This chapter discusses the estimated volatile organic 

compound (VOCl and hazardous air pollutant (HAP} emissions 
associated with marine vessel loading operations and the types of 
cor.trol systems available for reducing these emissions. 
Section 2.1 describes emission sources associated with marine 
vessel loading. Section 2.2 shows the emission factors used to 

estimate cargo loading emissions and describes how nationwide 
emissions were estimated. Emissions from ballasting are outlined 

in Section 2.3. The different types of emission control 
technology available for use during loading at marine terminals 
are presented in Section 2.4. Current practices at marine 
tenninals and potential safety problems are discussed in 
Section 2.5. 
2.1 EMISSION SOURCES 

The following two sources of emissions were considered in 
estimating nationwide voe and HAP emissions from marine vessel 

loading operations: (1) emissions discharged during cargo 
loading and (2) emissions that occur as a result of tankship 
ballasting. Emissions from cargo loading represent the majority 
of emissions from marine vessel tanks; ballasting emissions make 
up only a small percentage of the total emissions. 

Figure 2-1 shows how vapors are emitted during cargo 
loading. When liquid cargo is loaded into a tank, some of the 
cargo vaporizes; these vapors are then displaced by the incoming 

liquid and forced out of the vents as the tank is filled. Cargo 
loading emissions may be divided into two categories: arrival 
and generated emissions. Arrival emissions are attributed to any 
vapors remaining in the otherwise empty cargo tanks prior to 
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Figure 2-1. Emissions from cargo loading.1 



loading. Generated emissions refer to the evaporation of cargo 

as it is loaded. 

&~issions from tankship ballasting also occur as a result of 

vapor displacement. After unloading its cargo, a tankship may 
travel without cargo; to maintain stability, the tankship pumps 

water into some of the empty cargo tanks as ballast. Ballasting 

emissions occur as the ballast water enters the cargo tanks and 

aisplaces vapors remaining in the tank from the previous cargo. 

These vapors are forced through the tank vents and emitted to the 

atmosphere. 

Most tankships have segregated ballast tanks (i.e., separate 

from the cargo tanks) and, therefore, do not emit vapors during 

ballastir.g. 1 New tankships are required to have segregated 

ballast tanks. Ballasting emissions will further decline as 

older vessals are retired and replaced with new ones. 

2.2 CARGO LOAD~NG: EMISSION FACTORS AND EMISSIONS 

The estimated emission factors and emissions associated w:th 

cargo loading and tankship ballasting are discussed below. 

2.2.1 Cargo Loading Emission Factors 

2.2.1.1 voe Emission Factors. A national estimate cf 

annual voe emissions from cargo loading was developed using the 

annual throughputs of each commodity provided in the Waterborne 

Corrmerce of the United States (WCUSl data base and both 

theoretically and empirically derived emission factors. Emission 

fac:.ors from :.he EPA document "Compilation of Air Pollutant 

E~ission Fac:.ors" (AP-42i were used where possible.2 For several 

corrur.odities not listed in AP- 42, emission factors available in 

Scott Environmental Technology's Inventory of Emissions From 

Mari~e Operations Within the California Coastal Waters were 

used. 3 These e~ission factors are based on data from actual 

emission tests. Emission factors for petroleum and coal produc:.s 

ar.d for crude products were taken from Controlling Hydrocarbor. 

Em:ss~ons Frcm Tank Vessel Loadin= by the Marir.e Board of the 

National Researct. Council. 1 Table 2-1 lists :.he emissior. facto~s 

an:: thei.:::- so·..:rces for each co:n.ilodity cat:egory. 
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TABLE 2-1. voe EMISSIONS FACTORS FOR CARGO LOADING 

Emission !actors 

Tankships, Barges, 
Commodity category Conunodity, No. (s) lb/1,000 gal lb/1,000 gal 

Gasoline 2911 1.802 3.402 

Crude oil 1311 0.61 2 1.002 

Crude oil 1311 3.la,l NA 

Jet fuel 2912 0.504 1.202 

Naphtha, solvents 2917 0.40 2 a.sob 

Alcohols 2813 o.so 3 l.20c 

Toluene 2817 0.40c o.aob 
Distillate fuel 2914 0.0052 0.005 3 

Chemical ad 2819, 2891 0.005 3 o.oos3 

Otherse 2911, 2811, 2861 o.oos1 o.oos1 

Kerosene 2913 o.oos2 0.013 2 

Note: Numoers b y ern1ss1on factors refer to references 1n the text. 

~This emission factor is used solely for the tenninal at Valdez, Alaska. 
Barge emission factor = twice the corresponding tankship emission factor. 

cEstimated (see Section 2.2.1). 
drncludes basic chemicals (Commodity No. 2819) and miscellaneous chemicals (Commodity 

No. 2891). 
eincludes petroleum and coal products, crude products, and gum and wood chemicals 

(Commodity Nos. 2991, 2811, and 2061, respectively). 



There are two sets of emission factors for crude oil. The 

higher emission factors apply solely to the tenninal at Valdez, 
Alaska. Data provided by the State of Alaska and the tenninal 

operating company (Alyeska) indicated that emissions associated 

with loadings at this facility were approximately four and a half 

times higher than originally estimated using emission factors 

from AP-42. 214 Crude oil at the Valdez tenninal is loaded at a 

temperature near 38°C (100°F). It is thought that the 
temperature differential between the hot crude oil and the cool 

vessel causes convective cells to form inside the tank. These 
convective cells provide constant activity in the atmosphere 

inside the tank and may prevent a vapor blanket from forming on 

the liquid surface, thus increasing emissions. Because of the 

unique physical characteristics associated with crude oil loading 

at the Valdez terminal and to avoid a gross underestimation of 

emissions, the emissions for the Valdez terminal were estimated 

using the actual test data taken at the facility. 4 

For a few commodities, emission factors were available for 
tankship loading but not for barge loading. For those 
commodities having both emission factors available, the emission 

factors for barge loading are approximately twice the emission 

factors for tank.ship loading. Therefore, for those commodities 
where only tankship emission factors were available, the emission 
factors for barges were estimated by doubling the emission 

factors given for tankships. (The difference in emission factors 
between tank.ships and barges is due to differences in tank 

configuration. Tank.ship tanks are deeper and have less relative 

surface area per volume loaded than barges; consequently, a 
smaller percentage cargo evaporates.)l 

Emission factors were estimated for those commodities that 
did not already have emission factors. Emission factors were not 

available for toluene and the alcohols category. The emission 
factors for toluene were estimated using the following loading 

loss equation provided in AP-42: 2 
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Loading loss equation: 

where: 

S = saturation factor; 

P • true vapor pressure, psia; 

M = molecular weight; 
T = temperature ( 0 R); and 

eff = control efficiency, percent. 
The equation above was used to compare the loading losses 

calculated for toluene with the loading losses calculated for a 

cormnodity for which emission factors were available (i.e., 

benzene). If the variables S, T, and eff are assumed to be the 

same for both toluene and benzene, then the loading losses for 
these two commodities can be compared using val~es for ~olecular 
weight (M) and vapor pressure (P} as follows: 

P-rMr 
R = PB~ = 0.29, 

where: 

R • ratio of toluene loading losses to benzene loadir.g 

losses; 

PT = vapor pressure of toluene at 60°F = 0.3 psia; 

PB = vapor pressure of benzene at 60°F = 1.2 psia; 

~ = molecular weight of toluene = 92; and 

Ma = molecular weight of benzene = 78. 

Based on the ratio above, the emission factors for toluene were 

estimated to be about one quarter to one third those for benzene. 
(An emission factor for loading benzene into tankships equal to 

1.5 pounds [lb] emitted per 1,000 gallons [gal] loaded was 

provided in the Scott document. 3 However, emissions from benzene 

loading are not included in the nationwide emissions estimate 

because they will be covered under a national emission standard 
for hazardous air pollutants (NESHAP] that will go into effect on 
March 7, 1992.) 

Emission factors for alcohols were obtained by comparing the 
vapor pressure of methanol with the vapor pressures of other 
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corrJT1odities for which emission factors were available. The 

alcohols category includes 16 different alcohols and alcohol 

mixtures; information regarding the annual quantity of each type 

of alcohol loaded at marine terminals was not available. 

Therefore, methanol was chosen to represent alcohols because it 

has a high vapor pressure and represents a worst-case scenario 

for VOC emissions from loading alcohol. The vapor pressure of 

methanol is close t6 that of Jet Naphtha (i.e., jet fuel or JP4) 

over the temperature range from 10° to 21°c (50° to 70°F). 

Therefore, the emission factors for JP4 were applied as the 
emission factors for alcohols. A check on the validity of all 

emission factors was performed by comparing vapor pressures with 

emission factors. 

2.2.1.2 HAP Emission Factors. A national estimate of HAP 

emissions was developed for all of the commodity categories in 

the WCUS data base except jet fuel and naphtha/solvents. Total 

HAP emissions associated with the comrnodity categories were 

estimated as a percentage of corresponding voe emissions (based 

on available speciation data) for all categories. Table 2-2 

presents the HAP emission factors used for the comrnodity 

categories. 

Individual HAP emissions associated with loading gasoline, 

crude oil, distillate fuel, and kerosene was estimated based on 
the total quantity loaded (i.e., throughput), the total estimated 

voe emissions, and speciation data showing the relative 

quantities of HAP's (e.g., benzene, toluene, hexane, etc.) 

present in the vapors of the commodities. 5 Toluene is a HAP and 

for this reason all emissions associated with the toluene 

category are HAP's. 

Available speciation data for the jet fuel and 
naphtha/solvents categories did not include any HAP's.6 

Therefore, HAP emission factors for these two conunodity 

categories are taken to be zero. Additional data regarding 

potential HAP's associated with these commodity categories are 
still being sought. 

2-7 



TABLE 2-2. HAP EMISSIONS FACTORSa 

Emission factor for Emission factor for 
Commodity category HAP tankers, lb/1,000 gal barges, lb/1 .000 gal 

Gasoline Benzene 0.015 0.029 
Toluene 0.026 0.048 
Hexane 0.035 0.066 
Xylene 0.008 0.015 
Others 0.0033 0.0061 
Total 0.087 0.164 

Crude oilb Benzene 6.4 x 10·~ 0.01~ 
Toluene 4.3 x 10· 7 0 x 10· 
Hexane 0.06_l 0.11 
Xylenes 9.6x10-4 1.6 x 10· 
Ethyl benzene 2.3 x 10 3. 7 x 10·4 

Total 0.079 0.13 

Crude oilc Benzene 0.32 NA 
Toluene 0.022 NA 
Hexane 0.31 NA 
Xylenes 4.9 x 10·3 NA 
Ethyl benzene 1.2 x 10" NA 
Total 0.40 NA 

Jet fuel 0 0 

Naptha, solvents 0 0 

Alcohols Methanol 0.15 0.36 
Ethylene glycol 

Toluene Toluene 0.40 0.80 

Distillate fuel Xylene 7.5 x 10·; 1.8 x 10·5 
Benzene 3.9x10' 9.2 J( 10·5 

Toluene 3.3 x 10·~ 7.9 x 10·~ 
Ethylbenzene 2.0 x 10·6 4.8 x 10·6 
O·Xylene 2.5 x 10· 6.0 )( 10· 
Total 8.4 x 10·5 2.0 J( 10·4 

Chemicals Alld 0.005 0.005 

Otherse Xylenes 2.4 x 10·4 6.1 x 10'4 

1.2x10·4 3.1 x 10'4 

7.0 )( 10-4 1.8 x 10-4 
4.3 x 10·4 1.1 )( 10·3 

Kerosene Hexane 2.4 x 10·4 6.1 x 10·4 

Benzene , .2 x 10·; 3.lx10"4 

Toluene 7.0 x 10· 1.B x 10·4 

Total 4.3 x 10·4 1.1 J( 10·3 

HAP emission factors are given in lb/1,0uu gal to allow for easier comparison to v JC emission factors. 
bHAP emission factors given are for all tenninals except Valdez, Alaska. 
CHAP emission factors given are for Valdez, Alaska, only. 
dApproximately 60 of the 250 chemicals loaded onto marine vessels are HAP's. However, the worst-case 
assumption was made for this category and all chemicals emissions were presumed to be HAP's. 

8 Unspecified xylenes may be loaded under the crude products subcategory of "others.· 
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The alcohols and chemicals commodity categories both 
represent more than one liquid, so estimating voe and HAP 

emissions associated with these two categories requires that 
certain assumptions be made. The alcohols category includes 

16 different alcohols and alcohol mixtures. Of these 

16 compounds, two are on the list of 190 HAP's provided in 

Title III of the Clean Air Act Amendments (CAAA) of 1990. 7 These 

two compounds are methanol and ethylene glycol. Because the 

individual quantities of methanol and ethylene glycol loaded are 

not known, quantities loaded are estimated based on the amount of 

these two compounds produced relative to the annual production of 
the remaining 14 compounds in the alcohols category. The vapor 

pressures and molecular weights of methanol and ethylene glycol 

are also taken into account when estimating HAP emissions 

associated with the alcohols category (the vapor pressure of 
methanol is approximately l,500 times that of ethylene glycol) . 7 

The chemicals category includes over 250 different 

chemicals, and, of these 250, approximately 60 also appear on the 
list of 190 HAP's provided in Title III of the CAAA of 1990. 7 

Because the individual quantity of each chemical loaded was not 
known, and due to the large number of chemicals, the worst-case 
assumption was made and the entire throughput associated with the 

chemicals category was used to estimate HAP emissions for the 

chemicals category. 

The "others" commodity category includes "crude products." 
A list of compounds included in the crude products subcategory 
revealed that some crude products (e.g., miscellaneous xylenes) 

are HAP's. 8 Therefore, all emissions associated with the 

throughput of crude products are considered HAP's to avoid 
underestimating the potential HAP emissions from this category. 

Neither of the remaining two subcategories in the others category 
include HAP's. 

Emissions of HAP'S associated with the distillate fuel and 
kerosene categories were estimated based on speciation data 
obtained from EPA's VOC/PM Speciate data base.6 
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2.2.2 Cargo Loading Emissions 

2.2.2.1 voe Emissions. Cargo loading voe emissions were 

calculated for each commodity category using the quantity (i.e., 

throughput) of the commodity loaded (in tons), the appropriate 

emission factor, and the density of the cargo (in tons per 

1,000 gallons). Emissions of VOC's were calculated according to 

the following equation: 

Ev = (c/d) x f, 

where: 

Ev = mass of voe emissions; 

c = mass of the cargo (commodity); 

d •density of the cargo (mass per unit volume); and 

f • commodity-specific emission factor (mass per unit 

volume) . 

Emissions from cargo loading were estimated for each of the 

1,648 terminals in the data base based on the quantity 

(throughput) of each commodity loaded at each terminal and t~e 

equation above. For a terminal loading more than one commodity, 

the emissions associated with each commodity were calculated 

separately and then summed to determine the total emissions for 

that terminal. The sum of the emissions from the l,648 ter.ninals 

in the data base represents the estimated nationwide annual 

emissions from cargo loading. 

The cumulative national voe emissions from cargo loading 

estimated to be 75,200 megagrams per year (Mg/yr) 

major 

are 

(l.7 x io 8 pounds per year [lb/yr]). Crude oil is the 

source of emissions at 49,300 Mg/yr (1.1 x 10 8 lb/yr) (66 percent 

of all emissions) . One facility (at Valdez, Alaska) accounts for 

39,000 Mg/yr (8.6 x 10 7 lb/yr) of total estimated crude oil 

emissions (i.e., 79 percent of estimated annual crude oil 

emissions and 52 percent of total estimated annual voe 
emissions.) Gasoline is the second largest source of emissions, 

contributing 21,900 Mg/yr (4.8 x 10 7 lb/yr) (29 percent of all 

emissions) . Nationwide emissions may be overstated because 

emissions from some commodity categories (e.g., alcohols) were 
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estimated based on worst-case assumptions. As stated in 

Chapter 1, terminals that are affected by promulgated State or 

local regulations requiring control of marine vessel loading 

emissions have been identified in the data base. Table 2-3 shows 

nationwide emissions for the current data base (i.e., with 

controlled emissions removed). However, nationwide emissions 

shown in Table 2-4 are estimated based on the assumption that all 

emissions are uncontrolled. Approximately 19 percent of the 

total estimated voe emissions shown in Table 2-4 are already 

subject to control under promulgated State regulations. 

2.2.2.2 HAP Emissions. Cargo loading HAP emissions were 

calculated for five commodity categories using the mass quantity 

of voe emissions and the percentage of voe emissions estimated to 

be HAP's. The following equation was used to calculate HAP 

emissions. 

where: 

EH ::: mass of HAP emissions; 

Ev ::: :nass of voe emissions; and 

p ::: mass percent of vapor comprised by HAP'S. 

Emissions of HAP's from cargo loading were estimated for a:l 

te::::minals. The sum of these HAP emissions represents the 

estimated nationwide annual HAP emissions from cargo loading. 

Table 2-5 sr.ows estimated annual HAP emissions from cargo loading 

by commodity for terminals in the current data base. 

The cumulative national HAP emissions from cargo loading 

were estimated to be 7,947 Mg/yr (1.75 x 10 7 lb/yr). Like the 

na:ior.wide voe emission estimates, the HAP emission estima:es do 

:iot include emissions already subject to promulgated Sta:e 

regulations. Also, HAP emissions rnay be overstated because the 

entire througr.p~t of the chemicals category was used to calculate 

HAP e~iss:c~s fro~ that category and some chemicals may actually 

ce loaded :n containers. 

Gaso::.:ie a::d crude oil are :he major sources of P.AP 

err.:.ss i or.s a: 1,054 t-:g/y-= ( 2. 3 x 10 6 lb/yr) ar.d 6,346 Mg/yr 
.., 

( 1. 4 x l'.)' lb/yr; , respec::.ve::y. o: t:1e 6,346 Mg/y'!: cf HA? 
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TABLE 2-3. ANNUAL voe EMISSIONS BY COMMODITY (CONTROLLED EMISSIONS EXCLUDED) 

F.mii;sion Ernis~iun Tanker Percel\Ulge of 
raclor for {ec1or1 for eminioo' tanker 

Convnodi1y tan ken. barges, Den.lily. c&1ima1e, emauion&. 
Commodity No. lb/ 1,000 g11I lh/1,000 gal Iona/ I ,000 gal Mgiyr pen:enl 

Ouolioo 2911 I 800 3.400 3.125 3,64-0 7.47 

CNdooil' 1311 0.610 1.000 3.620 44,600 91.44 

Jet fuel 2912 o.soo 1.200 l 07S 27S 0.50 

Naphtlaa, aolvefl(a 2917 0400 0.800 3.100 IOS 0 21 

Alcollol1 2811 o.soo 1100 :uos IOI 0.21 

Toluene 2817 0.400 0.800 3.614 20 0.04 

D111. fuel 2914 O.OOS 0.012 2.792 16 0.02 

Cheinical•b 0005 0005 J 750 12 003 

Cllhenc 0.005 000.S 3 464 I 0 0 00 

KeroKne 2913 0005 0.0IJ 3.375 0.4 0.00 

TOTAL 48,800 100 

"Approiumaiely 76 p•rcenl of annual "61unated cnule oil cm1uions are aunbollld ro one 1erminal (Valdez) 
blncludea "BHic Chem.iul1" (ConunoJi1y Nu 2819) •nJ "Mi5Cell111co"• Chemical~• (ConmMNlity No. 2891) 

Barge Perc.,nrage uf Tu1al 
emiuion& barge emi .. iona 
uuma1e. "miiiion1. e .. 1im.11e, 

Miciyr percent Mg/yr 

18.200 69.0 21,900 

4,710 17.8S 49,300 

1,409 S.34 1,610 

900 J 43 1,011 

8311 J.111 940 

218 0.82 238 

79 0.30 9S 

15 0 06 27 

4 7 0 02 5.7 

24 0.01 2.8 

26,400 100 7S,200 

c'"ludel "Peiroleum and Coal Produc11, • "Crvdc Oil Product•,• and "Gum and Wood Chemical•" (Commodity No1. 2991, '2& 11, and 2&61, re>pec1ively). 

Percen!Jlge of 
lolal 

emilluons, 

perccrv 

27.08 

6S.59 

l 14 

134 

I 25 

0.32 

0.13 

004 

o.oi 

000 

100 

Ball••ling 
cmie.sion,_, 

Mg/yr 

·-

9SO 

.. 

--

·-

--

.. 

.. 
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TABLE 2-4. ANNUAL voe EMISSIONS BY COMMODITY (CONTROLLED EMISSIONS INCLUDED) 

E1111~~tlU F.m1~~i1m Tank~r Percenll~e of 
feclur for f8<lnr~ for ~m11sioru tanker 

Cu111nuiJ11y lank.,n. hari;es. De11s11~·. ~a.11male, emissilnts, 
("011uuudsty Nu lhll .000 gal lhi I ,000 gal lun•i I ,000 ~·I Ml(iyr percenl 

(j"'"""l" 2911 I 800 J.400 J 12~ 5,tl.50 II 3 

. 
Cnulc oil" 1311 0 610 I 000 3.620 45,200 87 4 

'"'fuel 2912 0 500 1.200 3 075 378 2.91 
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TABLE 2-5. HAP EMISSIONS ESTIMATES 

Mass percent of HAP emissions. 
Commodity HAP HAP's Mg/yr 

Gasoline Benzene 0.80 184 
Toluene 1.17 312 
Hexane 1.49 421 
Xyleoe 0.46 97 
Otbersa 0.90 40 
Subtotal 4.82 1.054 

Crude oil Benzene I.OS 108 
Toluene 0.70 72 
Hexane 10.93 1.125 
Xylene 0.16 16 
Etbylbenz.eoe 0.04 4 
Total 12.87 1,325 

Crude oil (Valdez) Benzene . I.OS 408 
Toluene 0.70 272 
Hexane 10.93 4.264 
Xylenes 0.16 62 
Ethyl benzene 0.04 15 
Total 12.87 5.021 

Jet fuel All 0 0 

Naphtha, solvents All 0 0 

Alcohols Methanol, ethylene glycol 30 282 
I 

Toluene Toluene JOO. 238 

Oislillate fuel Xylene 0.15 0.14 
Benzene 0.77 0.73 
Tolueoe 0.66 0.63 
Ethyl benzene 0.04 0.04 
0-xylene 0.05 0.05 
Subtotal 1.67 1.59 

Chemicals AH 100 27 

Others All 29.05 1.66 

Kerosene Heune 4.7 0.13 
Benzene 2.4 0.07 
Tolueoe 1.4 0.04 
Subtotal 8.S 0.24 

Total AJI 7,947 

alncludes cumene, napbtbaleoe, ethylbcnz.ene, and isoocta.ne. Source: Refen:nce 5. 
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emissions associated with crude oil, 5,020 Mg/yr (1.1 x 

10 7 lb/yr) are attributable to the tenninal at Valdez, Alaska, 

alone. This is primarily due to the extremely high throughput 

and elevated emission factors associated with this facility. 

Emissions of HAP's associated with the loading of all of the 

commodity categories except gasoline and crude oil comprise less 

than one-third of total HAP emissions. Toluene emissions 

associated with cargo loading are equal to the voe estimate of 

238 Mg/yr (5.2 x 10 5 lb/yr). (All vapors from toluene loadings 

are HAP's.l The two compounds responsible for HAP emissions 

associated with the alcohols category are methanol and ethylene 

glycol. The total estimated HAP emissions of methanol and 

ethylene glycol are 282 Mg/yr (6.2 x 105 lb/yr) and 0.4 Mg/yr 

(882 lb/yr). Approximately 60 of the 250 different chemicals in 

the "chemicals" category are HAP's. 7 Since the different 
throughputs and emission factors were not known for each 

chemical, the worst-case assumption was made and the entire 

chemicals throughput was assumed to be HAP's. For this reason, 

voe and HAP emissions are the same for the chemicals category at 

27 Mg/yr (6 x io 5 lb/yr) . 

Emissions of HAP's associated with loading distillate fuel 

and kerosene are very low, due primarily to their low voe 
emission factors. Total HAP emissions associated with distillate 
fuel loadings are 1.6 Mg/yr (3.5 x 103 lb/yr). Total HAP 

emissions from kerosene cargo loadings are 0.24 Mg/yr 
(529 lb/yr). 

2.3 TANKSHIP BALLASTING 

Tankship ballasting emissions were estimated using the 

annual quantities of cargo unloaded, the density of the cargo, 

the percentage of ballast water loaded, the fraction of ships 

using cargo tanks for ballast, and a ballasting emission factor. 

The following equation was used to calculate ballasting 

ernissions: 1 

E8 • (c/d) x P x 0.30 x f, 
where: 

EB = mass of voe emissions from ballasting; 
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c ~ mass of cargo; 

d = density of commodity (mass per unit volume); 

P ~ percentage of tankships without equipment to prevent 

ballasting emissions; and 

f = cornmodity-specific emission factor (mass per unit 

volume) . 

The data base contains unloading information only for crude oil; 

no information was obtained regarding the unloading of other 

commodities. Therefore, nationwide ballasting emissions were 

calculated only for crude oil. However, crude oil represents the 

majority of voe-emitting compounds unloaded at marine terminals 

(approximately 76 percent of the nationwide ballasting emissions 

estimated by the Marine Board for 1984 were attributed to crude 

oil). The percentage of tankships without equipment to prevent 

ballasting emissions was assumed to be 5.2 percent, based on 

information provided by the Marine Board. 1 A tankship ballasting 

emission factor of 1.2 lb/1,000 gallons of crude oil unloaded was 

provided in AP-42. 2 Approximately 30 percent of the volu.~e o: 

the tank was assumed to be filled with ballast water. 1 Based o~ 

these assumptions and no clean ballast tanks, the total voe 

emissions from crude oil tankship ballasting were estimated to be 

approximately 950 Mg/yr (2.1 x io 6 lb/yr). Based on the portion 

of HAP's in crude oil vapor, total HAP emissions from ballasting 
are 120 Mg/yr (2.7 x 105 lb/yr). Benzene accounts for 9.9 Mg/yr 

(2.2 x 104 lb/yr) of HAP emissions from crude oil tankship 

ballasting, and toluene accounts for 6.6 Mg/yr (1.5 x io4 lb/yr). 

Hexane accounts for the largest portion of HAP emissions from 

crude oil tankship ballasting 104 Mg/yr (2.3 x 105 lb/yr). 

Ballasting emissions will diminish in the future because most 

tankships built since 1980 are required by domestic law and 
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international agreement to use segregated ballast tanks (SBT's) 

and, thus, do not emit vapors during ballasting. 1 

2.4 EMISSION CONTROLS 

This section describes the types of emission control systems 

available for controlling voe and HAP emissions from marine 

vessel loading operations. The information contained in this 

section is taken primarily from Chapter 3 of the Marine Board's 

Controlling Hydrocarbon Emissions From Tank Vessel Loading. 1 

Several emission control processes are applicable to 

controlling emissions during marine vessel loading; these 

processes fall into two major categories: combustion and 

recovery. Combustion processes include flares and incinerators. 

Recovery processes include lean oil absorbers, refrigeration 

systems, and carbon-bed adsorbers. All of these vapor control 

systems are described below. However, incineration was assumed 

to be the control method of choice when estimating the costs of 

control in Chapter 3 of this document. The primary reason for 

selecting incineration is that many marine terminals load more 

than one commodity, and recovery processes are best suited to 

terminals that load only one COf!IIDOdity. When selecting a vapor 
control system for an actual terminal, the decision of whether or 

not to recover the commodity also depends on (1) the nature of 

the voe stream (specifically, its expected variability in flow 

rate and hydrocarbon content) and (2) locational factors, such as 

the availability of utilities and the distance from the tankship 

or barge to the vapor control system. 1 

Compared to recovery processes, flares and incinerators are 
inexpensive to install and easy to operate. Combustion systems 

tend to be well suited to low-volume terminals that are located 

far from existing utility hookups. Combustion processes are more 

economic than other control technologies if the voe vapor vented 

from the tankships and tank barges is lean and the potential 

value of the recovered voe is low. Conversely, if the voe stream 

is relatively rich and the terminal has a high throughput, 

adequate space, and easily accessible utilities, then it may be 

economic to recover the voe. Recovery systems are more expensive 
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to install and operate than combustion systems; however, :he 

value of the recovered voe can :tlake recovery cost effective. 1 

2.4.1 Closed Loading of Vessels 

Controlling emissions frcrn tank vessel loadir.g requires that 

the compartments on both tankships and barges be clcsed to tr.e 

atmosphere during loading. Closed loading is done with hatctes 

and ports closed, but it does not necessarily preclude venting 

vapors to the atmosphere (tank vents are generally open to the 

atmosphere). Most tankships are already equipped :or closed 

loading as a result of h3ving inert gas systems on beard (closed 

loading is necessary to maintain the legally required rninimlL~ 

inert gas pressure in the cargo tanks) . 1 Barges ger.erally do not 

use inert gas, so they are usually open loaded. Equipment 

necessary for closed loading includes (1) devices to protect 

tanks from underpressurization and overpressurization, (2) level

monitoring and alarm systems to prevent overfilli~g, and 

(3) devices for cargo gauging and sampling. 1 The types of 

equipment included in each of these three categories is sxplained 

in detail in the ~rine Board document.1 

2.4.2 Combustion Processes • 
The combustion processes described in this section incl~de 

flares (both open and enclosed) and incinerators (recuperative 

and regenerative) . Flares and incinerators combust voe vapors as 

they arrive from the vessel or from intennediate vapor-recovery 

equipment. The combustion products are mainly carbon dioxide 

(C02 l and water; small amounts of nitrous oxides (~Ox) and carbo~ 

monoxide (CO) are also produced. Both flares and incinerators 

are more than 98 percent efficient if operated properly. 

The primary drawback to using combustion processes is that 

they do not recover the voe and use fuel in the process. Also, 

incinerating chlorinated compounds may lead to the formation and 

emission of acid gases. Another drawback is that combustion 

devices are potential ignition sources. However, newly 

manufactured combustion devices have flame arresters to g~ard 

against flash back. This concern is especially i~portant if the 

displaced vapors are not inerted or enriched. Vapors fro~ 
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vessels with inert gas systems have oxygen contents below 
8 percent, which is too low to support combustion. The lack of 
oxygen greatly reduces the risk of explosion; however, it also 
requires the combustion system to draw in additional air (to 

raise oxygen levels to the point where the mixture will burn) . 
Diluting the vapors increases the size of the combustor and the 
amount of supplemental fuel needed to maintain minimum combustion 

temperatures. 1 Enrichment of vapors involves adding fuel 
(usually methane or propane) to the voe mixture to make it too 
rich to support combustion. 

The primary advantage of using combustion instead of 
recovery systems is that combustion devices are generally cheaper 
to install and to operate. Combustion processes are also more 
efficient than recovery processes in reducing the voe content of 
the vapor stream. In addition, cornbusting VOC's is more 
practical at terminals where several different commodities are 
loaded. (For additional information on combustion processes, see 

Chapter 3 of the Marine Board document) . 1 

2.4.2.1 Flares. Flares cornbust VOC's by igniting the 
voe-laden vapors as they pass through one or more burners. 
Flares may be either open or enclosed. An enclosed flare is of 
the same fundamental design as an open flare but with a 
protective cylindrical shroud around the burners. Enclosed 
flares allow for control of operating temperature and residence 
time as well as emission testing. Flares are the least expensive 
control system. Flares require little operator attention and 
will burn on their own so long as the incoming vapors contain 
enough hydrocarbon. Pilot burners are used to ensure that a 
flame is maintained in the event that the main flame goes out; 
the pilot burner is much smaller than the primary burners. 
Flares are usually more than 98 percent efficient as long as the 
combustion zone stays properly lighted. Flares, especially open 
ones, need to be located away from people and equipment for 
safety reasons. 1 

2.4.2.2 Incinerators. Incinerators operate by combusting 
voe vapors in a confined chamber under controlled conditions. 
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Vapors enter the reaction chamber, combust, and then exit through 

an exhaust stack. Supplemental combustion air and fuel are added 

to the reaction mixture to maximize combustion efficiency. 1 

Combustion air is added to maintain an excess of oxygen, and 

supplemental fuel is added to maintain the desired operating 

temperature. 

There are two basic designs of incinerators: recuperative 

and regenerative. Regenerative incinerators differ from 

recuperative incinerators in that they have heat-exchange media 

upstream and downstream of the reaction chamber. By periodically 

reversing the flow direction, regenerative incinerators can 

recover more energy than a recuperative incinerator equipped with 
a heat exchanger.9 

When outfitted with a heat exchanger, recuperative 

incinerators can achieve up to 70 percent energy recovery. High 

destruction efficiencies (99+ percent) can be achieved by 

operating at higher temperatures or by increasing the residence 

time (via a larger combustion chamber), both of which result in 

increased fuel consumption. Recuperative incinerators are bette= 

suited to lower flows and richer gas streams more capable of 

supporting their own combustion.9 

Regenerative incinerators operate in much the same way as 

recuperative incinerators with heat exchangers. Regenerative 

incinerators, however, have direct-contact beds of silica gravel 

or ceramic burls that absorb heat from the exhaust gas. 

Periodically, the direction of the gas flow through the 

incinerator is reversed. The bed that was being heated by the 

exhaust gas now preheats the incoming stream. By using this 

method of direct-contact heat exchange and reversing flow, energy 

recovery can be up to 95 percent efficient. Control efficiencies 

of up to 99 percent destruction can be achieved. The high-energy 

recovery makes regenerative incinerators well suited to lean, 

high-volume gas streams. In many cases, the pilot burner alone 

will supply the heat input necessary to maintain combustion.9 
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The incinerator costs presented in Chapter 3 of this 

document were estimated based on the assumption that regenerative 

incinerators will be used to control loading emissions. 

Regenerative incinerators were used in the estimates in 

order to better utilize the Marine Board costs. The incinerator 

and fuel costs in the Marine Board estimate indicated that a 

regenerative incinerator was used. Marine Board costs also 

assumed that vapors would be inert.ed·prior transport to the 

incinerator. However, marine vessel loading is a batch process, 

and would require constant startup and shutdown of the 

incinerator or idling, which would raise fuel consumption. 

Because of this, most combustion systems will likely use a 

recuperative incinerator or enclosed flare and an enrichment 

system. This system would be slightly less complex and more 

streamlined than the one used by EPA for costs estimates. 

2.4.3 Recovery Processes 

Recovery processes are more complex to design and operate 

than are combustion processes; however, the value of the 

recovered product can make recovery a feasible alternative in 

some cases. Most recovery processes can recover 8~ to 95 percent 

of the voe with moderate installation and operating costs. 

Achieving higher efficiencies can be very costly because severe 

operating conditions are required (e.g., temperatures below 

-200°F or pressures above 250 psia). If further reduction of 

VOC's is needed, a small flare or incinerator can follow the 

recovery unit and polish the outlet stream. 1 

The recovery processes described in this section include 

lean oil absorption, refrigeration, and carbon bed adsorption. 

2.4.3.1 Lean Oil Absorption. Lean oil absorbers use 

condensation and cooling under pressure to transfer hydrocarbons 

(VOC's) from a rich vapor into a lean oil. Any hydrocarbon 

liquid with sufficiently low vapor pressure can be used as the 

lean oil. Tankship- and barge-loading terminals could use crude, 

product, or another specially designated lean oil supply. The 

recovered hydrocarbon can be either incorporated and sold as part 

of the lean oil or stripped from it and handled separately. When 
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possible, the same commodity being loaded should be used as the 
lean oil supply because it will work well and saves the added 
expense of another material. The corranodity can then be returned 
to a storage tank or to the vessel being loaded. 

Lean oil absorption processes are very efficient at 
recovering hydrocarbon from rich streams but much less efficient . 
at removing hydrocarbon from lean streams that contain little 
hydrocarbon. Lean oil ab.so~bers usually operate at pressures of 
100 to 200 psia. To further reduce the existing vapor's 
hydrocarbon content, some absorption units also cool the lean 
oil. Typically, an absorber can remove 80 to 90 percent of a 

vapor's hydrocarbon by simply increasing the pressure. 
Efficiencies of up to 95 percent can be achieved by lowering the 
operating temperature as well. However, at temperatures much 
below 60°F, hydrate formation may cause freeze-up problems. If 
the system is under pressure, water can freeze, even at 
temperatures above 32°F. If necessary, antifreeze (e.g., 
ethylene glycol) can be used to lower the liquid hydrocarbon's 
freezing point.1 

2.4.3.2 Refrigeration. Direct refr~geration systems remove 
hydrocarbons by cooling the vapors through a series of low

temperature heat exchangers. These systems are best suited to 
vapors from non-inerted product carriers, i.e., vapors that do 
not contain as much co2 , light ends, or corrosion-causing 
contaminants, such as hydrogen sulfide (H2S). (Inerted vapors 
contain about 15 percent co2 by volume; H2s is contained in crude 
oil vapors.)l 

Most direct refrigeration systems use sea or river water to 
cool the vapors to around 60°F. This step removes most of the 

water and heavy hydrocarbons from the vapor. Next, as many as 
four refrigeration loops cool the remaining vapor to somewhere in 
the -100° to -150°F range. The number of loops needed and the 
intermediate operating temperatures depend on the hydrocarbon 
(VOC) species present and the desired recovery efficiency. 
Usually the first heat exchanger removes water from the vapor at 
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around 32°F, the second heat exchanger cools the vapor to below 

0°F to remove intermediate-weight hydrocarbons, and so on. 1 

To further improve hydrocarbon reduction, it is useful to 
compress the vapors, further reducing the equilibrium hydrocarbon 

content. Compression is usually done after the first or second 

exchanger, at which point most of the water and heavy 

hydrocarbons have been removed. After the vapor has passed 

through the low-temperature heat exchangers, it expands and 

reaches ambient pressure as it is vented to the atmosphere. This 
expansion lowers the temperature further and drops out additional 

hydrocarbon. 

Direct refrigeration can remove up to 99 percent of a 
stream's voe content when very low temperatures are used. 

However, below 60°F, hydrates may form and plug heat exchanger 

surfaces and lines. Hydrate fonnation may be avoided by 
injecting ethylene glycol or other antifreeze or by operating the 

refrigeration unit intermittently to allow periodic thawing. 

However, using antifreeze becomes very expensive at lower 

operating pressures, and intermittent operation.may limit loading 

rates on tankships and barges. 1 

2.4.3.3 Carbon Bed Adsor:ption. Carbon bed adsorbers use 

activated carbon or a similar adsorptive medium to adsorb 

hydrocarbons selectively. Air and very light hydrocarbons pass 
through the medium, while heavier hydrocarbons are adsorbed to 

the medium's surface. Carbon beds operate effectively regardless 
of whether or not the incoming vapors have been inerted. 

However, by Coast Guard regulation, vapors routed to a vapor 

recovery unit need not be enriched,· inerted, or dilutect. 10 After 

the capacity of the adsorptive medium is used up--that is, after 
most of the adsorptive sites are already holding hydrocarbons-
hydrocarbons will "break through" and appear in increasing 

amounts in the exiting vapor. At this time, the medium needs to 
be recharged, or the exiting vapor will eventually contain as 

much hydrocarbon as the untreated vapor, and the pressure drop 

across the adsorption unit may become unacceptable. 1 
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Although disposal of spent carbon is an option, most 

terminals are large enough for activated carbon regeneration to 

be economical. The best method for regenerating the spent carbon 

is to use a vacuum pump to desorb the hydrocarbons. Another 

alternative, steam stripping, requires a steam source and 

generates an oily wastewater stream that requires proper 

disposal. 1 

Carbon bed adsorbers can be more than 99 percent effective 

at removing hydrocarbons; however, carbon beds are not as 

effective at removing light ends such as ethane and propane. 

Such light species tend to adsorb poorly, and slight temperat~re 

increases may drive them off. Alternatively, when heavier, mere 

strongly attracted species pass through the bed, they may 

displace the lighter species from the active sites. Also, H2s 
and other contaminants present in crude oil and other "dirty" 

commodities permanently poison activated carbon. Poisoning of 
the activated carbon can be avoided, however, by treatir.g the 

vapor with caustic (sodium hydroxide) prior to routing the vapo~ 
to the adsorber.1 

2.5 CURRENT PRACTICES AND SAFETY ASPECTS 

· The technology for controlling voe and HAP emissions from 

marine vessel loading operations is available and already in use 

on vessels and at marine terminals that load highly toxic or 

noxious cargoes with volatile vapors, such as ammonia, chlorine, 

acrylonitrile, and epichlorohydrin. These and other hazardous 

fluids are routinely captured for reuse or disposal. 1 Applyi~g 

these control technologies to terminals with high throughputs and 

loading rates (typical of terminals that load gasoline and crude 

oil) will require that terminal operators maintain safe operat~ng 

practices due to the increased handling of potentially explosive 

vapors. 

Loading the tank vessels with hydrocarbon cargoes presents 

three main hazards: (1) fire due to the ignition of spilled 

liquid or unconfined vapors, (2) explosion due to the ignition of 
vapor-air mixtures in confined spaces, and (3) water pollution as 

a result of spills. Adding vapor-handling systems could increase 
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the risks of such events occurring by adding to the 
complexity of loading operations, and in particular 
additional handling of potentially explosive vapors. 

operational 
by requiring 

An 

additional consideration is the possible personnel exposure to 
vapors. However, the risks associated with vapor control can be 
minimized through proper personnel training and management . . 
Also, redundant safety systems are required at terminals and on 

board vessels to ensure that the temporary failure of one system 
would not expose operations to undue risks. 1 The U.S. Coast 

Guard has addressed these safety issues by adopting new 

regulations for the safe design, installation, and operation of 
marine vapor control systems; these regulations became effective 
on June 21, 1990.10 
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3.0 COSTS 

This chapter presents the estimated capital and annual costs 

of controlling emissions from marine vessel loading operations. 

These costs include the costs of retrofitting both the marine 

terminals and the vessels that load at these terminals. 

Section 3.1 discusses the model terminals and vessels that were 
developed in order to simplify the cost-estimating procedures. 
The capital and annual costs of retrofitting the model vessels is 

discussed in Section 3.2; Section 3.3 presents the capital and 

annual costs of retrofitting the model terminals with an 
incineration system or a carbon adsorption system. Nationwide 

costs are discussed in Section 3.4. 

3.1 DEVELOPMENT OF MODEL TERMINALS AND VESSELS 

3.1.l Background 

In April 1987, the Marine Board of the National Council on 
Engineering and Technical Systems (Marine Board) contracted with 

United Technical Design, Inc. (UTD) to prepare a cost estimate 
for marine vapor control systems. The Marine Board provided UTD 

with four model vessels and three model terminals. The four 
model vessels are (1) a crude oil tankship (70 kilo dead weight 

tons [kdwt]), (2) a product tank.ship (35 kdwt), (3) a crude-oil 

ocean barge (19 kdwt), and {4) an inland river barge. The three 

model terminals are (5) a product terminal serving inland river 
barges, (6) a crude oil terminal, and (7) a product terminal 
serving ships and barges. The numbers preceeding the individual 
model descriptions correspond to the Marine Board model number. 

United Technical Design estimated the cost of installing an 
incineration-based emissions control system at each of the three 
model terminals, as well as the cost of retrofitting the model 
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vessels (i.e., tankships and barges) loaded at those terminals. 

Equipment needed for vessel retrofit includes systems aboard 

vessels that make closed loading possible: devices to protect 

tanks from overpressurization, level monitoring and alarm systems 

to prevent overfilling, and devices for final cargo gauging and 

sampling. Vessels need piping and manifolds to collect vapors 

and carry them ashore for disposition. Tank gauging and alarms, 

detonation arrestors, and other safety devices on vessels and at 

terminals are needed to prevent overpressurization and prevent 

fires and explosions. 
3.1.2 New Models 

The three Marine Board model terminals are designed for 

throughputs of 8 million barrels per year (mm bbl/yr) , 

70 mm bbl/yr, and 29 mm bbl/yr, respectively (based on loading 

one vessel 2,000 hours per year at maximum capacity). However, 

the majority (1,348 out of 1,648) of the terminals in the current 

data base have throughputs of less than 1 million bbl/yr. To 

better represent actual terminals, the existing three model 

terminals were modified to create eight model terminals. Most of 

the new model terminals are designed with lower throughputs than 

the original models and more closely parallel the throughputs of 

voe-emitting commodities at actual terminals. The model vessels 

used are the same as those created by the Marine Board. 

In order to estimate terminal costs, each terminal 

represented in the data base was assigned to one of the eight 

model terminals. The actual terminals were assigned to model 

terminals based on the commodities loaded (product or crude oil), 

vessels loaded (barge or ship) , and throughput (bbl/yr) . 

(Product is defined as any commodity other than crude oil.) 

Table 3-1 presents a brief summary of the eight model terminals 

and shows the number of actual terminals represented by each 

model. The four model vessels are presented in Table 3-2. 

Terminals assigned to Models 6A, 68, and 6C load crude oil 

only. Terminals assigned to other models load at least one 

product commodity and may or may not also load crude oil. 

Models 5A, SB, and SC are based on Marine Board Model Terminal 5 
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and represent terminals that load product commodities onto barges 

only. Models 7A and 7B are based on Marine Board Model 

Terminal 7 and represent terminals that load product commodities 

onto either ships only or both ships and barges. Model 6A is 

based on Marine Board Model Terminal 6 and represents terminals 

that load crude oil onto ships or ships and barges. Models 6B 

and 6C are· based on Marine Board Model Terminal 5 and represent 

terminals that load crude oil onto barges only. A detailed 

description of the four model vessels and eight new mcdel 

terminals is provided in Appendix A. 

3.2 MODEL VESSELS 

The Marine Board developed four model vessels for use with 

the model terminals. 1 The model vessels are (1) a crude oil 

tankship (70 kdwt), (2) a product tankship (35 kdwt), (3) a 

crude-oil ocean barge (19 kdwt), and (4) an inland river barge. 

The characteristics of the four model vessels and associated 

retrofit costs are presented in Table 3-2. 
The capital costs for the model vessel retrofits are taken 

from the UTD cost estimate.2 The UTD model vessel costs differ 

from the Marine Board costs only for Model Vessel 2, 35 kdwt 

product ships. The Marine Board wholly adopted UTD's cost 

estimates with the exception of Model Vessel 2. The Marine Board 

estimate includes shipboard inert gas generators while UTD's 
estimate does not. The UTD estimate is used for Model Vessel 2, 

as dock-mounted inert gas generators are more economical than 

those mounted shipboard. 

Model Vessel 3 is a 19 kdwt crude oil ocean barge. It is 

not used by any of the Marine Board or modified model terminals. 

Terminals that load crude oil onto barges and terminals that load 

products onto ships are both assumed to use inland river barges. 

The capital costs for vessel retrofit range from $168,000 to 

$426,000, depending upon vessel size and existing piping. 2 The 
capital costs to retrofit Model Vessels 1 and 4 are the same 

($169,000). Model Vessel 1 has an inert gas system onboard, the 

piping of which can be used as a vapor collection header. Model 

Vessel 4 requires a complete retrofit (i.e., piping, 
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instrumentation, hardware), the cost of which may exceed the 

value of the vessel. The capital cost to retrofit Model Vessel 2 
(35 kdwt product ship) is highest. It is the largest vessel that 

requires a complete retrofit. 
Annual costs for vessel retrofit range from $24,500 to 

$64,400 per year. 2 The annual costs depend upon the amount of 

maintenance the vessel retrofit will require and recovery of the 

capital invested in the retrofit. The annual costs also are 
taken directly from the UTD cost estimate. A complete swnmary of 

vessel retrofit capital and annual costs is presented in 

Table 3-3. 
3.3 MODEL TERMINAL COSTS 

3.3.1 Capital Costs 
The capital costs for each of the model terminals are 

dictated by the number of berths (number of vessels that can 

simultaneously load at the terminal) and the maximum loading 

rate. The number of berths at each terminal affects the amount 

of equipment and piping necessary for controlling emissions; the 

maximum loading rate affects the size of the necessary equipment 
and piping. Maximum loading rates for each model terminal may be 
calculated by multiplying the number of berths by the loading 

rates of the associated model vessels. 
Models Terminals SA, SB, and SC are designed to load 

four barges, two barges, and one barge, respectively (no 
tankships are associated with these models). Each barge has a 

loading rate of 4,000 barrels/hour (bbl/hr). Therefore, the 

equipment and piping must be sized to handle 22,460 ft 3 

(4,000 bbl/hr x 5.615 ft 3/bbl) of voe gas stream per barge, plus 

the inert gas (if necessary) to inert the voe stream. A ratio of 
1.37 ft 3 inert gas to 1 ft 3 VOC's is used to dete:anine the gas 

flow rate when incineration is used. This ratio, which is higher 
. -
than the industry standard 12S percent assumed in the UTD 
estimate, is calculated as the amount of inert gas necessary to 
dilute gasoline (Reid Vapor Pressure • 7) at 70°F to 8 percent 

oxygen. Maximum output from the inert gas generator for Models 
Terminals SA, SB, and SC is 30,770 ft 3/hr ci.37 x 22,460 ft 3 ) per 
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barge. Maximum flow to the incinerator for these models is then 

30,770 ft 3/hr + 22,460 ft3/hr, or 53,230 ft 3/hr (887 ft 3/min) oer 

barge when incineration is used. No inert gas or dilution air is 

assumed for recovery. ~odel gas stream flows for other terminal 

scenarios are calculated similarly. 

Gas stream flows are important for determining both capital 

and annual costs. Incinerator, inert gas generator, and piping 

costs are all flow dependent. Annual costs, such as natural gas 

and electricity are also dependent upon vapor flow rates. 

3.3.1.1 Incineration. The approach used in original cost 

analysis prepared by UTD, "Scoping Quality Cost Estimate for 

Marine Vapor Control Systems,~ is used as the cost basis for 

applying an incinerator to the eight model terminals. However, 

the methodology for many capital and annual costs has been 

changed from the original estimate. Incinerator, equipment, 

piping and instrumentation costs have all been changed to reflect 

the loading rates and numbers of vessels assigned to the new 

model terminals. Additionally, costs were developed for an 

independent inert gas generator and scrubber water system because 

the system used in the UTD cost estimate is not technically 

feasible. The original UTD cost estimate a·ssumed that 

incinerator exhaust gas would be used as an inert gas to dilute 

vapors as they were displaced during loading. Regenerative 

incinerators require large amounts of excess air to achieve high 

(98 percent) destruction efficiencies. 3 When operating with high 

levels of excess air, the exhaust gas contains too much oxygen to 

be used as an inert gas. If excess air levels are decreased to 

stoichiometric levels (no excess air) in an effort to reduce 

exhaust gas oxygen content, destruction efficiency is reduced to 

70 to 80 percent. 4 Therefore, separate inert gas generators 

mounted dockside are included in the cost estimate. The 

advantage of a regenerative incinerator is that no auxiliary fuel 

is needed due to the high stream concentrations and energy 

recovery of the incinerator. The only uses for auxiliary fuel 

would be startup, idling, and main~aining the pilot light. 



The inert gas generator must be capable of supplying inert 

gas for the loading of all the vessels utilized by a model 

tenninal. The use of one inert gas generator for Model 

Tenninals SA to SC, 6B, and 6C is practical. However, if a 

single inert gas generator were sized to handle tbe loading of 

all vessels associated with models 7A or 78, its turndown ratio 

(i.e., minimum operating capacity divided by maximum operating 

capacity) is great enough that it would over-produce inert gas 

during the loading of a single barge. For this reason and for 

greater reliability, multiple inert gas generators were assumed 

in lieu of one full-sized inert gas generator for Model 

Terminals 7A and 7B. 

A separate inert gas system was assumed for all models 

except Model Terminal 6 (the vessels associated with Model 

Terminal 6 have their own inert gas systems) . The inert gas 

generator costs are adjusted for size using EPA costing 

methodology. 5 •6 Inert gas generator costs range from $63,000 to 

$684,000 per model. 

Incinerator capital costs provided by UTD were changed to 

reflect EPA costing methodology. 5 New incinerator costs range 

from $218,000 to $368,000. An additional 33 percent was added to 

the incinerator cost for installation. Installed incinerator 

costs range from $290,000 to $490,000. The original UTD 

installed incinerator costs ranged from $319,000 to $1,600,000. 

The difference between the costs estimated using UTD and EPA 

methodologies is greatest between Model Terminal 7A and the 

Marine Board's Model Terminal 7. 

The UTD costs for other major equipment and instrumentation 

are used directly. However, the UTD estimates of some items in 

these categories (e.g., trip valves, detonation arrestors, oxygen 

probes) were determined based on the number of loading berths 

associated with each model. The costs per equipment located at 

each berth has been recalculated based on the number of loading 

berths associated with the new model terminals. Therefore, the 

instrumentation and other major equipment capital costs differ 

for Model Terminals SA, SB, and SC because of the different 
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number of loading berths associated with each model. Costs for 

piping, fittings, and associated installation were taken frcm the 

UTD estimate. Piping costs presented on a per-berth basis 
(e.g., headers) were adjusted to correspond with the number of 

loading berths associated with each model terminal. Piping size 

has been adjusted to retain the same stream velocity as in the 

original UTD scenario. Engineering, startup, and contingencies 
are assumed to total to 25 percent of installed equipment costs 
(per UTD) . 

The estimated capital costs of controlling emissior.s from 

each of the eight model terminals using an incineration based 

technology are presented in Tables 3-4 through 3-11. Complete 
documentation for these costs is provided in Appendix B. 

3.3.1.2 Recovery. Capital and annual costs were also 

developed for a carbon adsorption-based emission control system. 

Much of the equipment needed to control air emissions from mari~e 

vessel loading operations via incineration is also necessary when 
carbon adsorption is used (e.g., piping, booster fans, detonation 

arresters, vapor headers, explosionproof alarms, probes, sensors, 

etc.). The piping, instrumentation, and other major equip~ent 

costs are calculated using the same bases. When using recovery
based control systems, inert gas, enrichment, or dilution a~r .is 

no longer necessary. Therefore, an inert gas generator and 
cooling water system are not included in the costs for the 

recovery system. Piping sizes are also reduced to correspcnd to 
the lower noninerted emission stream flow rates. 

The design and costs of the carbon adsorbers were deter:nined 
using procedures outlined in the OAQPS Control Cost Manual.s 

Tables 3-12 through 3-16 present the capital and annual costs of 
carbon adsorption-based controls for each model tenninal loading 

gasoline (i.e., Models SA, SB, SC, 7A and 78). Appendix C 

presents a summary of the carbon adsorber design characteris:ics 
for each Model Terminal. A detailed description of the 

development of the carbon adsorp:ion system design 
characteristics for Model Terminal SA is provided as Append~x D; 
Appendix D also provides complete docurnen:ation of all capital 
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and annual costs for Model Terminal SA using a carbon adsorption

based control system. Table 3-17 provides a comparison of the 

estimated capital costs of incineration versus carbon adsorption 

for Model Terminal SA. The percent difference in the capital 

costs indicates that incineration is more costly by 3.8 percent. 

Note that because the cost estimates for carbon adsorption 

are focused on gasoline recovery, Model Terminals 6A, 6B, and 6C 

(which deal exclusively with crude oil) were not used to develop 

carbon adsorption costs. Crude oil emissions are not expected to 

be controlled by .carbon adsorption because hydrogen sulfide (H2SJ 

present in crude oil vapor tends to poison the carbon bed; 

however, pretreatment (via a scrubber) could remove H2s from the 

vapor prior to the adsorber. In addition, terminal owners are 

not expected to invest in carbon adsorption if they are required 

to control a.variety of compounds because the design of carbon 

adsorbers is usually compound-specific. 

3.3.2 k~nual Costs 

Annual costs from the UI'D estimate were incorporated into 

~his cost estimate where possible. Several annual costs not 

included in the original UTD estimate were added: these costs 

include labor (operating and maintenance) and overhead. Other 

annual costs, such as electrical and natural gas costs, were 

ta~en from the UTD estimate and modified as needed. Costs for 

operating labor and maintenance parts and labor are taken from 

EPA costing methodology.5 

Maintenance parts and labor are added to UTD's preventive 

maintenance estimate in order to obtain total maintenance costs. 

The natural gas costs for incinerators are taken directly from 

tr.e UTD estimate. The amount of natural gas needed for inert gas 

generators is based on the size of the inert gas generator. 7 

Electrical consu.~ption for the emission stream booster fans was 
-·------

take~ from the UTD document for Model Terminals SA through SC 

and 6A :hrough 6C ar.d adjusted for electrical rate (dollars per 

k:lowa:: ho~r) . 8 Elec:rical consumption for the emissior.s stream 

booster fans was calcu:ated usi~g EPA methodology for Model 

7er:ninals 7A a~d 78.s (The orig:nal UTD electricity usage 
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appeared to be understated for Model Terminals 7A and 7B and 

reasonable for the other models. Therefore, the higher figure 

determined using EPA rnethodolcgy is used for Model Terminals 7A 

and 7B. l 

Overhead costs, which were not included in UTD's estimate, 

are calculated as 60 percent of operating labor and maintenance 

costs. P~operty taxes, insurance, and administration are 
calculated as 4 percent of the total capital costs (excluding 

vessel capital costs) . Capital recovery is based on an interest 
rate of 10 percent, an equipment life of 10 years, and a piping . 
life of 20 years. Vessel annual costs include maintenance and 

capital recovery costs (10 percent interest and a 20-year life) 

The primary difference between the annual costs for an 

incineration-based system and a carbon adsorption-based system is 

tha~ the gasoline recovered in the carbon adsorber can be sold 

for a recovery credit. Also, the carbon adsorber does not 

require any natural gas and the incinerator does not require 

steam, cooling water, or carbon. In addition, electricity costs 
are significantly higher for carbon adsorption than for 

incineration due to the fact that electricity is only needed to 

run the system fan in the incineration system, whereas the carbon 

adsorption system needs electricity to run the system fan, bed 
drying and cooling fan, cooling water pump, and solvent pump; 

however, the same rate ($/Kwh) is used to calculate electricity 

costs for the two systems. Other annual costs are essentially 
the same with labor and maintenance being slightly lower for 

carbon adsorption (no one is needed to operate and maintain the 
inert gas generator). Overhead, property taxes, and insurance 

costs are based on the same percentage for both carbon adsorption 
and incineration. 

The total capital and annual costs for Model Terminal SA for 

incineration and carbon adsorption fall within 3 to 5 percent of 
each other. The total terminal-only capital costs for Model SA 

are $1,290,000 for incineration and $964,000 for carbon 
adsorption. However, these terminal-only costs are mi~or when 

compared to the associated total vessel retrofit costs, which are 
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estimated to be $7,360,000 for both incineration and carbon 

adsorption. Because the vessel retrofit costs represent 80 to 

90 percent of the total capital cost (depending upon the model 

terminal), the choice of control device has little affect on the 

total cost of control. Total annual costs are likewise dominated 

by the vessel retrofit costs; vessel retrofit annual costs 

represent 70 to 80 percent of the total annual costs depending 

upo? the model terminal. Table 3-18 shows vessel retrofit costs 

attributed to each of the eight model terminals. Although the 

carbon adsorption-based control system is slightly less 

expensive, a general conclusion that carbon adsorption is less 

expensive cannot be made because {1) all costs are estimates and 

a 3 to 5 percent difference is not significant, and (2) terminals 

that choose to incinerate may also choose to enrich rather than 

inert the vapors, and enriching is less expensive than inertir.g. 

Table 3-19 provides a comparison of the annual costs of 

incineration to those of carbon adsorption. 

Equations for annual cost versus throughput were developed 

for each of the eight model terminals, based on incineration 

costs. The terminals listed in the data base are represented by 

a model terminal based on throughput, commodities loaded, and 

vessel types loaded. Appendix E lists each terminal, the model 

terminal to which it was assigned, terminal emissions (in 

pounds}, and the associated annual costs of emission control. 

The cost e~ations were used to develop individual costs for each 

terminal. For a summary of the cost equations, see Appendix F. 

Annual costs are presented in Tables 3-4 through 3-11 for each 

model when using incineration and Tables 3-12 through 3-16 for 

Models SA, SB, SC, 7A, and 7E, respectively, when using carbon 

adsorption. For complete documentation of all incineration-based 

costs and their sources, see Appendix B. 

3.4 NATIONWIDE COSTS AND COST EFFECTIVENESS 

The annual costs for a range of annual throughputs were 

necessary for each model terminal in order to derive costs for 

actual terminals. The loading rates were assumed to be fixed, so 

throughputs were varied by changing the number of loading hours 
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per year. Throughputs and costs were calculated at SO-hour 

intervals from SO to 2,000 loading hours per year. A linear 
regression was performed on the data and equations generated :or 

annual cost with respect to throughput. Appendix F shows the 

data tables of throughput versus costs and the linear regression 

output. The terminal-specific costs are calculated using the 

cost equation for the model terminal to which the actual terminal 

is assigned and the actual terminal throughput. Vessels are 

assigned to the terminals based on fleet factors provided by the 

Marine Board. 1 (Fleet factors are rough estimates of the average 
number of barrels transported per day.) Appendix E lists each 
terminal, the model terminal to which it was assigned, terminal 

emissions (in pounds), and the associated annual costs of 

emission control. Total nationwide annual costs were estimat~d 

by summing the costs for each terminal represented in the data 

base. 

The estimated capital costs are the same for each te::::minal 

in a given model terminal category, except for the "associated 
vessel total capital investmentn (e.g., the terminal-only capital 

costs are the same for each terminal assigned to Model SA) . The 
associated vessel total capital investment was calculated based 

on the terminal's throughput (see Section II.H of Appe~di~ B). 
Nationwide capital and annual costs are presented in 

Table 3-20. Table 3-21 presents the nationwide capital and 
annual costs based on incineration associated with the actual 

terminals that fit each model terminal. The total capital cost 

of retrofitting all of the terminals in the data base ranges from 
approximately $1.9 billion to $2.4 billion. The total capital 

cost of retrofitting both the terminals and the associated 
vessels ranges from $2.3 billion to $2.9 billion. The total 

annualized cost of retrofitting all of the terminals represented 

in the data base varies from $531 million to $619 million. The 

total annualized cost of retrofitting all of the terminals 

represented in the data base and the associated vessels ranges 

from $602 million to $690 million. The corresponding cost

effectiveness of retrofitting terminals and associated ships and 
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barges ranges from $8,000/Mg to $9,200/Mg. and is based on an 

annual emissions reduction of 75,200 Mg/yr. Because the total 

annual costs of control are essentially the same for incineration 

and carbon adsorption, the cost effectiveness values are also 
about the same. Sample emission reduction calculations are 

included in Appendix B. 

3-12 



TABLE 3-1. DESCRIPTION OF MODEL TERMINALS 

Maximum 
No. of loading rate, Al:lua loading Hours per 

Model terminals Ships Size of ships Barges• bbl/h rate, bbl/h year ConunoJitiesb Throughput 

SA 9 0 4 16,000 8,000 2,000 Product TP > 8 mm bbl/yr 

58 14 0 2 8,000 4,000 2,000 Product 4 mm<TP<8 mm bbl/yr 

5C 908 0 I 4,000 4,000 1,000 Product TP< 4,000,000 bbl/yr 

6A 18 I 70 kwdt 0 35,000 35,000 2,000 Crude oil TP>O 

68 8 0 2 8,000 4,000 2,000 Crude oil 4 nun TP < 8 nun bbl/yr 

6C 187 0 I 4,000 4,000 1,000 Crude oil TP < 4,000,000 bbl/yr 

7A 649 I 15 kdwt I 29,000 29,000 l,000 Product TP<29,000,000 bbl/yr 

78 6 2 35 kdwt 4 60,000 33,000 2,000 Product TP> 29,000,000 bbl/yr 

8 All barges referred to here are inland river barges, Model Vessel 4. 
b"Product• is defined as any noncrude oil commodity; however, terminals tat load both •product" and crude oil are considered product terminals. 



TABLE 3-2. MODEL VESSELS• 

lnert gas Total 
Capacity, Loading rate, Fleet factor, system Total capital annualized 

Model Vessel lype Vessel siz.c Commodity carried 1,000 bbl bbl/hr bbl/vcsscl/d2b present invcstmcnl, $ costs, $/yr 

I Ship 70 kdwt Crude oil 490 35,000 25,000 y 168,000 24,500 

2 Ship JS kwdt Product 262.5 25,000 20,000 N 426,000 64,400 

3 Barge 19 kwdl Crude oil 142.5 IS,000 10,000 N 266,000 44,000 

4 Barge -- Product, crude oil 25 4,000 1,000 N 168,000 29,300 . 
8 All costs arc in 1987 dollars. 
bflcet factors are an average of quantity moved per day. 



TABLE 3-3. MODEL VESSEL CAPITAL AND ANNC'AL COSTSa 

Model lb 

Ca12ital costs 

Vapor header hardware 63,100 
lnstrumentatioo 71.400 
Piping 0 

Subtotal 135,000 
Engineering, startup, and 33.600 

contingencies 
Total capital cost . 168.000 

Annual costs 

M'aintenance 48,000 
Capital recovery 19.700 

Total annual costs 24.500 

aAll costs are in 1987 dollars. Numbers have been rounded. 
"70 kdwt oil carrier. 
c35 kdwt product carrier. 
d I 9 kdwt ocean barge. 
elnland river barge. 
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78,000 67,000 50.000 
161,000 81,000 17.000 
102,000 65,000 67.200 
341.000 213.000 134.000 

85,000 53.200 33.600 

426.000 266,000 168.000 

14,400 12,800 9.600 
50,000 3 I.200 19. 700 

64,400 44.000 19.300 



I. 

n. 

m. 

TABLE 3-4. CAPITAL AND ANNUAL COSTS: MODEL 5Aa 
(1987 Dollars) 

Lowb Highb 

Capital Cost.s 

Installed egujpment costs, S. 1987 

I. lncineratorc 329,000 329,000 
2. Inert gas (IG) geoeratord 167,000 167,000 
3. Water systeme 15,800 15.800 
4. Other major equipmenlf 241,000 241,000 
5. Piping8 171.000 228,000 
6. Instrumentationh 49,800 49.800 

Engineering. startup, conlingenciesi 243,000 257,000 
SubtotaJ (tenninal-Qn(y capital costs) 1,220.000 1,290,000 
Associated vessel total capital investmenJ 7,360,000 7,360,000 

TOT AL CAPITAL INYESTMEl\'T (TCI) 8.580,000 8,650,000 

Annual Costs, $, 1987 -
A. Direct 

I. Labor" 3,520 3,520 
2. Mainten.ance1 39,500 39,500 
3. Natural gasm .56,700 56,700 
4. Electriciry0 5,300 5,300 

B. lDdirect Operating Costs 

I. Overbead0 25,800 25,800 
2. Property taxes, insurance, and 

administrationP 48,700 51,500 
3. CapitaJ recovery chargeq 190,000 199,000 

Subtotal (terminal-annual costs) 370,000 382,000 
Vessel retrofit total annual costs 1,290,000 1,290,000 

TOT AL ANNUAL COSTS 1,660,000 1,670.000 

Cost Effectiveness 

A. Emission reduction, Mg/yr 1,014 1,014 
B. Cost effectiveness (incinerator only), $/Mg 370 380 
C. Cost effectiveness (incinerator and retrofitting 

vessels), $/Mg 1,600 l,600 
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TABLE 3-4. (continued) 

acosts rounded to three significant figures; cost effectiveness rounded to two significant figures. 
!>rota! capital and annual costs in the "low" column arc lower than those in the "high• column due to 
shorter assumed piping runs (see Footnote g below). 

clncinerator cost= (220,400+[11.57x3,550])x323.8/342.5; plus 33 percent for installation. 
dcapital costs from Richardson's and adjusted for size.6 
eCa.pital cost of brackish water system for inert gas scrubber. 
fnus category includes fans, valves, and detonation arrestors. 2 
SPiping costs are taken from 1.,,TO cost estimate. Costs assumed line&r on a per·foot basis. Lengths 
varied as follows (shorter distance determined from cost sensitivity analysis; greater distance from 
LTD cost document 1): 

Dock to incinerator: Model 5A 660 ft to 1,400 ft 

~This category includes alanns, probes, and sensors. 
1Engineering = IO percent, startup = 10 percent, and contingencies = 5 percent of installed equipment 
cost. 2 

jCost for vessel retrofit taken from the UTD cost estimate. 2 The number of vessels required was calculated 
using fleet factors in the Marine Board document. I I Total Capital Investment (TCI) = (TCI per vessel) 
x (vessels) (see Table 3·12). 

k0perating labor (for incinerator and IG g_enerator) = (2,000 hr/yr) (I shift/8 hr) 
(0.5 hr/shift)($~-96/hr)(323.8/342.5). 2,5,9 

1Maintenance for incinerator and IG generator = (2,000 hr/yr) ( l shift/8 hr) 
(0.5 hr/shift)($14.26ihr)(323.8/342.5)(2 [for parts])(2) + 32,800.2,5,9 

ID Assumed pilot li~t only for incinerator and naruraJ gas for IG generator; cost of natural gas 
:::r $3.43/1,000 ft-3.2 

0 Electricity to run incinerator and inert ~as blower fans. 
°Calculated as 60 percent of labor and maintenance. 5 
PFour percent of terminal capital costs.5 
qCalculated as (0. 1627Sx[capital costs subtotal • piping])+ (0. l l 75x[piping]) based on an interest rate: of 
10 percent. an equipment life of 10 years, and a piping life of 20 years. 
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m. 

TABLE 3-5. CAPITAL AND ANNUAL COSTS: MODEL saa 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

lnsl.111cd eciuipment costs, $, 1987 

). lncineralorc 303,000 303,000 
2. lnert gas (1G) geoeratord 103,000 103,000 
3. Water systeme IS,800 LS.800 
4. Other major equipmentf 159,000 159.000 
5. Pipingg 143,000 182,000 
6. lnstrumentationh 36,200 36,200 

Engineering, startup, contingenciesi 190,000 200.000 
Sublotal (terminal-only capital costs) 949,000 998,000 
Associated vessel total capital investmen~ 3,680,000 3,680,000 . 
TOT AL CAPITAL INVESTMENT (TC[) 4,630,000 4,680,000 

Annual Costs, $, 1987 

A. Direct 

I. Labo..1' 3,520 
. 

3,520 
2. ~aintenancel 39,500 39.500 
3. Natural gasm 32,200 32,200 
4. Electricity0 2.730 2.730 

B. [ndi[Cft Operating Cos(S 

I. Overbead0 25,800 25,800 
2. Property taxes, insurance, and 38,000 39,900 

administrationP 
3. Capital recovery chargeq 148,000 154,000 

Subtotal (terminal-annual costs) 290,000 298,000 
Vessel retrofit total annWLI costs 643,000 643,000 

TOT AL ANNUAL COSTS 933,000 941,000 

Cost Effectivene~ 

A. Emission reduction. Mg/yr 507 507 
8. Cost effectiveness (incinerator only), SfMg 507 590 
c. Cost effectiveness (incinerator and retrofitting 

vessels). $/Mg 1,800 1,900 
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TABLE 3-5. (continued) 

"costs rounded to three significant figures; cost effectiveness rounded to two significant figures. 
!>rot.a.I capilAI and annual costs in the "low" column are lower than those in the "high" column due to shorter 
assumed piping runs (sec Footnote g below). 

clncinerator cost = (220,400+ [I I .57xJ, 77S])lt323 .8/342.5; plus 33 percent for inslallation. 
dcapital costs from Richardson's and adjusted for size. 6 
ecapital cost of brackish water system for inert gas scrubber. 
fThis category includes fans, valves, and detonation arrestors. 2 
gPiping costs are taken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance determined from cost sensitivity analysis: greater distance from UTD cost 
document I): 

Dock to incinerator: Model SB 660 ft to t ,400 ft 

~This category includes alarms, probes, and sensors. 
~Engineering = 10 percent, startup = 10 percent. and contingencies = 5 percent of installed equipment cost.2 
Jcost for vessel retrofit taken from the UTD cost estimalt!. 2 The number of vessels required was calculat.ed 
using fleet factors in the Marine Board document. I l Tot.al Capital Investment (TCI) = (TCJ per 
vessel)x(vessels) (see Table 3-12). • 

k0penuing labor (for incinerator and JG generator) = (2,000 hr/yr) (I shift/8 hr) 
(0.5 hr/shlft)(S 12.961br)(323. 8/342.5)(2). 2 . .5. 9 

1Maintenance for incinerator and JG generator = (2.000 hr/yr) (I shift/8 b.r) 
(0.5 br/shift)($14.26/hr)(323.8/342.5)(2 [for parts])(2) + 32.800.2,5,9 

mAssumed pilot li~t only for incinerator and natural gas for IG generator: cost of oatural gas 
= $3.43/ l,OOO tt3. 2 I 

0 Electricity to run incinerator and inert·gas blower fans. 
°Calculated as 60 percent of labor and maintenance.5 
Pf our percent o( terminal capital costs. 5 

qCaJculated as (0.16275:it[capital costs subtotal - piping])+ (0. l I 75x[piping]) based on an interest rate of 
10 percent, an equipment life of 10 years, and a pipittg life of 20 years. 
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Ill. 

TABLE 3-6. CAPITAL AND ANNUAL COSTS: MODEL sea 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

Installed equipment costs, $. 1987 

I. lncineratorc 290,000 290.000 
2. lnert gas (IG) generato~ 63,400 63.400 
3. Water systeme 15,800 15.800 
4. Other major equipmentf 118,000 118.obo 
5. Pipingg 119,000 139.000 
6. lnstrumentationb 29,500 29.500 

Engineering, startup, conlingenciesi 159.000 164.000 
Subtotal (tenninaJ-onJy capital costs) 795.000 819,000 
Associated vessel total capital investmen" 1,840,000 1,840,000 

TOT AL CAPITAL INVESTMENT (TCJ) 2,640,000 2,660,000 

Annual Costs. $. 1987 

A. lli!:W 

I. ubo~ 1,760 1,760 
2. Maintenance1 36,200 36,200 
3. Natural gasm 19,900 19,900 
4. Electricity" 2,310 2,310 

B. lndiryct Qperatjng Costs 

l. Overhead0 22,800 22,800 
2. Property taxes, insurance, and 31,800 32,800 

a.dm.in.istrationP 
3. Capital recovery cbargeq 124,000 127,000 

Subtotal (terminal-annual costs) 239,000 243,000 
Vessel retrofit total annual costs 321,000 321.000 

TOTAL ANNUAL COSTS 560,000 564,000 

Cost Effectjvegess 

A. Emission reduction, Mg/yr 254 254 
B. Cost effectiveness (incinerator only), $/Mg 940 960 
c. Cost effectiveness (incinerator and retrofilling 

vessels), $/Mg 2,200 2,200 
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TABLE 3-6. (continued) 

acosts rouoded to three significant figures; cost effcctiveoess rounded to two significant figures. 
!>rota! capital and annual costs in the "low• column are lower than those in the "high" column due to sborrer 

assumed pipiog runs (see Footnote g below). 
Cfocinerator cost = (220,400+ [ 11.57't887))ll.323.8/342.5; plus 33 percent for installation. 
dcapital costs from Richardson's and a.djusced for siz.e. 6 
ecapital cost of brackish waler system for inert gas scrubber. 
fThis category includes fans, valves, and detonation arrestors. 2 
gPiping costs are taken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths vaned as 
follows (shorter distance determined from cost sensitiviry analysis: greater distance from UTD cost 
document) I . • 

Dock to incinerator: Model 5C 660 ft to l ,400 ft 

~Th.is cacegory includes aJa.rm.s, probes, and sensors. 
~Engineering = 10 percent, startup = 10 percent. and contingencies = S percent of installed equipment cost. 2 
JCost for vessel retrofit ta.keo from the UTD cost esrim.ate. 2 The oumber of vessels required was calculated 
using fleet factors in the Marine Board document. 11 Total Glpital Investment (TCI) = (TCI per 
vessel)x(vessels) (see Table 3-12). 

k0perating labor (for incinerator and IG generator) = (2,000 hr/yr) (I sbif\18 hr) 
(0.5 hr/shift)($ 12.96/hr)(323.8/342.5)(2). 2,5,9 

IMainteoance for incinerator and IG geoerator = (2,000 hr/yr)(I shif\18 hr)(0.5 hr/shift)(Sl4.26/hr) 
(323.8/342.5)(2 [for parts])(2) + 32,800.2,5,9 

mAssumed pilot light only for incinerator and oatural gas for IG generator; cost of natural gas = 
$3.4311,000 tt3 .2 

0 Electricity to run incinerator and inert gas blower fans. 
°CaJculated as 60 perceot of labor and ma.intenance.5 
Pf our percent of terminal capital costs. S 
qCalculaced as (0.16275x(capital costs subtotal • piping])+ (0. l l 75x[piping]) based on an interest rate of 
10 percent, an equipment life of 10 years, and a piping life of 20 years. 
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TABLE 3-7. CAPITAL AND ANNUAL COSTS: MODEL 6Aa 
(1987 Dollars) 

Lowb Highb 

I. Capital Costs 

Installed equipment costs, $, !987 

I. lncineralorc 325.000 325,000 .., Inert gas (JG) generator'1 0 0 .... 
J. Water systeme 0 0 
4. Other major equipmentf 152,000 152,000 
5. Pipingg 141,000 1.550.000 
6. Instrumentationh 33, 700 33. 700 

Engineering, stanup, contingencies1 163,000 5l6.000 
Subtotal (terminal-only capital cosls) 815.000 2.580.000 
Associated vessel total capital investmen'1 l,290.000 1.290,000 

TOTAL CAPITAL Il"'VESTMENT (TCJ) 2.100.000 3.870.000 

(I. Annual Costs. $. 1987 

A. Direct 

l..abor1 
. 

1.760 1.760 I. 
2. Mainlenance1 31.400 31.400 
3. Natural gasm 7.650 7.650 
4. Electricity" 1.770 1.770 

B. Indirect Operating Costs 

). Overhead0 19.900 19.900 .., 
Property taxes. insurance. and 32.600 103.000 ... 
admioistrationP 

3. Capital recovery chargeq l26.000 349.000 

Subtotal (terminal-annual costs) 221.000 5l5.000 
Vessel retrofil Iota! annual costs l88.000 188.000 

TOTAL ANNUAL COSTS 409.000 703.000 

111. Cosl Effectjveness 

A. Emission reduction. Mg/yr 796 796 
8. Cost effectiveness (incinerator onl)' ). $/Mg 280 650 
c. Cost effecliveness (incinerator and retrofi1ting 

vessels). Si\1g 510 880 
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TABLE 3-7. (continued) 

8costs rounded to three significant figures; cos[ effectiveness rounded to two significant figures. 
l>i"otal capital and annual costs in the "low• column are lower than those in the "high" column due to shorter 
assumed piping runs (see Footnote g below). 
clncincrator cost = (220,400+[1 l.57x3,275])x323.8/342.S; plus 33 pen;ent for installation. 
dCapital costs from Richardson's and adjusted for size. 6 
ecapital cost of brackish water system for inert gas scrubber. 
rTb.is category includes fans, valves, and detonation arrestors. 2 
gPiping costs are ta.ken from UTD cost estima[e. Costs assumed linear oo a per-foot basis. Lengths varied 
as follows (shorter distance determined from cost sensitivity analysis; greater distance from UTD cost 
document 1 ): 

Dock to incinerator: 
Natural gas to incinerator: 

Model 6A 
~odel 6A 

660 ft to 6,000 ft 
2,640 ft to 31,680 ft 

blllls category includes alarms, probes, and sensors. 
~Engineering = 10 percent, startup "" 10 percent, and contingencies = 5 percent of installed equipment cost 2 

JCost for vessel n:trofit taken from the UTD cost estimate. 2 The number of vessels required was calculated 
using fleet factors in the ~arine Board document. I I Total Capital Investment (TCJ) = (TCI per vessel) 
x(vessels) (see Table 3-12). 

k0perating labor (for incinerator and JG generator) = (2.000 ht/yr) (I sb..ift/8 hr) (0.5 hr/shift) ($12. 96/hr) 
(323 .8/342 . .5)(2). 2.5•9 

1Maintenance for incinerator and IG generator = (2,000 hr/yr) (I sb.ift/8 hr)(0 . .5 hr/shift) ($14.26/hr) 
(323.8/342.S)(2 [for part.S])(2) + 32,800.2,5,9 

mAssumed pilot light onJy for incinerator and natural gas for IG generator; cost of natural gas = 
$3.43/1,000113.2 

0 Electricity to run incinerator and inert gas blower fans. 
°Calculated as 60 percent of labor and maintenance. 5 

l'Four percent of tenninaJ capital costs subtotaJ . .5 
qCalculated as (0.16275x[capital costs subtotal - piping]) +(0. I I 7Sx[pipi.ng)) based on an interes[ rare of 

10 percent, an equipment life of JO years. and a piping life of 20 years. 
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TABLE 3-8. CAPITAL AND ANNUAL COSTS: MODEL 6Ba 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

Installed egujpment costs. $. 1987 

I. l.ncineratorc 303,000 303.000 .., Inert gas (IG) generatord 103,000 103.000 ... 
3. Water systeme 15,800 15.800 
4. Other major equipmentf . 159,000 159,000 
5. Piping& 143,000 182,000 
6. I.ostn.imentationb 36,200 36,200 

Engineering. startup, contingenciesi 190,000 200.000 
Subtotal (tenninal-only capital costs) 949,000 998,000 
Associated vessel total capital investmenJ 3,680,000 3,680,000 

TOT.'\L CAP!T AL !NVESTME:'l/T (TC!) 4,630,000 4,680,000 

Annual Costs. $. 1987 

A. Q.im! 

I. uborl' 3,520 3,520 
2. ~aintenancel 39,500 39,500 
3. ~arural gasm 32,200 32,200 
4. Electricity" 2,730 2,730 

B. Indirect Operating Costs 

I. Overbead0 25,800 25,800 
2. Property t.ues, insurance, and 38,000 39,900 

administrationP 
3. Capital recovery chargeq 148.000 154,000 

Subtotal (terminal-annual costs) 290,000 298,000 
Vessel retrofit totaJ annual costs 643,000 643.000 

TOT AL A.i"\JNU AL COSTS 933,000 941.000 

Cost Effectiveness 

A. Emission reduction, Mg/yr 149 149 
B. Cost effectiveness (incinerator only), $/Mg 1,900 2.000 
c. Cost effectiveness (incinerator and retrofitting 

vessels), $/Mg 6,300 6,300 
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TABLE 3-8. (continued) 

llcosts rounded to three significant figures; cost effectiveness rounded to two significant figures. 
l>rotaJ capital and annual costs in the "low• column are lower than those in the "high" column due to shorter 
assumed piping runs (~ Footnote g below). 

clncinerator cost = (220,400+[11.S7:id ,77S])x.323.8/342.S; plus 33 percent for installation. 
dCapila.I costs from Richardson's and adjusted for size. 6 

ecapila.I cost of brackjsb water system for inert gas .scrubber. 
fTh.is category includes fans, vaJves, and detonation arrestors. 2 

&Piping costs are taken from um cost estimate. co·sts assumed linear on a per-foot basis. Lengths varied a.s 
follows (shorter distance determined from cost sensitivity analysis; greater distance from CTD cost 
document 1 ): • 

Dock to incinerator: Model 68 660 ft to 1,400 ft 

~Th.is category includes alarms. probes, and sensors. 
~Engineering = 10 percent, startup = 10 percent, and contingencies = 5 percent of installed equipment cost.2 
JCost for vessel retrofit taken from the um cost estimate. 2 The number of vessels required was calculated 

using fleet factors in the Marine Board document. I l Total Capital [nvcstrnent (TC[) = (TC[ per vessel) 
x(vessels) (see Table 3-12). 

k0perating labor (for incinerator and IG generator) = (2,000 hr/yr) ( 1 sbiftl8 hr) (0.S hr/shift) ($ 12. 96/hr) 
(323.8/342.5)(2). 2.5 •9 

1Maintenance for incinerator and IG generator = (2,000 hr/yr) (I shift/8 hr)(0.5 hr/shift) ($14.26/hr) 
(323.8/342.5)(2 [for parts])(2) + 32,800.2,5,9 

mAssumed pilot light onJy for incinerator and naturaJ gas for IG generator: cost of natural gas = 
$3.43/1,000 it3.2 

0 Electricity to run incinerator and inert gas blower fans. 
0 caJculated as 60 percent of labor and maintenance.s 
PF our percent of terminal capital costs. 5 
qCa.Jculated as (0. I 627Sx[capitaJ costs subtotal - piping])+ (0. l J 75x[piping]) based on an interest rate of 

10 percent, an equipment life of 10 years, and a piping life of 20 years. 
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TABLE 3-9. CAPITAL AND ANNUAL COSTS: MODEL 6Ca 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

Installed equipment costs, $. 1987 

J. lncineratorc 290.000 290,000 
2. [nert gas (JG) generatord 63,400 63,400 
3. Water systeme 15,800 15.800 
4. Other major equipmentf 118,000 118,000 
s. Pipingg 119,000 139,000 
6. lnstrumentatiooh 29,500 29,500 

Engineering, startup, contingenciesi 159,000 164,000 
Subtotal (terminal-only capital costs) 795,000 819,000 
Associated vessel total capital investmenJ 1,840,000 1,840,000 

TOTAL CAPITAL INVESTMENT (TCI) 2,640,000 2,660,000 

Annual Costs. $. 1987 

A. ~ 

I. Labor1< 1,760 I.760 
2. Maintenance1 36,200 36.200 
3. Natural gasm 19,900 19.900 
4. Elcctricityn 2.310 2.310 

B. Indirect Ooerating Costs 

I. Overbead0 22,800 22.800 
2. Property taxes, insurance, and 31,800 32,800 

administrationP 
3. Capital recovery chargeq 124,000 127,000 

Sublotal (terminal-annual costs) 239,000 243.000 
Vessel retrofit total annual costs 321,000 321.000 

TOTAL A.."iNUAL COSTS 560,000 564,000 

Cost Effectiveness 

A. Emission reduction, Mg/yr 75 75 
B. Cost effectiveness (incinerator only), $/Mg 3,200 3,200 
c. Cost effectiveness (incinerator and retrofitting .. 

vessels), $/Mg 7,500 7,500 
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TABLE 3-9. (continued) 

acosts rounded to three significant figures; cost effectiveness rounded to two significant figures. 
't>rotal capital and annual costs in the "low• column are lower than those in the "high" column due to shorter 
assumed piping runs (sec Footnote g below). 

clncinerator cost= (220,400+[11.57:it887])u23.8i342.5:plus 33 percent for installation. 
dcapital costs from Richardson's and adjusted for size. 6 
ecapital cost of brackish water system for inert gas scrubber. 
fThis category includes fans, valves, and detonation arrestors. 2 
8Piping costs are ta.ken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance determined from cost sensitivity analysis; greater distance from UTD cos1 
document 1 ): 

Dock 10 incinerator: Model 6C 660 ft to I. 400 ft 

hThis category includes alanns. probes, and sensors. 
~Engineering = 10 percent, startup = 10 percent, and contingencies = 5 percent of installed equipment cost 2 

Jcos1 for vessel retrofit ta.ken from the UTD cost estimate. 2 The number of vessels required was calculated 
using fleet factors in the .\1arine Board document. 11 Total Capital Investment (TC() = (TCJ per vessel) 
x(vessels) (see Table 3-12). 

k0perating labor (for incinerator and [G generator) = (2,000 hr/yr) (I shift/8 hr) (0.5 hr/shift) ($12. 96/hrl 
(323.8/342.5)(2). 2•5 ·9 

1Maintcnance for incinerator and IG generator = (2,000 hr/yr) (I shift/8 hr) (0.5 hr/shift) ($14.26/hr) 
(323.8/342.5)(2 [for parts])(2) + 32,800. 2,5,9 

mAssumed pilot light only for incinerator and natural gas for IG generator: cost of natural gas = 
$3.43/1.000 tt3.2 

0 Elcctricity to run incinerator and inert gas blower fans. 
°CaJculated as 60 percent of labor and maintenance. s 
PFour percent of terminal capital costs. 5 
qCalculated as (0.16275:it[capital costs subtotal • piping))+ (0. l ! 75x[piping]) based on an interest rate of 

10 percent, an equipment life of 10 years, and a piping life of 20 years. 
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TABLE 3-10. CAPITAL AND ANNUAL COSTS: MODEL 7Aa 
(1987 Dollars) 

Lowb Highb 

). Capital Costs 

Installed equipment costs. S. 1987 

I. lncineratorc 371,000 371,000 
2. lnert gas (lG) gcmeratord 312,000 312,000 
3. Water syslcme 29,200 29.200 
4. Other major equipmcntf 337,000 337,000 
S. Pipingg 340,000 1.020.000 
6. lnstrumentatiooh 69,600 69,600 

Engineering, startup, cootiogenciesi 365,000 535,000 
Subtotal (terminaJ-QnJy capital costs) 1,820,000 2,680,000 
Associated vessel total capital investmen~ 3.300,000 3,300.000 

TOTAL CAPITAL INVESTMENT (TCI) 5,120,000 5.980.000 

u. A@ual Costs. $. 1987 

A. Direct 

I. ubo~ 1,760 1,760 
2. Maintenance! 68,200 68,200 
3. Natural gasm %,600 96,600 
4. Electricity" 10,400 10.400 

B. lndjre.ct Operating Costs 

I. Overbead0 42,000 42,000 
2. Property taxes, insurance, and 72,900 107,000 

.admin.istrationP 
3. Capital recovery chargeq 281,000 389,000 

Subtotal (terminal-annuaJ costs) 573,000 715,000 
Vessel retrofit total annual costs 542,000 542,000 

TOT AL ANNUAL COSTS 1,120,000 1,260,000 

m. Cost Effectiveness 

A. Emission reduction, Mg/yr l,093 1,093 
B. Cost effectiveness (incinerator only), $/Mg 530 660 
c. Cost effectiveness (incinerator and retroficting 

vessels), $/Mg 1,000 1,200 
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TABLE 3-10. (continued) 

a.costs rouoded to three significant figures; cost effectiveoess rounded to two significant figures. 
b-rota.1 capita.I and annual costs in the "low• column are lower than those in the "high" column due to shorter 
assumed piping runs (see Footnote g below). 

clncinerator cost = (220,400+[1 J.57x6,430])x323.81342.S; plus 33 percent for installation. 
dcapitaJ costs from Richardson's and adjusted for size. 6 
ecapita.l cost or brackish water system for inert gas scrubber. 
fThis category includes fans, valves, and detonation arrestors. 2 

gPiping costs are talceo from UTD cost estimate. Costs assumed linear on a per·foot basis. Lengths vaned as 
follows (shorter distaoce detennined from cost sensitivity anaJysis; greater distance from UTD cost 
document 1 ): 

Dock to incinerator: Model 7A 660 ft to 6,000 ft 

?This category includes alarms, probes. and sensors. 
~Engineering = 10 percent, stMtup = 10 percent, and con~ngencies = S percent of installed equipment cost.2 
JCost for vessel retrofit ta.ken from the UTD cost estimate."' The number of vessels required was ;:alculated 
using fleet factors in the Marine Board document. I I Tota.I Capita.I Investment (TC() = 1TCI per vessel) 
x(vessels) (see Table 3-12). 

k0perating labor (for incinerator and IG generator) :: (2,000 hr/yr) (I shiftl8 hr) (0.5 hr/shift) ($12.96/hr) 
(323.8/342.5)(2). 2,S, 9 

1\iaintenaoce for incinerator and IG generator = (2.000 hr/yr) (I shift/8 hr)(O.S hr/sh.ift) ($14.26/hr) 
(323.8/342.5)(2 [for parts])(2) + 64,800.2.S,9 

mAssumed pilot light only for incinerator and natural gas for lG generator; cost of natural gas :: 
$3.43/1,000 tt3.2 

0 Electricity to run incinerator and inert gas blower fans. 
0 caJculated as 60 percent of labor and maintenance. 5 
Pfour percent of terminal capital costs subtotat.5 
qCalculated as (0.1627Sx[capitai costs subtotai - piping])+ (0. l ! 75x[piping]) based oo an interest rate of 

JO percent. an equipment life of 10 ye<U"S, and a piping life of 20 ycan. 
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TABLE 3-11. CAPITAL AND ANNUAL COSTS: MODEL 7Ba 
(1987 Dollars) 

Lowb Higbb 

I. Capital Costs 

Installed equipment costs, $, 1987 

I. Incineratorc 490,000 490,000 
2. Inert gas (JG) generatord 684,000 684,000 
3. Water systeme 29,200 29,200 
4. Other major equipmeotf 534,000 534,000 
s. Pipingg 414,000 1.370,000 
6. Instrumentationh 96,700 96,700 . 

Eogin~ring, startup, cootiogenciesi 562,000 801,000 
Subtotal (terminal-only capital costs) 2,810,000 4,000,000 
Associated vessel total capital investmcoJ 10.300.000 I0.300.000 

TOTAL CAPITAL INVESThfENT (TCI) 13, 100,000 14,300.000 

U. Annual Costs, $, 1987 

A. lli!!'£! 

]. Labo,.k 3,520 J,.520 
2. MaintenllJlce1 71,500 71.500 
3. :\aturaJ gasm 210,000 210,000 
4. Ele.ctricity0 24,700 24,700 

B. Indirect Operating Costs 

I. Ovcrbead0 45,000 45,000 
2. Property Wtcs, insurance, a.ad 112.000 160,000 

administrationP 
3. Capital recovery cbargeq 438.000 590,000 

Subtotal (terminal-annual costs) 906,000 I, 100,000 
Vessel retrofit total annu.aJ costs 1,730,000 1,730,000 

TOT AL ANNUAL COSTS 2,630,000 2,830,000 

ill. Cost Effectiveness 

A. Emission reduction, Mg/yr 2,692 2.692 
B. Cost effectiveness (incinerator only), $/!vfg 340 410 
c. Cost effectiveness (incinerator and ref!Oti~g_ 

vessels), S/Mg 980 1.100 
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TABLE 3-11. (continued) 

&costs rounded to three significant figures; cost effectiveness rounded to two significant figures. 
~otal capital and annuaJ costs in the "low" column are lower than those in the "high" column due to shorter 
assumed piping runs (see Footnote g below). 

clncinerator cost = (220.400+[1 J . .57xJ4.638J)xJ23.8/342 . .5; plus 33 percent for installation. 
deapital costs from Richardson ·s and adjusted for size. 6 
eCapital cost of braclc.isb water system for inert gas scrubber. 
(Th.is category includes fans, valves, and detonation arrestors. 2 
gPiping costs are taken from UTD cost estimate. Costs assumed linear on a per-fool basis. Lengths varied as 
follows (shorter distance detennined from cost sensitivity analysis; greater distance from UTD cost 
documeot 1): 

Dock to incinerator: ~odel 78 660 ft to 6,000 ft 

~This category includes alarms, probes, and sensors. • 
~Engineering = 10 percent, startup = 10 percent, and contingencies = 5 percent of installed equipment cost. 2 
JCost for vessel retrofit taken from the UTD cost estimate.2 The number of vessels required was calculated 
using fleet factors in the Marine Board document. I I Total Capital Investment (TCI) = (TCI per vessel) 
x(vessels) (see Table 3-12). · 

k0perating labor (for incinerator and IG generator) = (2,000 hr/yr) (1 sh.ift/8 br)(0.5 hr/shift) ($ 12. 96/hr) 
(323 .8/342.5)(2). 2.5,9 

1Maintenance for incinerator and IG generator = (2,000 h.riyr)(l shift/8 hr)(0.5 hr/shi.ft)($14.26ihr) 
(323. 8/342.5)(2 [for parts))(2) + 64,800. 2,5 ,9 

mAssumed pilot light only for incinerator and narural gas for IG generator: cost of naruraJ ga.s = 
$3.4311,000 tt3.2 

"Electricity lo run incinerator and inert gas blower fans. 
0 ca.Jculated as 60 percent of labor and mainteoance. 5 
Pfour percent of tenninal capital costs.5 
qCalculated as (0.16275x[capital costs subtotal - piping])+ (O. I l 75x[piping]) based on an interest rate of 
10 percent, an equipment life of 10 years, and a piping life of 20 years. 
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I. 

II. 

III. 

TABLE 3-12. CAPITAL AND ANNUAL COSTS: MODEL SAa 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

Carbon Adsorberc 398,000 398.000 

I. Other major equipmentd 234,000 234,000 
2. Pipinge 50,800 89.700 
3. Instrumentation f 49,800 49,800 
4. Inert gas systc~ 0 0 
5. Waler systemh 0 0 
6. SubtotaJ 733.000 772.000 
7. Engineering. startup, contingenciesi 183,000 193.000 

SubtotaJ 916,000 964,000 
Associated vessel total capital investmenJ 7,364,000 7,360.000 

TOTAL CAPITAL )~VESTMENT (TC[) 8,280,000 8.330.000 

Annual Costs 

I. Maintenancek 36,200 36,200 
2. Steam I 43,700 43,700 
3. Electricitym 89,700 89,700 
4. Cooling water" 5,000 5.000 
5. Carbon replacement 0 48,900 48.900 
6. LaborP 1,760 1.760 
7. Overheadq 22,800 22.800 
8. Property taxes, insurance, administrationr 36,600 38.600 
9. Capital recovery cbarge5 133,000 139.000 

Recovery credit1 ( 158.000) ( 158.000) 
Subtotal 260,000 268.000 
Vessel retrofit TAC (O&M, CRC. PITI) 1,290,000 1.290.000 

1.560.000 
TOTAL 1,550.000 

Cost Effectiveness 

A. Emission reduction. Mg/yr 985 985 
B. Cost effectiveness (adsorber only), $/Mg 260 270 
C. Cost effectiveness (adsorber and retrofitting 

vessels). $/Mg I.600 1.600 
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TABLE 3-12. (continued) 

il<:osts rounded to three significant figures; cost effectiveness rounded to t\l.'O significant figures. 
l>rotal capital and annual costs in the "low" column are lower than those in the "high" ::olumn due 10 shorter 
assumed piping runs (see Footnote e below). 

cca.rbon adsorber cost calculated based on procedures outlined in the OAQPS Control Cost \1anual. 4 Includes 
cost of adsorber plus ductwork and other necessary equipment not included with the unit. 

dTh.is category includes fans. valves, and detonation arrestors. 2 

ePiping costs are taken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance detennined from cost sensitivity analysis; greater distance from UTD cost 
document I): 

Dock to adsorber: 

fTh.is category includes alarms, probes, and sensors. 
g'.'J ot necessary. 
h-.· 

\1odel SA 660 ft to I ,400 ft 

.... ot necessary. 
~Engineering = 10 percent, startup = 10 percent, and contingencies = 5 percent of installed equipment cost. 2 

JCost for vessel retrofit taken from the UTD cost estimate.2 The number of vessels required was calculated 
using fleet factors in the Marine Board document. I 1 Total Capital Investment (TCI) = ITCI per vessel) 
x(vessels) (see Table 3-12). 

kMaintenance for carbon adsorber = (2,000 hr/yr) (I shift 18 hr) 
(0.5 hr/sh.ift)($14.26/hr)(323.8/342.5)(2 [for parts]) + 32.800.2,5,9 

!steam cost for steam used during carbon bed regeneration. Calculated based on procedures in the OAQPS 
Control Cost Manual and a steam cost of $611,000 lb. 
mEl~tricity to run incinerator and inert gas blower fans. 
ncooling water costs are a function of steam usage = J.43 gal/lb steam X ($43. 72i(S6! 1.000 lb steam)) x 
$. 20! I 000 gal = $5 ,000 

°Carbon replacemeot costs are based on procedures in the OAQPS Control Cost \-tanual. a :!.-year life. and a 
IO·percent interest rate. 

POperating labor (for carbon adsorber) = (2,000 hrlyr) (I shift!8 hr)<0.5 hr/shift) ($ 12. %ihr) 
<323. 81342.5). 2·5 · 9 

qCalculated as 60 percent of labor and maintenance.5 
rFour percent of terminal capital costs. 5 
5Calculated as (0.16275x[capital costs subtotal - piping])+(O. l 175x[piping]) based on an interest rate of 
10 percent. an equipment life of 10 years, and a piping life of 20 years. 

1Recovery credit = 2285 lb/hr x 2000 hr/yr x S.08/lb x 0.95 x (323 8/355.4) x 0.50 = Sl58.2001yr.5.9 
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I. 

II. 

Ill. 

TABLE 3-13. CAPITAL AND ANNUAL COSTS: MODEL SBa 
(1987 Dollars) 

Lowb Highb 

Capital Costs 

Carbon Adsorberc 264,000 264.000 

I. Other major equipmentd 159,000 159,000 
2. Pipinge 25,800 45,800 
3. lnstrumentatioaf 35,200 36.200 
4. Inert gas systemg 0 0 
5. Water systetn11 0 0 
6. Subtotal 485,000 505.000 
7. Engineering, starrup, contingenciesi . 121,000 126.000 

Subtotal 606,000 631,000 
Associated vessel total capital investmeoJ 3,680,000 3,680,000 

TOT AL CAPITAL INVESTME:-IT (TCI) 4,290,000 4,310,000 

Annual Costs 

I. Ma.inteoancek 36,200 36,200 
2. Steam! 21,900 21.900 
3. Electricitym 22.600 22.600 
4. Cooling water11 2,500 2,500 
s. Carbon replacement 0 24,400 24,400 
6. LaborP 1,760 J,760 
7. Overheadq 22,800 22.800 
8. Property taxes, insurance, administratioor 24.200 25.200 
9. Capital recovery charges 90,600 93,700 

Recovery creditt (79,100) (79, 100) 
Subtotal 168,000 172,000 
Vessel retrofit TAC (0&\i, CRC, Pm) 643,000 643,000 

TOTAL 811,000 815,000 

Cost Effectjveness 

A. Emission reduction, Mg/yr 492 492 
B. Cost effectiveness (incinerator only), $/Ma 340 350 
C. Cost effectiveaess (incinerator aod retrofitting 

vessels), $/Mg 1.600 1,700 
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TABLE 3-13. (continued) 

'costs rounded to three significant figures; cost effectiveoess rounded to two significant figures. 
borota.1 capita.I and annual costs in the "low• column are lov.·er than those in the ·high" column due to shorter 
assumed piping runs {see Footnote e below). 

cCarbon adsorber cost calculated based on procedures ourlined in lhe OAQPS Control Cost ManuaJ.4 Includes 
cost of adsorber plus ducrwork and other necessary equipment not included with the unit. 

dThis category includes fans, valves. and de1ooa1ion arrestors. 2 
ei>iping costs are taken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance determined from cost sensitivity analysis; greater distance from UTD cost 
document 1): 

Dock to adsorber: Model SB 660 ft to I , 400 fl 

fThis category includes alarms, probes, and sensors. 
gNot necessary, • 
hNot necessary, 
~Engineering = 10 percent, startup = 10 percent, and contingencies = 5 percent of installed ~uipment cost.2 
JCost for vessel retrofit taken from the L "TD cost estimate. 2 The number of vessels r~uired was calculated 

usin9 tleet factors in the ~arioe Board documen1. l l Tota.I Capita.I Investment {TCI) = {TCI per vessel) 
it(vessels) (see Table 3-12). 

kMaintenance for carbon adsorber = (2,000hr/yr){1 shift/8 hr)(0.5 hr/shift)($14.26/br)(323.8/142.5)(2 [for 
parts]) + 32,800.2,5,9 . 

lsteam cost for steam used during carbon bed regeneration. Calculated based on procedures in the OAQPS 
Control Cost Manual and a steam cost of $6/ 1.000 lb. 

mElectricity to run incinerator and inert gas blower fans. 
°Cooliog water costs arc a function of steam usage = 3.43 gal/lb steam X ($21.861($611,000 lb steam)) x 
$.2011000 gal = SS,000 

0 Carbon replacement costs arc based oo procedures in the OAQPS Control Cost Manual, a 2-year life. and a 
JO-percent interest rate. 

POperating labor (for carbon adsorber)= (2,000 hr/,Y.r)(J sh.ift/8 hr)(0.5 hr/sb.ift)($12.96/hr)(323.8/J42.5).2,5,9 
qCalculated as 60 percent of labor and maintenance.s 
rFour perceot of terminal capitaJ costs.5 
5Calculated as (0.16275x[capitaJ costs subtotaJ - piping])+(O. l I 75x(piping]) based on an interest rate of 
10 percent, an equipment life of 10 ye.vs, and a piping life of 20 y~. 

1Recovery credit = 1143 lb/hr x 2000 hr/yr x $.08/lb x 0.95 x (323.8/355.4) x 0.50 =- $79.100/yr.9 
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TABLE 3-14. CAPITAL AND ANNUAL COSTS: MODEL sea 
(1987 Dollars) 

Lowb Highb 

I. Capitaj Costs 

Carbop Adsorberc 183,000 183,000 

I. Other major equipmeotd . 118,000 118,000 
2. Pipinge 16,900 31,400 
3. lnstrumentationf 29,500 29.500 
4. Inert gas system8 0 0 
5. Water systemh 0 0 
6. Subtotal 347,000 362.000 
7. Engineering, startup, contingenciesi 86,800 90,500 

Subtotal 434,000 453.000 
Associated vessel total capital investmenJ 1,840,000 J,840,000 

TOTAL CAPITAL INVESTMENT (TCI) 2,270,000 2.290.000 

a. Aooua! Costs 

1. Maintenancek 34,500 34,500 
2. Stum1 5,460 5,460 
3. Electricitym 2,880 2.880 
4. Cooling water11 625 625 
5. Carbon replacement0 12.200 12.200 
6. LaborP 881 881 
7. Overbeadq 21.200 • 21.200 
8. Property taxes, insurance. a.dministrationr 17,400 18,100 
9. Capital recovery charge5 66,400 68.700 

Recovery credit1 (19,800) (19.800) 
Subtotal 142.000 145,000 
Vessel retrofit TAC (O&M, CRC, Pill) 321,000 321.000 

TOTAL 463,000 466.000 

ill. Cost Effectiveness 

A. Emission reduction, Mg/yr 246 246 
B. Cost effectiveness (incinerator only), $/Mg 580 590 
c. Cost effectiveness (incinerator and retrofitting 

vessels), $!Mg 1,900 1,900 
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TABLE 3·14. (continued) 

3costs rounded to three significant figures; cost effectiveness rounded to two significant figures. 
l>ro141 capital and annual costs in the "low" column are lower than those in the "high" column due to shorter 
assumed piping ruos (su Footnote e below). 

ccarboo adsorber cost calculated based on procedures outlined in the OAQPS Control Cost Manual.4 Includes 
cost of adsorber plus duc~·ork and other necessary equipment not included with the unit. 

dThis category includes fans, valves, and detonation arrestors. 2 
ePiping costs a.re taken from t:TD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance determined from cost sen·sitivity analysis; greater distance from t.:TD cost 
document 1 ): 

Dock to adsorber: 

fTh.is category includes alarms, probes, and seasors. 
gNot necessary. 
~Not necessary. 

Model .5C 660 ft to 1.400 ft 

1E.ngineering = IO percent, startup = 10 percent, and contingencies = 5 percent of 
. inswled equipment cost. 2 
Jcost for vessel retrofit taken from the UTD cost estimate. 2 The number of vessels required was calculated 
using fleet factors in the Marine Board document. I I Tot.al Capital Investment (TCI) = (TCI per 
vessel)x(vessels) (see Table 3-12). 

kMaintenance for carbon adsorber = (2,000 hr/yr)(l shift/8 hr)(0.5 hr/sbift)(S 14. 26/hr)(323.81342. 5) 
(2 (for parts])(2) + 32,800.2,5,9 . 

lsteam cost for steam used durin& carbon bed regeneration. Calculated based on procedures in the OAQPS 
Control Cosl Manual and a steam cost of $6/ J ,000 lb. 

melectricity to run incinerator and inert gas blower fans. 
"Cooling water costs are a function of steam usage = J.43 gal/lb steam X (SS. 90/($6/1,000 lb steam)) )( 
$.20/1000 gal = $675 

0 Carbon replacement costs are based on procedures in the OAQPS Control Cost Manual. a 2-year life. and a 
IO·percent interest rate. 

POperating labor (for carbon adsorbcr) =- (2,000 hr/yr)(l shift/8 hr)(O.S hr/sh.ift)(S 12. 96/hr) 
(323.8/342.5). 2.s.9 

qCalculatcd as 60 percent of labor and maintenance. 5 
rFour percent of terminal capilaJ costs.5 
5Calculated as (0.1627Sx[capitaJ costs subtolaJ • piping])+ (O. l l 75x[piping]) based on an interest rate of 
10 percent, an equipment life of 10 years. and a piping life of 20 years. 

tRecovery credit = 1143 lb/hr x 1000 hr/yr x $.08/lb x 0.95 x (323.8/355.4) x 0.50 = $19.800/yr.9 
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I. 

II. 

m. 

TABLE 3-15. CAPITAL AND ANNUAL COSTS: MODEL 7Aa 
(1987 Dollars) 

Lowb Highb 

Capjtaj Costf 

Carbon Adsorber 452,000 452.000 

I. Other IDJljor equipmentd 337,000 337,000 
2. Pipinge 144,000 499,000 
3. Instrumentationf 69,600 69,600 
4. Inert gas syste~ 0 0 
5. Water systemb 0 0 
6. Subtotal 1,000,000 J,360,000 
7. Engineering, slart\lp, contingenciesi 250,000 340,000 

Subtotal 1,2.50,000 1.700,000 
Associated vessel total capital investmensl 3,300,000 3,300,000 

TOTAL CAPITAL 11'\VESTMENT (TCI) 4,550,000 5,000,000 

Allnual Costs 

I. Maintenancek 34,SOO 34,500 
2. Steam I 23,500 23,500 
3. Electricirym 37,100 37,100 
4. Cooling wale~ 2,690 2.690 
5. Carbon replacement0 46.900 46,900 
6. LaborP 881 881 
7. Overheadq 21.200 21,200 
8. Property taxes, insurance, adm.inistrationr 50,000 68,000 
9. Capital recovery charges 184,000 241.000 

Recovery credit1 (85,200) (85.200) 
Subtotal 316.000 390.000 
Vessel retrofit TAC (O&M, CRC, Pill) 1,290.000 1,290,000 

TOTAL 1,601,000 1,680,000 

Cost Effectiveness 

A. Emission reduction, Mg/yr 1.061 1.061 
B. Cost effectiveness (incinerator only), $/Mg 300 370 
c. Cost effectiveness (incinerator and retrofitting 

vessels), $/Mg 1.500 l,600 
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TABLE 3-15. (continued) 

&costs rounded lo three signjficanl figures; cost effectiveness rounded to two significant figures. 
b-rotal capilAI and annual costs in the "low• column arc lower than those in the "high" column due to shorter 
assumed piping runs (see Footnote e below). 

cCarbon adsorber cost calculated based on procedures outlined in the OAQPS Control Cost ~anual.4 Includes 
cost of adsorber plus ductwork and other necessary equipment not included with the unit. 

dThis category includes fans, valves, and detonation arrestors. 2 
ePiping cost.s are ta.ken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied a.s 
follows (shorter distance determined from cost sensitiviry analysis; greater distance from UTD cost 
document 1): 

Dock to adsorber: 

fThis category includes alarms. probes, and sensors. 
8Not necessary. 

Model 7A 660 ft to 6.000 ft 

hNot nec~ .. ,..f'V. 
• ~J ~ 

~Engineering = 10 percent. startup == 10 percent, and contingencies = 5 percent of installed equipment cost. .. 
Jcost for vessel retrofit ta.ken from the UTD cost estimate. 2 The number of vessels required was calculated 

using fleet factors in the Marine Board document. I I Total CapitaJ Investment (TCI) = (TC! per vessel) 
x(vessels) (see Table 3-12). 

kMainteoance for carbon adsorber = (2.000 hr/yr)(I shift/8 hr)(0.5 hr/shift)($14.26/br)(323.8/342.5) 
(2 [for parts]) + 64,800.2,5,9 

!steam cost for steam used during carbon bed regenention. Calculated based on procedures in the OAQPS 
Control Cost Manual and a steam cost of $6/ I ,000 lb. 

mElectricity to run incinerator and inert gas blower fans. 
°Cooling water costs are a function of steam usage = 3.43 gal/lb steam X ($23.52/($6/1,000 lb steam)) 
x $.20/1000 gal ::s $5,000 

0 Carbon replacement costs are based on procedures in the OAQPS Control Cost Manual, a 2-year life, and a 
10-percent interest rate. 

POpe1'3ting labor (for carbon adsorber) = (2,000 hr/yr) (I shift/8 hr)(0.5 hr/shift) ($11. 96/hr) 
(323.8/342.5). 2,5,9 

qCalculat.ed as 60 percent of labor and maintenance. 5 
rFour percent of terminaJ capita! costs. 5 
5Calculated as (0. !6275x[capitaJ costs subtotal - piping])+(O. l 175x[piping]) based on an interest rate of 

10 percent, an equipment life of 10 years, and a piping life of 20 years. 
1Recovery credit = 1230 lb/hr x 2000 hr/yr x $.08/lb x 0.95 x (323.8/355.4) x 0.50 = $85,200/yr.9 
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TABLE 3-16. CAPITAL AND ANNUAL COSTS: MODEL 7Ba 
(1987 Dollarsl 

Lowb Highb 

I. Capital Costs 

Ca[bo!J 6d~[Q~rc 783,000 783,000 

. 1. Other major equipmeotd SJ4,000 S34,000 
2. Pipinge 174,000 582,000 
3. lnstrumentationf 96,700 96.700 
4. Inert gas systemg 0 0 
5. Water systemh 0 0 
6. Subtota.1 1,590,000 2.000.000 
7. Engineering, startup, contiogencies1 397,000 500.000 

Subtotal l,990,000 2.500.000 
Associated vessel total capital investmen~ 10,300,000 10,300,000 

• 
TOTAL CAPITAL INVESTMENT (fCI) 12.300,000 12,800,000 

n. Annual Co~ts 

l. Mainteoancek 36,200 36,200 
2. Steam I 43,700 116,000 
3. Electricirym 479,000 479,000 
4. Cooling water" 13,JOO 13,JOO 
5. Carbon replacement 0 116,000 116,000 
6. LaborP 1,760 1,760 
7. Overbeadq . 22,800 22,800 
8. Property taxes, insurance, administration' 76,600 100,000 
9. Capital recovery cbarge5 283,000 348,000 

Recovery credit1 (420,000) (420,000) 
Subtotal 728,000 812,000 
Vessel retrofit TAC (O&M, CRC, Pm) 643.000 643,000 

TOTAL 1,370,000 1,460,000 

m. Cost Effectivepess 

A. Emission reduction, Mg/yr 2,613 2.613 
B. Cost effectiveness (incinerator only), $/Mg 280 310 
c. Cost effectiveness (incinerator and retrofitting 

vessels), SIM& 520 560 
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TABLE 3-16. (continued) 

"Costs rounded to three significant figures; cost effectiveness rounded to two significant figures. 
b-rotal capital and annual costs in the "low" column are lower than those in the "high" column due to shorter 
assumed piping runs (see Footnote e below). 

ccarbon adsorbcr cost calculated based on procedures outlined in the OAQPS Control Cost Manual.4 Includes 
cost of adsorbcr plus ducr.vork and other necessary equipment nol included with the unit. 

dThis category includes fans, valves, and detonation arrestors. 2 
ePiping costs are taken from UTD cost estimate. Costs assumed linear on a per-foot basis. Lengths varied as 
follows (shorter distance determined from cost sensitivity analysis; greater distance from um cost 
document 1 ): 

Dock to a.dsorber: 

fTh.is category includes alarms. probes, and sensors. 
gNot necessary. 

Model 78 660 ft to 6,000 ft 

hNot cecessarv. 
~Engineering :,, JO percent, startup = 10 percent, and contingencies = 5 percent of installed equipment cost.2 
Jcost for vessel retrofit taken from the UTD cost estimate. 2 The numper of vessels required was ::alculated 

using fleet factors in the ~farine Board document. 11 TotaJ Capital Investment (TCI) = (TCI per vessel) 
x(vessels) (see Table 3-12). 

kMa.intenance for carbon adsorber = (2,000 br/yr)(I shift/8 hr)(0.5 hr/shift)($14.26/hr)(323.8/342.5) 
f2 [for parts]) + 64,800.2.5 .9 

Steam cost for steam used during carbon bed regeneration. Calculated based on procedures in the OAQPS 
Control Cost Manual and a steam cost of $6/ 1,000 lb. 

mElectricity to run incinerator and inert gas blower fans. 
"Cooling water costs are a function of steam usage = 3.43 gal/lb steam X ($1 !6.30i($6/ I ,000 lb steam)) x 

$.20/1000 gal = $13,300 
°Carbon replacement costs are based on procedures in the OAQPS Control Cost Manual, a 2-ycar life. and a 

IO-percent interest rate. 
POperating labor (for carbon a.dsorber) = (2,000 hr/yr)( I shift/8 hr)(0.5 hr/shift)(S 12. 96/hr) 
(323.8/342.5). 2,5,9 

qCalculated as 60 percent of labor and rnaintenance.5 
'Four percent of terminal capital costs.5 
5Calculated as (0.16275x[capitaJ costs subtotal - piping])+(0. ! 175x(piping]) based on an interest rate of 

10 percent, an equipment life of 10 years, and a piping life of 20 years. 
1Recovery credit = 6066 lbihr x 2000 br/yr x $.08/lb x 0.95 x (323.8/355.4) x 0.50 = $420,000/yr.9 
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TABLE 3-17. CAPITAL COSTS COMPARISON (MODEL TERMINAL 5Al: 
INCINERATION VS. CARBON ADSORPTION 

Incineration, Carbon 
Capital cost components $000a adsorption, sooob 

• Incinerator/adsorber 329 398 

• Inert gas generator 167 0 

• Water system 16 0 

• Other major equipment 241 234 

• Piping 228 90 

• Instrumentation 50 so 

• Engineering, startup, 257 193 
contingencies 

Sy.Qt Q !;; al (te.nninal only 1,290 964 
capital costs) 

• Vessel retrofit TCI 7,360 7,360 

TQ!;,al ~~:gi;e,l J;nve~~m!ir.t 8,650 8,330 

aoocumentation of capital costs for incineration-based system 
is provided in Attachment 4. 

bnocumentation of capital costs for carbon adsorption-based 
system is provided in Attachment 3. 

3-42 



w 

TABLE 3-18. TOTAL ANNUALIZED VESSEL RETROFIT COSTS 

Flee! factors8 No. of vcssdsb 
Throughput, Model 

Model mm bbl/yr vcs!iCls, No. Ship Barge Ship 

SA 16 4 -- l,OOU --
.SB 8 4 -- l.000 --

5C 4 4 -- 1,000 --

6A 70 l 25,000 -- 7.67 

68 8 4 -- 1,000 --

6C 4 4 -- 1,000 --
7A 29 2, 4 20,000 1.000 J 42 

78 66 2, 4 20,000 1.000 6.85 

8 Aeet factors are rough estimates of the average vessel throughput of cargo per day. 
bNumber of vessels = throughput/fleet factor/365. 
cMainteoance plus capital recovery charge for retrofit cost. 

Barge 

43.84 

21.92 

10.96 

--

21.92 

I0.96 

I0.96 

43 84 

Total annual cosl per vessel 
thousands of dollarsc 

Ship Barge 

-- 2~.1 

-- 29.3 

- 29.3 

24.5 --

-- 29.J 

-- 29.3 

64.4 29.J 

64.4 29.3 

Total annualized 
cost, thousands of 

dollars 

1,286 

643 

321 

188 

643 

321 

542 

1,727 



TABLE 3-19. ANNUAL COSTS COMPARISON (MODEL TERMINAL SA): 
INCINERATION VS. CARBON ADSORPTION 

Incineration, Carbon 
Annual cost components soooa adsorption, sooob 

. Labor 3.5 1. 8 

. Maintenance 39.5 36.2 

. Natural gas 56.7 0 

Electricity 5.3 89.7 

Steam 0 43.7 

Cooling water 0 5.0 

Carbon replacement 0 48.9 

Overhead 25.8 22.8 . 
Property taxes, 51. 5 38.6 
insurance 

. Capital recovery charge 199 139 

Recovery credit 0 (158) 

Subtotal (terminal only 382 
. 

267 
annual costs) 

Vessel retrofit TAC 1,290 1,290 

Total Annual Costs 1,670 1,550 

aoocumentation of capital costs for incineration-based system 
is provided in Attachment 4. 

booc'..llnentation of capital costs for carbon adsorption-based 
system is provided in Attachment 3. 
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TABLE 3-20. NATIONWIDE CAPITAL AND ANNUAL COSTS AND 
COST EFFECTIVENESS 

CapitaJ cost, mm $/yr Annual cost, m $/yr 

Terminals only 2,120-2,740 565-669 

Vessels only 493 84.2 

Total (terminals and vessels) 2.610-3.230 649-753 

8 8ased on an annual emission reduction of 52,600 Mg/yr: cost effectiveness = 
annual cost/emission reduction. 
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TABLE 3-21. NATIONWIDE ANNUAL COSTS TO CONTROL EMISSIONSa 

Capilal cost 10 Annual cosl lo 
Capital cost of Capital cost lo retrofit hoth Annual cost of Annual cost lo relrofit both 

No. of terminals No. of vessels to retrofil retrofitting retrofit terminals and retrofitting retrofit terminals and 

assigned lo tenninals only, associated associate~ terminals only, associated associated 
Model model ~nips Barges nun$ vessels, nun S vessels, mm S mm S vessels, mm S vessels, mm $ 

SA 9 0 617 11.0-11.6 104 114.6-115.3 3.68-3. 79 18. I 21.8-21.9 

58 14 0 214 13.3-14.0 36.0 49.3049.9 3.88-3.99 6.28 10.2-I0.3 

SC 908 0 690 721-744 116 837-860 199-203 20.2 219.223 

6A 18 51 0 14. 7-46.4 8.62 23.3-55.0 3.89-9.17 1.26 5.15-10.4 

68 8 0 124 7.60-7.98 20.8 28.4-28.8 2.21-2.28 3.64 5.86-5.92 

6C 187 0 170 149-153 28.6 177-182 41.0-41.8 4.9~ 46.0-46.8 

7A 649 146 467 I, 183-1,136 141 1,324-1,877 307-399 23.1 330-422 

78 6 26 167 16.9-24.0 39. l 56.0-63.1 4.90-{).09 6.57 11.5-12.7 

TOTAL 1,799 223 2,449 2, 120-2, 740 493 2,610-3,230 565-669 84.2 649-753 

8 All costs arc in 1987 dollars. Numbers have been rounded. 
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4.0 REGULATORY ALTERNATIVES 

4.1 INTRODUCTION 

The purpose of this chapter is to present the regulatory 

options that have been developed by EPA. The regulatory 

alternatives in this chapter represent the various courses of 

action that EPA could take in regulating air emissions from 

marine vessel loading operations. The environmental, cost, and 

economic impacts associated with the application of these 

alternatives to marine vessel loading operations are based on 

data presented in previous chapters. The EPA has developed cost 

and emissions estimates for each facility based on the models 

discussed in previous chapters. Therefore, the impacts of the 

regulatory alternatives are based on the models' approximating 

actual terminals. 

Data in the EPA marine vessels data base includes 

information on 1,648 marine terminals that load liquids in one of 

thirteen commodity categories determined to emit volatile organic 

compounds (VOC'sl and/or hazardous air pollutants (HAP's}. The 

current data base is a portion of the 1988 Waterborne Commerce of 

the United States (WCUS) data base that is maintained by the Army 

Corps of Engineers' Statistics Center. The data base has 

information on commodity, annual barge throughput, annual tanker 

throughput, state, and amount of crude oil unloaded annually. 

Annual costs and emissions were estimated based on commodity and 

barge throughput. 

4.2 REGULATORY ALTERNATIVES 

Table 4-1 presents the regulatory alternatives developed by 

EPA to evaluate the environmental and cost impacts of potential 

emissions controls on marine vessel loading operations. The 
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regulatory alternatives represent incremental increases in ~he 

commmodity throughput cutoffs that are applicable to marine 

vessel loading operations when moving from Regulatory 

Alternative A to Regulatory Alternative E. The control level for 

the regulatory alternatives is 98 percent removal efficiency. 

The cutoff levels refer to a terminal's total annual throughput 

of the stated corranodity categories. Any terminal annually 

loading greater than the cutoff for a given commodity category 

will be subject to the regulation. Cutoffs have been gro~ped ir. 

the regulatory alternatives such that the economic impacts on the 

terminals loading the affected commodities are similar. 

The regulatory alternatives are presented in decreasing 

order of stringency. Regulatory alternative A represents the 

maximum level of nationwide control. At this control level, an 

estimated 99 percent of air emissions from marine vessel loading 

operations would be captured and controlled; there are no cutcffs 

and all commodity categories are controlled. All facilities in 

the current data base would be subject to the regulation. 

Regulatory Alternative B limits the commodity categories to be 

controlled and has annual throughput cutoffs. The commodity 

categories to be controlled are the four with the highest 

emission factors. Regulatory Alternatives C, D, and E would 

control only gasoline and crude oil loadings. The only 

difference between Regulatory Alternatives C, D, and E is that 

the cutoffs become less stringent when moving from Regulatory 

Alternative C to Regulatory Alternative E. Under Regulatory 

Alternative E, an estimated 70 percent of air emissions would be 

controlled. Table 4-1 presents all the regulatory alternatives 

and expected voe emissions reductions. Tables 4-2 to 4-4 present 

the same regulatory alternatives for voe and HAP emissions along 

with different scenarios for the control of the Alyeska facility. 

The emissions reduction estimates presented in Table 4-1 are 

based on the assumption that vapors are thermally destroyed. If 

a recovery technology were used, the emissions reductions would 

decrease slightly. 
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The Alyeska facility represents 53 percent of the nationwide 

~~controlled emissions and 27 million dollars in annual costs if 

vapors are to be incinerated. If Alyeska is included as a 

controlled facility, Regulatory Alternatives A and B would 

constitute major rules (annual costs of 100 million dollars or 

greater) . If Alyeska remains uncontrolled, only Regulatory 

Alternative A would be a major rule. 
The average terminal affected by Regulatory Alternative E 

has annual emissions in excess of 100 megagrarns [Mg) . For 

Regulatory Alternatives D and C, the average terminal affected by 

moving to a more stringent regulatory alternative has annual 

emissions in excess of 100 Mg. The average terminal affected by 

moving to Regulatory Alternative B or A does not have annual 

emissions in excess of 100 Mg. 
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Alyeska: Incineration 
Other terminals: Incineration 
Alasla tennin&ls: Controlled 

Alternatives 

A. All tcnninals 

B. Gasoline >0.S MM bbl/yr 
Tolueoe >0.S MM bbl/yr 
Alcohols > l.S MM bbl/yr 
Crude oil >S MM bbl/yr 

C. Gasoline ' >I MM bbl/yr 
Crude oil > 10 MM bbl/yr 

D. Gasoline >S MM hbl/yr 
Crude oil > 100 MM bbl/yr 

E. Gasoline > JO MM bbl/yr 
Crude oil >JOO MM bbl/yr 

TABLE 4-1. 

voe 
emissions 
reduction, 

Mg/yrc 

73,500 

65.600 

63,100 

57, IOO 

52.400 

REGULATORY ALTERNATIVES VOC'sa 

Percent VOC No. of Costs, S m.illionsb Cost Incremental 
emissions affected Capitald Annuald effective- cost effeciivi:ness, 
reductionc terminals ness, $/Mg $/Mg 

98 1,780 3,200 750 I0,000 82,000 

87 J04 560 99 1.500 8,400 

84 60 470 1& l,200 4,500 

76 25 340 51 890 2,100 

70 13 290 41 780 NIA 

•Temunals affected by proposed or promulgat~ state regulations are not included in the above cosl and emission esti11111tes, with the exception of 
terminals located in• Alaska. Assumes Alyeska uses incineration. 

bcapital and annWll costs were developed for both carbon adsorption and incineration. Because the difforence in costs between incineration and 
carbon adsorption i's only 3 percent, only the incineration costs arc presc:nted here. 

~ables show 98 percent control efficiency, standard for incineration and achievable with carbon adsorplion. 
dAlyeska represents 185 million dollars of all capital cost figures and 27 million dollars of all annual cost figures. 



Alyeska: Uncontrolled 
Other temunals: Incineration 
Alaska lenninals: Uncontrolled 

Allcmalives 

A. All lenninals 

B. Gasoline >0.5 MM bbl/yr 
Toluene >O.S MM bbl/yr 
Alcohols >I .S MM bbl/yr 
Crude oil >5 MM bbl/yr 

c. Gasoline >I MM bbl/yr 
Crude oil > 10 MM bbl/yr 

D. Gasoline >S MM bbl/yr 
Crude oil > 100 MM bbl/yr 

E. Gasoline > IO MM hhllyr 
Crude oil > 100 MM bbl/yr 

TABLE 4-2. 

voe 
emissions 
reduction, 

Mg/yr 

32,600 

24,700 

ll,300 

16,300 

I 1,600 

REGULATORY ALTERNATIVES VOC'sa 

Percenl VOC No. of Costs, $ millions'> Cos I Incremental 
emissions affected effective· cost effectiveness, 
reduction terminals Capital Ann WI I ness, $/Mg $/Mg 

98 1,777 3,000 720 22,000 82,000 

74 101 340 70 2,800 8,400 

67 58 l40 49 2,200 4,500 

43 23 I JO 22 1,500 2,100 

29 II 58 12 1,200 NIA 

8Tenninals affected by proposed or promulgated state regulalions are not included in the above cost and emission estimates. 
bcapir.I and annual costs were developed for both carbon adsorption and incineration. Because lhe difference in costs between iocinerarion and 

carbon adsorption is only 3 percent, only the incineration costs are presented here. 
<Tables show 98 percent conlrol efficiency, standard for incineration and achievable with carbon adsorption. 
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Alye!ika: lncineralion 
Olher lerm.inals: fncineralion 
Alaska terminals: Controlled 

TABLE 4-3. REGULATORY ALTERNATIVES TOXICSa 

Percent HAP Costs, $ millionsb 
HAP emissions emissions No. of affected 

Capitald Annuald Alternatives reduction, Mg/yr reductionc terminals 

A. All terminals 7,770 98 1,780 3,200 750 

e. Gasoline >0.5 MM bbl/yr 
Toluene >0.5 MM bbl/yr 7,040 79 104 560 99 
Alcohols > 1.S MM bbl/yr 
Crude oil >SMM bbl/yr 

c. Gasoline >IMM bbl/yr 6,660 64 60 470 78 
CNdc oil >IOMM bbl/yr 

D. Gasoline >5MM bbl/yr 6,200 57 25 340 51 
Crude oil > 100 MM bbl/yr 

E. Gasoline >IOMM bbl/yr 6,000 51 13 240 41 
Crude oil >100 MM bbl/yr 

8Terminals affected by proposed or promulgated slate regulations are not included in the above cost and emission estimates, 
with the exception of terminals located in Alaska. Assumes Alyeska uses incineration. 

beapital and annual costs were developed for both carbon adsorption and incineration. Because lhc difference in costs 
between incineration and carbon adsorplion is only J percent, only the incineration costs are presented here. 

cTablcs show 98 percent control efficiency, standard for incineration lllld achievahle with carbon adsorption. 
d Alycska represenls 185 million dollars of all capital cost figures and 27 million dollars of all annual cosl figures. 

Co:1I effectiveness, 
$/Mg 

97,000 

14,000 

12,000 

8,200 

6,900 



Alyeska: Uncontrolled 
Olher terminals: Incineration 
Alaska terminals: Uncontrolled 

Alternatives 

A. All tennina)s i 

8. Gasoline . >0.5 MM 
I 

Toluene >0.S MM 
Alcohols > 1.5 MM 
Crude oil >SMM 

I 

I 

c. Gasoline I >IMM 
Crude oil ' >IOMM 

D. Gasoline >SMM 
Crude oil > 100 MM 

E. Gasoline >IOMM 
Crude oil >100 MM 

TABLE 4-4. 

HAP emissions 
re>.duction, 

Mg/yr 

2,850 

bbl/yr 
bbl/yr 2,120 
bbl/yr 
bbl/yr 

bbl/yr 1,740 
bbl/yr 

bbl/yr 1,280 
bbl/yr 

bbl/yr 1,060 
bbl/yr 

REGULATORY ALTERNATIVES TOXICSa 

Percent HAP Costs, $ millionsb 
emissions No. of affected 
reductionc terminals Capital Annual 

98 1,777 3,<XIO 720 

IOI 340 70 
64 

38 58 240 49 

26 23 110 22 

16 II SS 12 

8Tcnninals affected by proposed or promulgated state regulations arc not included in the ab9ve cost and emission estimates. 
bc.apital and annual costs were developed for both carbon adsorption and incineration. Because the difference in costs 
between incineration and carbon adsorption is only J percent, only the incineration costs are presented here. 

' · cTables show 98 percent control efficiency, standard for incineration and achievable with cubon adsorption. 

Co!;t effectiveness, 
$/Mg 

2so,noo 

33,000 

28,000 

17,000 

11,000 



TABLE 4-5. SECONDARY AIR IMPACTS BY REGULATORY ALTERNATIVESa 

Alyeska; Incineration 
Other terminals: l~cincration 
Alaska terminals: ~ontrolled 

I 

' 

AJtematives : 
\ 

A. All tenuin'1!l 

B. Gasoline >0.5 MM bbl/yr 
Toluene >0.S MM bbl/yr 
Alcohols > I .S MM bbl/yr 
Crude oil >S MM bbl/yr 

C. Gasoline >I MM bbl/yr 
Crude oil > JO MM hbl/yr 

D. Gasoline >5 MM bbl/yr 
Crude oil > 100 MM bbl/yr 

E. Gasoline > 10 MM bbl/yr 
Crude oil > 100 MM bbl/yr 

Annual 

SOX 
emissions 

Mg/yr 

69 

65 

64 

61 

61 

AnnuaJ Annual Total Annual 
NOX co SOX, NOil, and CO 

emissifns emissions emissions 
Mg/yr Mg/yr Mg/yr 

265 250 584 

132 125 322 

124 117 305 

IOS 99 265 

96 91 248 . 

Annual 
co2 

emissions 
Mg/yr 

229,000 

204,000 

196,000 

177.000 

163,000 

8Tenninals affcclc:d by proposed or promulgated stale regulations are not included in the abovi:: emission estimates, with the exception of terminals 
located 
in Alaska. Assumes Alyeska uses incineration. 



5.0 ECONOMIC IMPACT ANALYSIS 

This chapter contains estimates of the economic impact of 
five regulatory alternatives for controlling emissions from 
loading operations at marine terminals. The analysis is 
performed in conformity with Executive Order 12291, the 
Regulatory Flexibility Act and within an economic analysis 
framework explained in the methodology section. Economic impacts 
of the proposed regulatory alternatives estimated in this 
analysis include: price changes, output and market shifts, and 
potential small business and employment impacts. 

This chapter is organized as follows. Section 5.1 is a 
summary of the impacts. Section 5.2 is a description of the 
methodology utilized in estimating impacts. Section 5.3 defines 
the coverage of the industry regarding economic impacts. 
Sections 5.4 through 5.7 cover the impact categories in the order 
of prices, market impacts, small business and employment. 
Section 5.8 describes concurrent legislation and regulations 
affecting the marine industry. Section 5.9 considers fifth-year 
projections. 

5.1 SUMMARY OF ECONOMIC IMPACT ANALYSIS 
This analysis estimated the economic impacts of air emission 

controls on marine vessel loading operations. Price, output and 
employment effects for affected products and for the marine 
transport industry were examined. Potential small business 
impacts were also isolated. Since these impacts differ 
considerably from one regulatory alternative (RA) to another, 
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Table 5-1 was constructed to facilitate the discussion of these 

differences. Table 5-1 reports impact information for the 
scenario with all tenninals impacted except those covered by 

present regulations in California, Louisiana, New Jersey, and 
Pennsylvania. 

Maximum price increase levels summarized in Table 5-1 for 
the affected products would not be significant across all 

regulatory alternatives. Under RA A the increases average 
1 percent (ranging to 1.8 percent) but decrease quickly to 0.2 to 

0.6 percent under the other four RA's. 
Corresponding with small price changes are small output and 

employment changes. Most of the affected products have 
moderately inelastic to very inelastic demand which permits 
control costs to be passed on to consumers without much change in 
their buying behavior. 

Although pipeline transport has taken market share from 
affected products over the past years, it is expected that this 
regulation will only cause very small additional shifts to 

pipeline transport. Maximum increases in marine loading and 

transport prices are estimated in the range of 15 to 37 percent 

for crude oil and products under RA A and 2 to 14 percent under 
RA B through RA E. The cost of marine transport compared to the 
final product price is relatively small which accounts for the 

larger percentage increases for the marine transport sector. 
Increases associated with RA B through RA E are not likely 

to be high enough to cause the building of new pipelines. In 
addition, the marine transport price increases at the higher end 
of the price increase range are for small quantities which are 
not economical for pipeline transport unless the firm already has 

unused pipeline capacity. The increases under RA A would cause 
more significant shifts of shipments by pipelines or other 
transport modes. 

The most noteworthy potential impact of the most stringent 
regulatory alternatives considered concerns the smallest 

terminals that could be required to control, since control costs 
per unit of throughput for small terminals are very high compared 
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TABLE 5-1. SUMMARY OF IMPACTS BY REGULATORY ALTERNATIVE 

Terminals No. of 
covered/ Maximum terminals under 
throughput, MM Total cost, percent price Percent output Employment competitive 

Reg. All. (BBL's/yr) MM 1m:rcases rcductiom1 reductions pressure Impact on veliSCls 

A All 750 0.3·1.8 0.07-0.26 924 > 1,000 High level of dedica-
lion lo regulated 
products 

B Gasoline >0.S 100 0.36 0.03 Significant level of 
Crude >S.O 0.32 ND 165 0-65 dedication 
Alcohols > l . .S 0.60 0.04 
Toluene > 10.0 0.41 

c Gasoline > 1.0 79 0.29 0.02 Moderate level of 
Cnade oil > 10.0 0.31 ND 119 0-30 dedication 

D Gasoline > S.O .s 1 0.21 0.0'2 <SO 0-S Low level of dcdica-
Crude oil > 100 0.18 ND lion 

E Gasoline > 10.0 41 0.19 0.02 <SO 0 Luw level of dcdica-
Crude oil > 100 0.18 ND lion 

ND = Not determinable, function of other products derived from crude oil. 

Displacement 
potential by 

pipeline 

Sume in long run 

Minimal 

Minimal 

Minimal 

Minimal 



to larger terminals. This could cause some of these terminals to 

lose the business of storage and loading these regulated 
products. The terminals would not necessarily go out of busi

ness, but would have to seek other business at perhaps lower 
profitability levels. If RA A were chosen, greater than 1,000 

terminals would face such competitive pressure and most of those 

terminals are small. 
For RA B through RA D the analysis showed 65, 30, and 

5 terminals that have high average control costs compared to the 
other terminals .that would be controlled. Under perfectly 
competitive markets where there were substitute terminals 
available, those 65, 30, and 5 terminals in RA B through D would 
be under competitive pressure to switch loading operations to 

uncontrolled products, reduce throughput below the cutoffs, or 
shift business to other less costly terminals that either exist 

nearby or could theoretically be built nearby. 
However, several factors exist which make this a :narket with 

less than perfect substitution of terminals. The majority of 
terminals in RA B through RA D are likely part of much larger 
integrated petroleum companies which may choose to absorb the 
higher than average control costs rather than transfer loading to 

an independent terminal. Second, some or all of those higher 
than average control costs will be off set by the added costs to 
transfer the product to what would invariably be a further 

terminal. Third, some substitute terminals would either have to 
be very large to have significantly lower control costs or there 

would have to be one or more nearby small unregulated terminals. 
For these reasons the actual number of terminals expected to stop 
loading the controlled products is smaller than what the 
competitive market analysis shows. 

The primary impact on marine vessels will likely be that the 
low-retrofit cost vintages of tankers and barges will be 

dedicated to transporting the regulated products. Other vessels 
will lose the business of transporting the regulated products and 
will need to obtain the business in nonregulated products 
formerly carried on the dedicated vessels. 
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Under RA D, small business impacts are not expected to be 
significant. The terminals affected by RAD will primarily be 
owned by integrated petroleum facilities which tend to be large. 
Similarly, RA D will only affect a moderate portion of the vessel 
fleet that will transport regulated crude oil and petroleum 
products. The portion affected will likely be large, lower-cost 
retrofit vessels and the retrofit costs of $0.002 per barrel for 
crude and $0.030 for products should not cause a significant 
impact. 

In terms of total control costs, RA A would be far more 
costly (estimated at $750 million) than any of the other RA's. 
Regulatory Alternative D has an estimated total cost of 
$51 million. 

If these three facilities become eligible for exemption the 
total cost under RA D would reduce from $51 million to 
$22 million. The reduction of $29 million equates to $0.03 per 
barrel or $0.0007 per gallon. Thus while total costs would 
reduce significantly if such exemptions occur, the percent price 
increases for final products will not change significantly. 
5.2 METHODOLOGY FOR ESTIMATING ECONOMIC IMPACTS 

The purpose of estimating economic impacts is to provide EPA 
decision-makers with information as to who bears the costs and 
impacts of the proposed regulatory alternatives and in what 
magnitude or with what consequences. The imposition of costs on 

one industrial sector may cause that sector to change behavior 
with regard to the prices it charges, its level of supply to the 
market or the makeup of the resources it utilizes to provide the 
supply. These behavioral changes may cause impacts on other 
sectors as well as on consumers of the output of that sector. 
The objective of the analysis is to trace significant changes 
through the impacted sections to the consumers, and to measure 
the magnitude and consequences of the impact. 

The general methodology for this analysis is to first derive 
the increase in price that petroleum and chemical producers will 
face to transport their products by marine facilities subject to 
the regulation. This derivation of price increase will include 
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factors for the control costs incurred by the marine terminals 

and the control costs incurred by the marine vessels. Separate 

calculations will be performed for crude oil and products; the 
latter defined as refined petroleum products or chemicals. Since 

marine transport faces competition from pipelines and to some 
extent railroads and trucks, the analysis then focused on whether 

or not the cost increases of this regulation would cause an 

erosion of the transport market share held by the mar~ne sector. 
The next step in the analysis is to determine if certain 

terminals or vessels are not expected to retrofit with the 
control options because either the impacts on their prof its are 

prohibitive or because their customers refrain from shipping by 
marine because of the control costs. This situation primarily 

arises because of the significant control cost differentials per 

terminal by size of throughput and for marine vessels because of 

the higher annualized costs for older vessels. 

Next, the likely price increases for the product conswnptive 

markets will be calculated and an analysis performed of the 
economic impact of these increases. Output changes will be 
calculated from assumed or derived price elasticity coefficients. 
Employment effects from these output changes will also be 

estimated. 
Potential small business impacts will then be isolated from 

the above impact analysis. Impacts on small businesses depend on 

decisions by EPA regarding the threshold level of terminal 
throughput or products controlled by the regulation, i.e., which 

regulatory alternative is chosen. 

Concurrent legislation impacting the regulated products will 

be examined. The influence that those regulations have on the 

baseline or the impacts of this analysis will be considered. 
Finally, consideration will be given to how impacts might 

change as a function of what is expected to occur five years from 
now in the affected sectors. 

The five regulatory alternatives considered in this analysis 
consist of combinations of crude oil, gasoline and products that 
emit volatile organic compounds and hazardous air pollutants at 
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facilities of varying size throughput. The alternatives are as 

follows: 
A. All Terminals 
B. Gasoline >SOOK bbl/yr, Crude Oil >SMM bbl/yr, Toluene 

O.SMM bbl/yr and Alcohols >1.5 MM bbl/yr 

c. Gasoline >lMM bbl/yr, Crude Oil >lOMM bbl/yr 
D. Gasoline >SMM bbl/yr, Crude Oil >lOOMM bbl/yr 
E. Gasoline >lOMM bbl/yr, Crude Oil >lOOMM bbl/yr 
Regulatory Alternatives A and B are the only alternatives 

that directly cover chemicals and products other than gasoline 

and crude oil. 
5.3 GROUNDRULE FOR ECONOMIC IMPACT OF THIS REGULATION 

Economic impact of a regulation is defined as that impact 
arising from the incremental expenditures that are attributable 

to the regulation and which would not have been undertaken were 
it not for the presence of the regulation. Incremental 
expenditures are those expenses above and beyond what the 
regulated members incur due to their own economic choices or due 

to that required by other regulations. 
In this instance several States have already promulgated or 

proposed regulations to control voe emissions from marine 
terminal loading of petroleum products and other voe emitting 
products. These states include California, Louisiana, New 
Jersey, Alaska, and Pennsylvania. Alaska's regulations however 
might not require controls before this regulation takes effect. 

This analysis will therefore treat the Alaska terminals as being 
uncontrolled. 

The presence of these state regulations, from an economic 
viewpoint, means that the impact of national regulations consists 

of the impacts in states where such regulations do not exist and 
the impact where the national regulations are more stringent or 
more comprehensive than the existing state marine terminal voe 
control requirements. Thus if these state regulations are 
assumed to take effect before the forthcoming national regulation 
and are as stringent as the national regulation, the economic 
impact of the national regulation will consist primarily of the 
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impact created in states other than California, Louisiana, New 

Jersey, and Pennsylvania. The baseline for this analysis is 
significantly affected by these state regulations since a 
significant amount of marine-loaded crude oil and products are 

loaded in these four states. 
With regard to specific economic impacts the definition 

means that the total costs of the regulation are lessened 
considerably because of existing regulations in these states. 
However, this operational definition does not always reduce the 
impacts on price and output of those products impacted by this 
regulation. For example, the price increases for the crude oil 
or gasoline controlled at marine facilities in a state such as 
Ohio may still be the same even though the already-regulated 

. states listed above are not being counted. Thus there will be 
fewer marine tenninal loadings counted as being affected by this 
regulation but for those that are counted, the relative size of 
impact may be the same as if all loadings are counted. 

5.4 POTENTIAL PRICE INCREASES 

The initial impact of consideration is by how much will the 
prices of the controlled products increase as the marine terminal 
and vessel owners pass portions or all of the control cost onto 
the product producers who, if market conditions allow, pass those 
costs onto consumers. Separate potential price increase 
calculations are presented for each of the regulated products or 
groups of products under each regulatory alternative. Later on, 
market reactions to such price increases are estimated. 

For the products subject to this analysis we are assuming 
full control cost pass through in the long run. This is 
equivalent to assuming a perfectly competitive market 
environment. For these products, barriers to entry are not 
insurmountable, and domestic and foreign competition is present 
in sufficient amounts to support this assumption. To the extent 
that imperfect competition exists in the industries affected by 
this regulation, not all of the control costs will be passed 
through in the form of higher consumer prices. 

5-8 



5.4.1 Crude Oil 

Table 5-2 is constructed to show what the potential price 

increases might be for barrels of crude oil sold to petroleum 

refineries. These price increase estimates are based upon the 

average control cost for each regulatory alternative (RA) under 

full-cost pass through conditions. Table 5-2 shows that RA A has 

average control costs of $0.12 per barrel whereas RA B is 

$0.04 per barrel, RA'S C, D, and E are $0.03 per barrel. On this 

basis the costs of RA A are four times greater than RA's D and E. 

With respect to the percent price increases for crude oil 

represented by these control costs per barrel, Table 5-2 also 

shows percentage increases based upon two crude oil prices per 

barrel. Just prior to the Iraq invasion of Kuwait the price per 

barrel of oil was $17 to $18. 1 Price ranges for crude oil since 

then have been from $20 to $39 with more recent prices in the 

lower $20's. Table 5-2 shows the percent price increase for two 

price levels, $17 and $30. 

Regulatory Alternative A would produce a 0.7 percent price 

increase when crude oil is $17 per barrel and a 0.4 percent 

increase at $30 per barrel. The corresponding increases for RAB 

are 0.2 percent and O.l percent. For RA C the percent price 

increases are 0.2 and 0.1. For RA'S D and E the percent price 

increases also 0.02 and 0.01, respectively. As will be shown 

later it is the high per unit control costs for all the small 

terminals in RA A that causes the average cost increases to be 

several times higher than the costs for the larger terminals 

covered by RA's B thru E. 

In absolute terms, even a price increase of 0.7 percent for 

RA A may not initially appear to be an increase that would cause 

much of an economic impact for petroleum refineries and their 

customers. However, what is expected to happen under RA A is 

that small terminals would lose business to larger terminals 

because of the significant control cost differential by size of 

terminal. Thus actual cost increases would not be 0.7 percent 

but a lower number somewhat higher than for RA B which is 

0.2 percent. 
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TABLE 5-2. CONTROL COSTS AND PRICE INCREASE PER BARREL CALCULATIONS FOR CRUDE 
OIL REGULATORY ALTERNATIVES 

Percent potential price increase 
Size througboul Throughput Annualized control Average control 

Reg. Alt. tennina111 volumes, bbl/yr cos ls cost/bbl throughput $17/bbl, % $30/bbl, " 

A All l,384,201,353 163,291, 710 0.1180 0.694 0.393 

B >5 MM bbVyr 1,229,557 ,464 43,034,290 0.0350 0.206 0.116 

c > 10 MM bbl/yr l, 199,270,954 39,919,760 0.0333 0.196 0.110 

D > 100 MM bbl/yr 883,329, l 16 29,300,000 0.0301 0.177 0.100 

E > 100 MM bbl/yr 883,329, l 16 29,300,000 0.0301 0.177 0.100 



Using individual terminal data for the Case 6 series model 

facilities it can be shown how economics of scale for control 
cause small plants to have large control costs per barrel vis-a

vis large plants. Table 5-3 shows the large range in control 
cost per barrel for terminals. The range in RA A is far broader 
than within the other RA's. Terminal owners who would have to 
charge $1.00 per barrel under RA A will lose business to terminal 
owners who only need to charge $0.14 per barrel to recover their 
costs, (maximum under B) or $0.06 or less per barrel (under RA c, 
D and E) as long as either excess capacity exists in the large 

terminals or new large terminals are built. The other economic 
variable that would prevent many crude oil producers from passing 

on the differential control costs under RA A is the presence of 
crude oil import potentials. In 1989 the U.S. imported 

2.217 billion barrels of crude oil according to the Petroleum 
Supply Annual report. The incremental crude oil throughput of RA 
A over RAB is 1,384,201,353 barrels less 1,229,557,464 or 

154,643 barrels per year {from Table 5-2). This amount is about 
7 percent of the 1989 level of imports; an amount within the 

capacity of foreign producers and transporters to readily supply. 
The present cost to transport crude oil from the middle east 

to the U.S. averages $2.65/barrel with a range of $0.88 to $5.30 
depending on the availability of vessels. 2 In theory it can be 

expected that increases in crude oil shipments of 7 percent will 
bear a slight increase in marginal costs of perhaps 1 or 
2 percent for refinery owners. At $20 per barrel plus $2.65 for 
shipping, a 2 percent increase is 0.02 x $22.65 or $0.05 per 

barrel. This incremental cost of marginally imported crude oil 
is greater than the vapor control cost of RAB ($0.04 per 

barrel), RA's C, D and E ($0.03 per barrel) but well less than 

the average increase of $0.12 under RA A. Thus petroleum 
refiners would find it less costly to import more crude oil than 
to pay the control costs of RA A. 
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TABLE 5-3. CONTROL COST PER BARREL CALCULATIONS FOR CRUDE OIL MODEL FACILITIES AND 
REGULATORY ALTERNATIVES 

Reg. Alt. 

A 

B 

c 

D 

E 

C.se 6 = 
Case 68 = 

~ Case 6C = 
..... 
IV 

Range of control cost, $/bbl 
Size throughput 

terminals 6 68 6C 

All 0.005-16.433 0.121-0.148 0.158-114,935 

' 
>S MM bbl/yr 0.005-0.272 0. li'l-0.137 NA 

> 10 MM bbl/yr 0.005-0.056 NA NA 

> 100 MM bblllyr 0.006-0.056 NA NA 

> 100 MM bbl/yr 0.006-0.056 NA NA 

All terminals loading crude oil lo ship.& 
Terminals with crude oil throughput of grealcr lhan 4 MM bbl/yr bul less lhao 8 MM bbl/yr. 
Terminals with crude oil throughput of less than 4 MM bbl/yr . 

Throughput 
volumes, bbl/yr No. tenninals 

1,384,201,353 201+ 

1.229,557,464 8 

I, 199,270,954 5 

883,329, I 16 3 

883,329, I 16 3 



5.4.2 Potential Price Increases for Marine Transport of Crude 

Oil 
The cost of storage, loading, transporting and unloading 

crude oil in the U.S. ranges from $1.10 to $2.30 per barrel 
depending on the type of crude oil, length of trip, size of 

vessel, etc. 3 From Valdez, Alaska to the lower west coast the 
transportation cost averages $1.25 per barrel with a range of 
$1.10 to $1.50 per barrel. 3 The storage and loading cost is 
another $0.25 to $0.50 per barrel with an average of $0.30. 3 

From the Gulf Coast (Louisiana and Texas) to the east coast the 
transportation cost is $0.80 to $0.90 per barrel south of Cape 
Hatteras and $1.20 per barrel north of Cape Hatteras. 3 From 
Panama to the east coast the cost is $2.00 per barrel. 3 Again 
the storage and loading costs of $0.25 to $0.50 per barrel needs 
to be added to obtain total marine costs. 3 

The data in Table 5-4 shows that average marine transport 
costs for crude oil, when all terminals are controlled under RA A 
will increase 6.54 percent to 10.73 percent. Producers using 
large tenninals handling more than SMML bbl/yr will face 
increases from 1.94 percent to 3.18 percent. Producers using 
terminals handling more than 10 MML bbls/yr will face increases 
from 1.85 to 3.03 percent and the largest terminals face a 1.67 

to 2.74 percent increase. 

5.4.3 Potential Erice Increases for Final Products from Crude 
Oil 

The next part of the analysis examines how these potential 
control costs for crude oil will be allocated to the products 
derived from crude oil. Table 5-5 shows that when any 
combination of control cost per barrel of crude oil is spread 
over all the products that a barrel of crude oil yields, the 
price increases per gallon are all very small, i.e., well less 
than 1 cent per gallon. Table 5-5 was calculated using the 
average control cost for each RA. For example, the 11.80 per 
barrel increase for RA A equates to $0.0028 per gallon 
(42 gallons per barrel). Since gasoline is 44.67 percent of the 
yield from crude oil its proportionate share of the $0.0028 per 
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TABLE 5-4. POTENTIAL PERCENTAGE PRICE INCREASES IN MARINE 
TRANSPORT FOR CRUDE OIL 

Average Percent price increase 
control cost 

Reg. Alt. per barrel $1.10 $1. 80 

A $0.1180 10.73 6.56 

B $0.0350 3.18 1. 94 

c $0.0333 3.03 1. 85 

D $0.0301 2.74 1. 67 

E $0.0301 2.74 1. 67 
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TABLE 5-5. POTENTIAL PRICE INCREASES FOR PRODUCTS PRODUCED FROM CRUDE OIL 

Regulatory alternatives 

A B c D & E 

(Average cost increase$ /bbl) 

Yield 0.1180 0.0350 0.0333 0.0001 
in Percent of 

increase $/gln) Conunodity gallons total (Average cost 

Gasoline 19.7 44.67 0.0013 0.0004 0.0004 0.0003 

Distil late 9.0 20.41 0.0006 0.0002 0.0002 0.0002 

Jet Fuel 3.8 8.62 0.0002 0.0001 0.0001 0.0001 

Residual 3.0 6.80 0.0002 0.0001 0.0001 0.0001 

Still Gas 1.9 4.31 0.0001 0.0000 0.0000 0.0000 

Coke 1. 5 3.40 0.0001 0.0000 0.0000 0.0000 

Feeds tocks 1.2 2.72 0.0001 0.0000 0.0000 0.0000 

Asphalt 1. 3 2.95 0.0001 0.0000 0.0000 0.0000 

LP Gas 1.2 2.72 0.0001 0.0000 0.0000 0.0000 

Lubricants 0.6 1. 36 0.0000 0.0000 0.0000 0.0000 

Kerosene 0.4 0.91 0.0000 0.0000 0.0000 0.0000 

Miscellaneous 0.5 1.13 0.0000 0.0000 0.0000 0.0000 

Total 44.la 100.00 0.0028 0.0008 0.0008 0.007 

acrude oil per barrel is 42 gallons; gain to 44.1 gallons from hydrogen processing gains. 

Source: National Petroleum News Factbook Issue, 1986, p. 147. 



gallon is $0.0013. Similar to earlier analyses RA A induces 
larger cost increases for crude oil products than RA's B thru E. 
However in all cases potential price increases are all less ~han 
one cent per gallon. 

Later-on these price increases will be added to those of the 
petroleum products directly controlled to eventually estimate 

market impacts. 
5.4.4 Potential Product Price Increases 

In line with the analysis performed on crude oil, Table 5-6 
presents potential price increase estimates for the regulatory 
alternatives affecting gasoline, chemicals and other noncrude oil 
products covered by the potential regulations. The data in 
Table 5-6 shows how, in the far right column, the average control 
cost per gallon reduces significantly from RA A to RA E. The 
cost in RA A averages 1¢ per gallon ($0.0098) whereas the cost 
for RAD and RAE is 0.2¢ per gallon. The throughput and total 
control cost for RA A is also much more than for the other 

regulatory alternatives. Toluene and methanol would be 
controlled under RA A at all size terminals and under RA B at 
terminals with throughput of greater than 500,000 barrels per 
year. Under RA A the average control cost for toluene is 1 cent 
per gallon and 0.6 cent per gallon under RAB. The corresponding 
control cost averages for alcohols, as represented by methanol, 
are $0.0098 per gallon for RA A and $0.0031 per gallon under 
RA B. 

Table 5-7 converts the average control cost per gallon into 
percentage price increases for the various products, excluding 
the control costs passed-on from the direct control of crude oil. 
Gasoline is the only product covered under all the regulatory 
alternatives. Under the most comprehensive regulatory 
alternative, A, the percent increase for gasoline is 0.9 percent 
whereas for RA B through RA E the estimated increasese are 
0.3 percent to 0.2 percent. 

For toluene the estimated price increases are 0.7 percent 
for RA A and 0.4 percent for RAB. The price increases for 
methanol are 1.78 percent for RA A and 0.60 percent for RAB. 
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Reg. Alt. 

A 

B 

c 
D 

E 

TABLE 5-6. POTENTIAL PRODUCT PRICE INCREASES 
FOR THE VARIOUS REGULATORY ALTERNATIVES 

Average 
Products Barrels product control 
covered throughput Total annualized cost cost/BBi 

AJI l,409,182,S23 S78, 731,577 0.4107 

Gasoline 353,254,896 s 1,888,245 0.1469 

Toluene 7,984,381 1,963,286 0.24S9 

Alcohols 22,784,SlO 3, 192,820 0.1401 

Gasoline 331.614,783 39,525,863 0.1192 

Gasoline 256,324,426 22,000,000 0.0858 

Gasoline 162,905,309 12,300,000 0.0755 

All = Gasoline, alcohols, naptba, jet fuel distillate, toluene. 

5-17 

Average 
control 

cost/Gin 

0.0098 

0.0035 

0.0059 

0.0033 

0.0028 

0.0020 

0.0018 
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TABLE 5-7. POTENTIAL PRICE INCREASES FOR PRODUCTS 

Average control cost/gallon Potential percentage price increase 

Gasoline Price/ gal, $ A 8 c D I! A 8 c D E 

Gasoline 1.10 (July 1990) 0.0098 0.0035 0.0028 0.0020 0.0018 0.89 0.32 0.2S 0.18 0.16 

Jet fuel/ O.S9 (1989) 0.0098 -- -- -- -- 1.66 -- -- -- --
kerosene 

Naphlha 1.40 (1990) 0.0098 -- -- -- -- 0.70 -- - -- --
Distillate 0.87 (1989) 0.0098 -- -- -- -- 1.13 -- -- -- --

Toluene 1.42 (1990) 0.0098 0.0059 - -- -- 0.69 0.41 -- --

Ethylene glycol J.34 (1990) 0.0098 -- -- -- -- 0.29 -- -- -- --
Methyl ethyl 2.14 (1990) 0.0098 -- -- -- -- 0.46 -- -- -- --
ketouc 

Methanol 0.55 (1990) 0.0098 0.0033 - -- -- 1.78 0.60 -- -- --

Source: (Gasoline) JACA estimates; (Jet Fuel/Kerosene) - U.S. Department of Energy, Energy Information Administration, Annual Outlook for Oil and 
Gas, 1990, p. 29; (Naphtha) - Chemical Marketing Reporter, October 26, 1990, p. 34; (Distillate) - U.S. Department of Energy, Energy 
lnfonnatioo Administratioo, Aooual Outlook for Oil and G19, 1990, p. 29; (Toluene) - Chemical M1trketinK Reporter, October 26, 1990, p. 46; 
(Ethylene Glycol) - Cbe1nical Marketing Reporter, October 26, 1990, p. 41; and (Methyl ethyl ketone) - Chemjcpl Marketing Reporter. 
October 26, 1990, p. 43. Methanol (for alcohols) - Chemical Markelini: Reporter, December 31, 1990, p. 71. 



For the other products covered by RA A the estimated increases 
range from a low of 0.3 percent for ethylene glycol to a high of 

1.7 percent for jet fuel and kerosene. 
5.4.5 Conibined Potential Product Price Increases 

To determine the true market price increase for the various 
petroleum and chemical products, it is necessary to combine the 
derived price increases from crude oil plus the direct control 
cost price increases for the products. Because of the very small 
increases associated with crude oil it is only meaningful to show 
the combined effect for gasoline, distillate, methanol and 
toluene in Table 5-8. For gasoline, the crude oil costs add a 
0.12 percent price (up to 1.01 percent) under RA A and 
0.04 percent or less for RAB through RAE.· For distillate the 
price increase under RA A from adding crude costs is a plus 0.07 
to 1.20 percent and a plus 0.02 percent for RAD. For methanol 

-the increases from crude oil are 0.02 and less. For toluene the 
increases from crude oil are 0.01 percent or less. 
5.4.6 Potential Price Increases in the Costs for Marine 

Transport of Products 

Petroleum products are primarily moved from refineries to 
markets by pipeline or by marine vessels. As the petroleum 
products get closer to their final destination the shipments 
become smaller and are moved primarily by rail or by truck. 

Marine transport of products is conducted along all the 
coastal routes, i.e., west coast, gulf coast and east coast. 
This movement can be by ship or by large-sized barges. Petroleum 
products moved on inland waterways are usually performed by 
barges. Ships can go up the Hudson River to Albany but that is 
one of the few inland waterways that ships can travel. 

Marine transport of products is generally performed by ships 
or barges that are dedicated to carrying "clean" products. The 
cost to transport and unload clean products on the ocean or on 
inland waterways ranges from $0.BO to $1.30 per barrel.3 The 
storage and loading costs average $0.30 per barrel with a range 
of $0.25 to $0.S0. 3 The loading costs alone only range from 
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TABLE 5-8. COMBINED POTENTIAL PRICE INCREASES FOR SELECTED PRODUCTS 
-· 

Reg. Alt. A B c D 

Gasoline 

Product control only, \ 0.89 0.32 0.25 0.18 

Combined with crude oil, \" 1.01 0.36 0.29 0.21 

Distillate i 

• Product control only, \ 1.13 - - - - - -

Combined with crude oil, % 1.20 0.02 0.02 0.02 

Toluene 

Product control only, % 0.69 0.41 - - - -
Combined with crude oil, \ 0.70 0.41 0.00 0.00 

Methanol (alcohols) 

Product control only, \ 1. 78 0.60 - - - -

Combined with crude oil, \ 1. 80 0.60 0.00 0.00 

E 

0.16 

0.19 

- -
0.02 

- -
0.00 

- -

0.00 



$0.05 to $0.07 per barrel; however, storage costs for a month 
range from $0.25 to $0.30.3 

The potential price increase percentages for marine 
transport of product caused by the control requirements is shown 
in Table 5-9. The price increases for marine transport 
{including loading, transport, unloading and storage) range from 
27.4 to 37.4 percent under RA A. For RAB the increases range 
from 9.9 percent to 13.6 percent. For RAC the range is 7.9 to 
10.8 percent. For RAD and RA E the price increase percentages 

range between 5 to 8 percent. 
5.5 MARKET IMPACTS 

Based upon the average control cost per gallon and 
percentage price increase figures derived above, estimates will 
be made in this section of any reductions in output in the 
affected sectors that could result from increased control costs 
for marine-loading of regulated products. The concern about 
output changes are with shifts in resources caused by plant 
closures and reductions in employment associated with the reduced 
output as well as with reduced value of production. Output 
reductions will occur to the extent that firms cannot pass 
control cost increases on to consumers or because consumers react 
to higher product prices by buying less. Output changes among 
members of a sector will also be considered, i.e., the distri
butive effects. 

In this economic impact analysis there are three sectors 
where market impacts are possible: marine terminals, marine 

vessels, and regulated product producers. 
5.5.l Marine Transport Versus Pipeline 

The major competition to marine transport of petroleum 
products is from pipeline transport. Over the years the share of 
the market occupied by pipeline has increased significantly. The 
question in this analysis is whether these control costs will 
cause a further shift from marine to pipeline. Short run versus 
long run considerations are involved. 

In the short run it is not expected that shifts to new 
pipelines will occur. There is recent empirical evidence for 
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TABLE 5-9. POTENTIAL PRICE INCREASES FOR MARINE 
TRANSPORT OF PRODUCTS 

Percentage price 
Costs 

Alt. per barrela $1.10 $1.50 

A $0.411 37.36 27.40 

B $0.149 13.55 9.93 

c $0.119 10.82 7.93 

D $0.086 7.82 5.73 

E $0.076 6.91 5.07 

aAverage control cost per size throughput range. 
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this. Marine transport costs increased significantly during the 
Kuwait invasion because diesel costs had increased. Since it 
takes less energy per unit to transport by pipeline than marine, 
the cost of marine transport relative to pipeline had increased. 
The relative increase associated with the diesel fuel increase 
was probably larger than the projected relative increase for 
these control costs. During this time period all of the surveyed 
petroleum companies and marine transport companies indicated that 
no shift to pipeline had taken place. The reasons for the lack 
of shift are essentially that pipelines have reached equilibrium 
with routes that are fixed and they are increasingly difficult to 
build. Not only is there high capital cost required for pipeline 
construction but the process to obtain the necessary permits is 
becoming more difficult due to heightened awareness over 
environmental concerns and right of way problems. 

In the long run it is not likely that further shifts to 
pipeline will occur as an impact of the vapor control costs of RA 
B thru RA E. In this case, long run means greater than 8 years, 
i.e., the time to obtain approval for and build new pipelines. 3 

The pipeline building trend seems to have peaked. 3 Newer 
pipelines will cost more to build because of environmental 
concerns, siting resistance, and hillier terrains.3 Another 
reason is that pipelines require large volumes of product to be 
shipped in order to pay for the large initial capital outlays. 
Increases in marine transport costs for the larger volumes of 
transported products are around 5 to 14 percent under RA B thru 
RA E. At such a relative price increase level pipelines will not 
likely be built to try and capture that market. 

It is likely however, that the 27.4 to 37.4 percent increase 
under RA A for buying marine transported products could be 
significant enough to cause some displacement by pipeline 
provided enough volume is being transported at those price 
increase levels over a long period of time to warrant building a 
pipeline. The increases for RA B through RA E are considerably 
smaller and far less likely to cause such displacement. 
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This question is also intertwined for crude oil and products 

with the impact of the Oil Pollution Act of 1990 on marine 

transport (see Section 5.7.2) and transport insurance 

requirements. On the one hand the combined effect of vapor 

controls, spill liability and double-hull requirements may be 

enough to cause a further shift to pipeline. On the other hand, 

for the small number of crude oil loading terminals likely to be 

installing controls most of them probably do not compete with 

pipelines because the cost of establishing a pipeline is 

prohibitively high, e.g., from Valdez, Alaska to Washington, 

Oregon, or California and requires large volumes of throughput. 

5.5.2 Marine Terminals 
Marine terminal output reductions could occur in two ways. 

The first is through reductions in final demand for the products 

(see Section 5.5.4). Second, the large differential control 

costs per terminal under some of the regulatory alternatives 

could cause some terminals to not install control systems and 

therefore not take business loading crude oil, petroleum products 

and regulated chemicals. This impact will be explored in this 

section. 

Normally, if one firm gives up business to another firm 

there is no output change. However, if the control cost 

differential is so large in places where multiple terminals do 
not readily exist, it could lead to some producers of petroleum 

products not being able to economically bring their product to 

market. In the meantime, demand would be met through increases 

in supply from other sources; domestic and foreign. 

According to 1988 preliminary data from the Waterborne 

Commerce of the United States, throughput at terminals ranged 

from a high of 228,014,897 bbl/yr to as little as 6 bbl/yr, 
realizing a total of 1.9 billion bbl/yr for 1988. 

currently, terminal facilities located in the Santa Barbara 
channel, the San Francisco Bay area, and the States of Louisiana, 

New Jersey, and Pennsylvania are required, or are proposed to be 

required, to recover or dispose vapors when loading tankers with 

crude oil and gasoline by 1991 and 1992, respectively. 
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At each port, there can be a number of terminals competing 
for business. Utilization of terminal capacity ranges from 20 to 
85 percent with no meaningful average. 4 This industry is so 

competitive that even those companies who are well entrencheq 

with one facility call around regularly for quotes on storage and 
loading costs. However, there is some evidence shown by both 

customers and terminallers that they want to enter into longer 
term contracts, usually a minimum of l year.s For purposes of 

choosing the most appropriate terminal, a commodity owner needs 
to consider if a pipeline is nearby or if a ship can be rerouted 
to another terminal. 

Marine terminals, even though primarily privately owned, are 
called either private and public. Private terminals are owned by 

major oil companies who are vertically-integrated in the 

distribution of their products. A significant portion of these 

companies also own liquid bulk terminal facilities not only at 
the marine terminals but at points closer to the final refined 

product destination. Public terminals are for-hire facilities 
where terminallers do not take ownership of the material. They 

provide storage for a third party, who typically handles the 
movement of the product to and from the terminal as well as the 
specifics of the marine or pipeline transport. The supply and 
demand of these facilities directly depend on the supply and 
demand experienced in the oil business. 

In an effort to widen margins, a number of services are 
offered by terrninallers, for example, storage capacity, transfer 

responsibilities for moving the product in and out, cleaning 

services performed on the tank after product removal, filtration 
of product such as jet fuel and waste handling services. The 

number of employees at terminals depends on capacity, amount of 
inventory moving in and out, and the type of product. Typically, 
petroleum storage is less labor intensive. 

Special services like breakbulk repacking might be offered 
for products like glycol for the antifreeze market. Special 
equipment is available like chillers, nitrogen blankets to keep 

• 



moisture out, and special linings for tanks or pipelines to · 

maintain product integrity. 
In addition, demurrage rates are charged if they are needed. 

They are assessed if a vessel or terminal exceeds the allotted 

time for a loading or unloading operation. It is a preagreed 
rate that is charged for the amount of time in excess to the 

preagreed allowed time. 
As just analyzed pipeline competition is not expected to 

take away marine terminal business. However, the large 
differences in control costs among terminals are expected to 
cause some small terminal owners to not install control systems 
and to lose this business. This potential impact on small 
entities will be examined below. 

The EPA Regulatory Flexibility Act Guidelines describe steps 

for determining whether a regulatory flexibility analysis (RFA) 

needs to be performed. The test is if a significant economic 

impact is expected to occur on a substantial number of small 
entities. The affected sectors for which this will be performed 

in this analysis will be marine terminals and marine vessels. 
The SBA definition of small marine cargo handling entities is 
$12.5 million sales or less. Terminals perform business 

transferring many commodities including others that are not 
regulated herein and are often part of much larger companies. 
Nevertheless this standard will be used in the analysis. 

The size distribution of terminals handling petroleum 
products and chemicals is as follows. As the data shows 
73.8 percent of the terminals (i.e., those less than 

500,000 barrels throughput) would only be subject to control 
under RA A. 
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Terminals loading petroleum products 

Barrels/yr Percent of total 

>10,000,000 3.0 

8-9,999,999 0.7 

6-7,999,999 1.4 

4,5,999,999 2.5 

2-3,999,999 5.0 

1-1,999,999 6.1 

0.5·999,999 7.5 

<500,000 73.8 

100 

For illustrative purposes, we have chosen level of 

4,000,000, 2,000,000, 1,000,000, and 500,000 barrels per year to 
determine the relationship of size facility to impacts. 

To obtain further insight into the question of size 

businesses, data was examined for SIC 4491, Marine Cargo 

Handling. This SIC includes public terminals doing business with 
many producers as opposed to just the producer who owns them. 
1988 County Business Patterns data (Table 5-10) shows 
834 establishments in this SIC. Of this number, some will be 
owned by large businesses and some will already be subject to 

emission controls under state regulations. Some will also not be 
transferrers of petroleum and chemical products. It is also 
unclear how many of these terminals would be controlled under 
each RA. Of the 1,777 terminals subject to RA A the SIC 4491 

data would indicate that less than one-half of the terminals are 
public terminals. 

Table 5-10 shows the distribution of the SIC 4491 terminals 
by state. Louisiana, Texas, Florida, and California have the 
most terminals, respectively. The table also shows the number of 
employees per establishment. The U.S. average for SIC 4491 is 
68 employees per establishment. 
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TABLE 5-10. 1988 COUNTY BUSINESS PATTERNS BY STATE FOR SIC 4491 
(M;:i ~in~ r::i ra1 J.l';:inrUinal 

Total No. of 
Total employeu (mid- Employeeap« Total • nnual Pay per employee, 

establishments March) ettablishme111 oavroll, SJ ,OOO's SJ .OOO's 

Alabam.1 19 693 36.S 1.231 16 2J 
Ala.U 10 381 38.8 15,153 39 OS 
Ari.zoa.a 0.0 0.00 
ArtAnaaa II 1()()11 9.1 Oa 0.00 
California 60 9,104 151.7 437,617 48 07 

Colorado 00 0.00 
CoMecticut 3 250' 83 3 o' 0.00 
Delawa"' 6 250' 41.7 o' 0.00 
District of Columbia o.o 0.00 
Florida 78 5 144 65.9 84,377 16.40 

Georgia 19 1,562 98.0 22.208 l l.93 
Hawaii 0.0 0.00 
Idaho o.o 0.00 
Dlinoia 40 968 242 23,408 24.18 
lnd11oa 8 108 13 5 3,78J JS 01 
Iowa 4 2o' s.o O' 0 00 
KallMI 0.0 0.00 
KW1tud::y 22 436 19.I 11,622 26.66 
Louiai&na 104 6,031 58.0 112.500 18 65 
Maioe 0.0 000 
Maryland 2!i 2,907 116.J 91.396 31.44 
M1HaehuMG1 11 8JO 73.6 IS,387 19.00 
Micbisu 7 61 9.6 3,4J2 S0.93 
Minnesota 12 20- 1.1 O' 000 
Miuillliooi SJ 494 54.9 8.469 17.14 
Mi.uouri 13 272 20.9 6,603 24 28 
Montana 00 0 00 
Ncbrut.a 0.0 0.00 
Nev1da 0.0 0.00 
New Ha,,,,,ahire 0.0 000 
New Jerwy 32 3,507 109.6 122,860 35 03 
New Me.ll.ico 0.0 0.00 
Nftf Yort 40 1,864 46.6 49,158 26 37 
NonbC1rolW 12 J,006 83.8 12,0SS J 1.91 
N onb Dakoca 0.0 0.00 

Ohio 31 1,097 3S.4 JS,947 32.77 
Oklahoma 3 20- 6.7 o' 0.00 
0....,011 19 t.000- 52.6 o. 0 00 
Pell.lll)'lvanil 21 1,692 80.6 46,411 27.43 
Puerto Rico 0.0 0 00 
Rhode lllalld 0.0 000 
South C1rolir111 23 2.563 111.4 S0,935 19.87 
South Duoca 0.0 0.00 
Te~ JI 97 u 1,714 17 67 
Te:1111 93 6.12!1 65.9 81 422 13 29 
Utah 0.0 0.00 
Vermom 0.0 0.00 
VitJWa 17 2.720 160.0 66,721 24.53 
WalbiJls!oa 39 3,054 71.3 147,249 48:.?2 
WiKOllllD II 147 13.4 6 S57 44 6J 
Wflllt Virginia 8 129 16.1 3,077 23.65 
Wvorniair s 0.0 0 00 
TOTAL <Above): 821 S4 94.S 66.9 I 471 270 26.78 
TOTAL tDialoRl: 834 56,741 68.0 1,618,041 28.52 
Difference: 13 I.796 \46,771 28.52 
1v1 i::: 111eae ""'"" 1:11c:1uoe 1ovemmea.1 employeu, e:tcept 1elf-employeo employ-

1Wbeo tben •1"9 ouly • '- eeublilhmentt ill • county for an indutllr')', toe.al annual payroll figures and tile toe.I number of mid-Merch 
•IT'floy- are aometi,.,_ "'ithheld to 1void die diac!OIUl"9 of information 1bout individU1l 11tabli1l11nenu. Widiheld payroll fil!'IJre• ..... 
ioc:he.1111d by ID 0. However, m. employment 1ize cl111 i1 lho111n ia subltiiutioa for Ille IOUll numb.r or m.id·M1n:h employ-. 

Refereoce: 191111 Couary Bu1in1M P111en11, Bureau of Cemua, printed Jaouary 16, 1991, in CenData Detabeae, Dialoa Information 
Servlcel, April S aDd II, 1991. 
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For tankers we have chosen an illustrative small entity 

threshold of 20,000 dead-weight tons DWT which encompasses 86 of 
the 266 tankers that transport the regulated products or 

32.3 percent. 
For barges we have chosen an illustrative threshold of 

1,000 DWT which encompasses 1,069 of 1,609 or 66.4 percent of all 

barges that transport the regulated products. 
The EPA RFA guidelines contain four criteria for determining 

significant economic impacts on small entities. 
1. Product price increases; 
2. Control cost differentials between small and larger 

plants; 
3. Capital problems for small plants; and 

4. Economic impacts such as closures. 
The first step for determining significant impact was to 

-calculate annual compliance costs of small entities as a percent 

of sales. Since price pass-through potentials have been 
calculated in this analysis, the RFA criteria is employed with 

price pass-through assumed. However, only average industry costs 

are assumed to be passed-through in the form of higher prices. 
In areas where limited competition exists, smaller terminals with 

higher than industry average cost increases, may be able to 
increase prices by a greater amount in the short run. Thus, the 
financial impact on the small facilities examined below may be 
overstated in the shortrun. In the long-run new terminals may be 
able to locate in areas that would suppress the ability to pass
on more than market average price increases. 

For terminals the following calculations show the results of 
the step-one tests. A 500,000 barrel per year facility can 
experience compliance costs ranging from $0.46 per barrel 

(models SC and 6C) to $1.23 per barrel (model 7A). Under RA A 
and RA B (the only alternatives containing a terminal of this 
size), Table 5-11 shows that the absorbed compliance costs for 
any combination of costs or RA's will always yield impacts 
greater than 40 percent of sales and thus are significantly 
impacted under Step one. 
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U1 
I 

w 
0 

Revenue/barrel, $ 

After-tax profits/barrel 

Pretax, preprice increase terminal only 
compliance costs 

Avenge costs per barrel per RA i.e., 
average price increase: 

RAA: 
RA 8: 
RAC: 
RAD: 
RAE: 

Absorbed costs (average price 
increase/RA less lenninal compl. cosls 
per barrel) 

RAA: 

RAB: 

RAC: 

RAD: 

RAE: 

Absorbed control costs + sales, 
pcn:cnt 

RA A: 

RA 8: 

RAC: 

RAD: 

RAE: 

TABLE 5-11. SMALL ENTITY ANALYSIS 

Terminal throughput, barrels/yr 

500,000 J,000,000 

0.30 I 0.30 

0.012 0.012 

0.46 (SC) 0.23 (5C) 
1.07 (6A) 0.21 (6C) 
0.46 (6C) 0.62 (7A) 
1.23 (7A) 

0.34 0.34 
0.06 0.06 
O.OS 0.0~ 

u.os o.os 
0.04 0.04 

SC 6 6C 1A SC 6C 7A 

0.12 0.73 0.12 0.89 (0.11) (0.11) 0.26 

0.40 NA NA 1.16 0.17 NA 0.S6 

NA NA NA NA 0.18 NA O.S7 

NA NA NA NA NA NA NA 

NA NA NA NA NA NA NA 

40.0 100 40.0 >100 Neg. Neg. 93.3 

> 100 NA NA >IOU 73.9 NA >100 

NA NA NA NA 60.0 NA >100 

NA NA NA NA NA NA NA 

NA NA NA NA NA NA NA 

2,000,000 

0.30 

0.012 

0.12 (SC) 
0.27 (6A) 
0.12 (6C) 
0.31 (7A) 

0.34 
0.06 
O.OS 
O.OS 
0.()4 

SC 6 6C 7A 

(0.22) (0.07) (0.22) (0.03) 

0.06 NA NA 0.25 

0.07 NA NA NA 

NA NA NA NA 

NA NA NA NA 

Neg. Neg. Neg. Neg. 

16.7 NA NA 83.3 

3.3 NA NA 86.7 

NA NA NA NA 

NA NA NA NA 



A 1,000,000 barrel per year facility would be· controlled 

under RA's A, Band c depending on the commodities loaded. Under 

RA's Band C the 1,000,000 barrel per year product facility will 

generally absorb control costs greater than 63 percent of sales. 

(Crude oil terminals of that size would not be affected) . 

The 2,000,000 barrel per year Model 7A gasoline terminal is 

also significantly impacted under RA B and C. The Model SA 

2,000,000 barrel per year facility is also significantly impacted 

under RA B. 
The same data in Table 5-11 also shows that small plants 

control costs as a percent of sales are much higher than those of 

larger plants. For RA A, B and C control costs for larger plants 

are 20 to 30 percent of sales. The costs for small plants are 

typically 40 percent and more. 
Thus the following analyses of crude oil and product 

terminal impacts focuses largely on small entity impacts since 

the price increase analysis and control cost differential 

analysis just performed above show potentially significant 

impacts. The analysis includes additional tests for small 

business impacts. 

5.5.2.1 Crude Oil Terminals Impact bnalysis. Most, if not 

all, crude oil loaded in this country is eventually purchased and 

processed by domestic petroleum refineries. Most petroleum 

refineries can purchase crude oil from multiple domestic sources 
or can import the crude oil. 

Although the average control cost under RA A is $0.12 per 

barrel, the vast majority of the crude oil terminals would face 

control costs of more than $1.00 per barrel. 

Table s-11, shows that soo,ooo barrel per year crude oil 

terminals controlled under RA A would not be able to pass forward 

all of its control costs in the form of price increases and would 
have to absorb costs amounting to 40.0 percent to over 

100 percent of sales. The vast majority of small terminals only 

account for a modest percentage of total crude oil throughput at 
terminals. Most of these small terminals with high per barrel 
control costs will be by-passed by crude oil owners in favor of 
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other larger, lower cost terminals assuming the incremental costs 

to reach those substitute terminals is not prohibitive. The by
passed terminal owners will therefore be impacted by a loss of 
business. If crude oil owners did incur high terminal contract 

costs and if they did try to pass them on to refineries, the 
refineries would seek other crude oil suppliers, domestic or 
foreign. In theory terminal owners should be able to anticipate 
that they would be by·passed and would decide not to install the 
control systems at all. 

The terminal business for crude oil handling of small 
amounts is a mixture of transshipments, periodic imbalances in 

location of supplies and deliveries from small oil fields. 
Facing high control costs under RA A, transshipments at small 
terminals will disappear in favor of alternative routes. 

Imbalances will be handled via other transportation modes. The 

owners of small oil fields will find other ways to .get the oil to 

a refinery or will no longer pump the oil. Terminal owners could 
also not afford to absorb the control costs since the prof its on 
even the highest loading costs of $0.50 per barrel would not 
permit an absorption of $0.12 per barrel. 

The profit loss for a terminal owner earning 7.5 percent 
before taxes on the loading of 100,000 barrels of crude oil at a 
high level of $0.50 per barrel is $3,750. 

For RA B and RA C the differentials are small enough that 
shifts of crude oil from terminal to terminal are not expected. 
Also under RA's D and E, no small crude oil terminals will be 
subject to control. 

5.5.2.2 Product Terminal Impact Analysis. For reasons 

similar to the above it is expected that many product terminals 
covered by some of the RA's will be under competitive pressure 
when facing control costs in the high end of the range. These 
terminal owners may not be able to pass control costs onto 
product owners because the product owners can pay smaller 
incremental transportation costs to get product to a market. 
This assumes that substitute terminals are nearby or that new 
terminals with lower per unit control costs could be located to 
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serve as a substitute. In reality substitution is not perfect 
and even some small terminals with higher than average per unit 

control costs will be able to pass on those costs. Or, the cost 

to transport product to a nearby terminal exceeds the cost 
savings and the company may decide to absorb the costs. The 

quantitative analysis performed below assumes, as a starting 
point, that substitution is possible and therefore overstates the 
impact. Thus, some of the qualitative market factors will also 

be discussed. 
The impact on terminals will be examined through a small 

entity impact analysis. What follows below is additional 

analysis which examines closure potential or other significant 

impacts. In this case closure potential means that a terminal 
owner would not purchase the control system and would therefore 

forego the business of loading the regulated products at the 
controlled quantity. However the terminal would still be able to 
remain in business to load and provide services for other 

products. In fact the terminal owner could even load regulated 

products as long as the quantities involved are less than the 

specified threshold of control. For example, under RAC, a 
terminal owner could load up to 999,999 barrels of gasoline per 
year without incurring a control requirement. Since these 
terminals may not be closure candidates they will be referred to 
as terminals under competitive pressure. 

To analyze impacts by size of terminal, four financial 

ratios were selected to examine the before and after impact from 
the vapor control requirements. The ratios are: current assets 

to current liabilities (should exceed 1.0) long term debt to 
equity (should not exceed 1.5) cash flow to current maturities of 

long-term debt (should be 2.0 or greater), and earnings before 
interest and taxes (EBIT) divided by interest (should be 3.0 or 
greater) . 

The procedures used to calculate before and after ratios 
were to assemble the before ratios from Robert Morris Associates 
data for the Marine Cargo Handling Industry. Next an average 
cost per RA was determined. It was then assumed that the entity 
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could raise its prices by the RA's average cost and if the 
entity's per barrel cost was greater than the RA's average, the 
greater cost would have to be absorbed by the entity. The cost 
absorption would then begin to erode the financial ratios. If 
the ratios are eroded beyond the threshold criteria listed above 
then at risk potential exists. 

Table 5-12 shows these calculations. The results show that 
for RA A, B, and C model facilities SC and 7A incur high control 
per unit control costs. For RAD model facility 7A also has some 
competitive pressure. Model facility 7A appears to possess the 
greatest economies of scale since the minimum capital cost for 
any size terminal is $2.675 million excluding vessel retrofits. 
To illustrate this effect even the annualized costs for a 
5,000,000 barrels per year terminal are $626,059 or $0.125 per 
barrel, compared to industry averages under RA's B-D of $0.05 to 
$0.06 per barrel. 
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TABLE 5-12. FINANCIAL ANALYSES OF SMALL PRODUCT TERMINALS 

Throughput, barrels/yr 500.000 1,000,000 2,000,000 4,000,000 

Revenue@ $0.40/bbl 150,000 300,000 600,000 1,200,000 
Profits@ 4% AT 6,000 12.000 24.000 48,000 
Depr@ 5% 7,500 15,000 30,000 60,000 
Cash flow 13,.500 27,000 54.000 108,000 
Total assets (TA) 78,947 157 ,895 31.5.790 631,.579 

Current assets (CA) (43.4% of TA) 34,263 68,526 137.0S2 274,IOS 

Current liabilities (CL) (71.4% of CA) 24,464 48,928 97,856 195,711 

LT/debt (22.8% of TA) 18,000 36,000 72,000 144,000 
Equity 36,483 72,966 14S,932 291,860 
Current matur. LTD 3,600 7,200 14.400 28,800 
lnterest 3,000 6,000 12,000 24,800 

Ratios. precontrol 1.4 1.4 
CA: CL 1.4 1.4 0 . .5 o.s 
Debt: equity O.S o.s I. 75 3.75 
Cash flow + CML TD 3.75 3.7S 3.9 3.9 
BBIT/interest 3.9 3.9 

Compliance costs Annual Annual Annual Annual 
SC 228,782 232,643 239,658 250,000 
7A 616,.583 618,S78 622,497 628,000 

Compljance costs ~ital C.apital Capital Capital 
SC 819,482 819,482 819,482 819,482 
7A 2,67S,.508 2,67.5,508 2,675,.508 2,675,.508 

,!lb~Qrbed comeliance ~~~ 
RA ASC 60,000 0 0 0 
RAB SC 200,000 170,000 120,000 50,000 

Ratios (post-<:ontrol) RA A SC 
CA: CL 0.3 1.4 1.4 1.4 
Debt: Equity >20.J o.s o.s 0.5 
Cash flow + CML TD Neg. 3.75 3.7.5 l. 75 
EBIT/int.erest Neg. 3.9 3.75 3.9 

RAB SC 
CA: CL 0.3 0.5 0.8 1.3 
Debt: Equity >20.1 1I.8: 1 6.0:1 J.0 
Cash flow + CML TD Neg. <1 <I 1.3 
EBIT/interest Neg. <1 <I 0.8 
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The number of tenninals under competitive pressure is as 
follows: 

No. of tenninals 
under competitive 

No. of tenninals pressure 
Million barrels/yr, 

SC 7A SC 7Aa gasoline volume 

0.5 RAB 29 46 29 + 36 

1.0 RA c 6 34 6 + 24 

5.0 RAD 0 15 0 + 5 

10.0 RAE 0 6 0 + 0 

aThe calculations in Table 5-12 are not shown for Model 7A 
because the ratios for SC show potential for competitive 
pressure and the costs for 7A are higher and will automatically 
also show competitive pressure. 

The above analyses of tenninal impacts indicates that a 
number of terminals are under competitive pressure with respect 
to the continuance of the business of loading the affected 
products; the size of the number depends on which RA is chosen. 
To the extent that this would happen, the actual nationwide 
control costs for each RA would substantially decrease for all 
regulated terminals. In effect the high per barrel control costs 
of small regulated terminals would be replaced by the low per 
barrel control costs of large tenninals or by unregulated 
tenninals. 

Being under competitive pressure means that the tenninal's 
control costs are significantly above the average for all 
regulated tenninals. In a market with full competition from 
substitute terminals, such tenninals face difficult choices of 
either trying to pass-on the higher costs, absorb the higher cost 
or discontinue loading controlled products. There are however, 
some factors which make this market less than fully competitive. 

Most of the tenninals in RA B thru RA E are most likely part 
of integrated petroleum refinery operations which on the surface 
can absorb the above average control costs. However, this 
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analysis treats those integrated facilities as being cost 
minimizers/prof it maximizers and that they would consider 
abandoning their own terminal if another less cost terminal were 
accessible. 

Nevertheless some integrated refineries are likely to choose 
to continue their terminal operations rather than be reliant on 
an independent company or another petroleum company. In remote 
areas the likelihood is that competition is also not perfect and 
that above average control costs may be absorbed. In more 
competitive areas, the extra cost to pump to a further terminal 
will sometimes be higher than the lower control cost of the 
accessible terminal. In addition, loading at another facility 
would either require a larger terminal than the one being 
replaced, which would require a cluster of producers to support 
the larger terminal, or may require multiple terminals with 
throughput less than the controlled amounts. The combination of 
these factors make the market for terminals less than perfect and 
serve to illustrate that the actual number of terminals under 
competitive pressure will be less than the quantities shown 
above. 

Under RA D the estimate is that up to five terminals could 
be under competitive pressure. These terminals would most likely 
not be small. Under RAC the number jumps to 24 whereas under 
RA E the estimate is for no terminals under competitive pressure. 
5.5.3 Marine Vessels 

Vessels provide transportation of products from point A to 
point B. Movements can be from refinery to terminal, terminal to 
terminal (product can not be moved by large ship down shallow 
waters), and terminal to refinery (an imbalance of product) . 
This is usually called transship which is when cargo is 
transferred from one vessel to another for reshipment. 

The industry is highly competitive with 80 to 90 percent of 
the available vessels operating during 1989. There are 
130 companies involved in this industry including both major oil 
companies and independent vessel owners. Business is much like a 
conunodity where bids go in for every movement if it is not 
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covered by a long-term contract. Typically long-term contracts 
state a lower rate than spot movements, but if market conditions 
are such that many vessels are available, spot rates could be 
lower. Rates are highly dependent upon supply and demand. 3 

Construction of new barges and tankers are on the rebound. 
Almost all are being built with double hulls but usually not with 
manifolds for vapor recovery.3 Typically, those vessels being 

built with manifolds are being done for the large vessel 
companies, for transporting benzene and for loading product in 

regulated States. 
The aim of vessel companies is to maximize prof it which 

means that vessels need to stay in operation as much as possible. 
Each movement that is not covered by a long-term contract will go 
out to bid much like a commodity product. Rate setting is a very 
competitive business, rates change continually. 

There are two major groups of product - clean and dirty. 
The products considered clean are gasoline, naphtha, and diesel 

fuels. The products considered dirty are crude oil and fuel oil. 
Distillate fuel can be considered clean or dirty depending on 
whom is evaluating. Typically, a vessel that carries dirty 
products will be dedicated to dirty service. The reason is that 
to carry a clean product after carrying a dirty product means 
that the vessel needs to go through a vigorous and expensive 

cleaning procedure. The extent of this warrants or highly 
suggests dedicated service by a vessel owner to one type of 
product moved as opposed to moving both. 

Another way to maximize prof it for a commodity owner with 
vessels is to charter in and charter out. A commodity owner can 
charter in when more product needs to move than the number of 
vessels available to the owner. Charter out occurs when more 
vessels are available than there is product to move. Charter out 
is handled cautiously by vessel owners due to liability issues on 
spills and other accidental occurrences (see Section 5.7.2). 

There are a number of different charter types: long-term 
contract, spot contract, MSC - military service charter, and 
Exxon charter. They tend to vary from a few hours to over 
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20 years. Long-te:rm contracts are written for 1 year or more and 

are written specifically according to the needs of both parties. 

Spot contracts are used when product moves right away for a 
period of usually less than 6 months and written for one voyage 

only. 

Rates for transportation are similar for all types of 

products. However, rates do vary according to the distance 

travelled, the size of vessel used, and market conditions of the 

region in which the vessel is moved. Rates are highly sensitive 

according to the region of the country where they occur because 
of the interplay between supply and demand. Rates can be stated 

in a long-term contract or in a spot contract. Domestic rates 

are quoted as an index published by the Association of Ship 

Brokers and Agents called the AR Scale. The book is published 

each year and contains a base AR for each product moved by a 

prototype ship of 27,800 dwt. International rates are quoted on 

the World Scale index. 

Vessels carrying petroleum products are specialized because 

the Coast Guard certifies according to subchapter O and D, only 

those vessels appropriate for such movements. Of the U.S. flag 

vessels operating or .available in 1989, 1,609 barges and 

266 tankers were certified to carry subchapter 0 and D cargoes. 

Barges move products and are typically unmanned except 

during loading and unloading when a Coast Guard certified 

tankerman is present. In addition, one person is needed for 

towing the non-propelled barge. Services provided by the barge 

owner include: cleaning of vessel according to product needs, 

amount of voyage time dictated by either spot or long-term 

contact, loading and unloading of product at dock (which can vary 

from 12 hours to 24 hours) , and handling the maintenance 
require~ents of the barge. 

Furthermore if the barge is nonself-propelled, a tug is 

supplied. A barge towing service is used at or between points 

where the carrier does not have a tug available. Charges will be 

assessed accordir.g to hourly boat rates from where the tow 
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originates to the final destination and back to the original 

location of the tug. 
Tankers move crude and have dedicated crews which are 

skilled to supervise loading and unloading. Ser.rices provided by 

the tanker owner include: cleaning of the tanker according to 

product needs, voyage time, loading and unloading time for 

product at dock, and handling the maintenance requirements of the 

tanker. 

Because this industry is not regulated, rates are determined 

according to the market flow and are not required to be published 

or posted in any way. Rates are generally based on quality and 

service, amount of storage provided, length of time to load and 

unload, and the nwnber of crew provided. 

5.5.3.1 Tailker Impacts. The vapor control costs are not 

expected to cause tankers to loose business to pipelines or other 

modes of nonmarine transport. Thus the impact analysis must 

focus on what happens within the tanker industry. Domestic 

loading of petroleum products totaled 439 million short tons per 

year (1988). Presently tankers carry 51.7 percent of that total 

or 227 million short tons. The total amount of regulated 

products under each RA is presented in Table 5-13. Although the 

51.7 percent share for tankers may be a good estimate under RA A, 

the percentage of regulated products carried by tankers increases 

as the RA's approach E. As shown in Table 5-13, a very large 

volume of crude oil (129.85 MM short tons) is handled by the 

three largest crude oil terminals and these terminals may need to 

install controls even under RA E. 

Table 5-13 shows that not all of the tankers need to be 

retrofitted to accomodate the volume of controlled products. 

Therefore it is necessary to examine which types of vessels will 

retrofit, which will not, and the impacts on both categories. 

The conclusion drawn herein is that enough tankers will be 

retrofitted under each RA to match the controlled volume, plus a 

reserve factor, and that those who do retrofit will be able to 

pass those control costs onto the producers. Owners of fleets of 

vessels will tend to retrofit those that are the least costly to 
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TABLE 5-13. PERCENTAGE OF TOTAL MARINE TRANSPORT OF 
PETROLEUM PRODUCTS AND CRUDE OIL AFFECTED BY THE 

REGULATORY ALTERNATIVES 

Throughput affected, Percent of total marine 
millions of short tons transported petroleum 

With Withouta With Without 

RA A 410.6 280.8 93.5 64.0 

RA B 237.2 107.3 54.0 24.4 

RA c 225.0 95.1 51. 3 21. 7 

RA D 167.5 37.6 38.2 8.6 

RA E 153.8 23.9 35.0 5.4 

awithout crude oil terminals with throughput >lOOMM bbl/yr . 
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retrofit. Those vessels that are not retrofitted will be 

dedicated to transporting uncontrolled products or controlled 

products from uncontrolled terminals. The impact of dedication 

on transporters is unknown with respect to profit rates on 

controlled and uncontrolled products. It is not known whether 

fleet owners who once transported controlled and uncontrolled 

products and who would only transport uncontrolled products will 

earn the same or less profits. 

To determine which vessels will be retrofitted it is 

necessary to examine the retrofit costs and the distribution of 

tankers by age, size and the presence of single or double skins. 

For the combined capacity of tankers and barges, 93.5 percent of 

the 1988 volume of 439 million short tons would require 

retrofitted vessels. Under RAB that figure drops to 54 percent 

and 38 percent with RAD and 35 percent under RA E. These 

percentages drop sharply if the three large crude oil terminals 

are exempted. For example, under RAD only 8.6 percent of 

throughput would require retrofitted vessels. (These estimates 

exclude retrofitted capacity for transporting products controlled 

by State regulation or for transporting benzene). 

Under RA A more than 94 percent of tanker capacity would 

have to be retrofitted to transport controlled products. This 

level of retrofit could be costly for some of the older or 

smaller tankers. Retrofit systems are estimated to have a useful 

life of 20 years. Exact useful lives of vessels are difficult to 

estimate but few vessels last past 50 years. This means that 

retrofits on vessels already older than 30 years are likely to 

last longer than the vessel. Or, in other words the cost would 

have to be recovered over a shorter period of time. 

For RA B and RA C the 54 percent and 51 percent of capacity 

that requires retrofitting will consists to some extent of the 

already doubleskinned tankers which comprise 20.3 percent of all 

tankers. For RA D (38 percent) and RA E (35 percent) double-hull 

vessels would be the primary target of retrofits. 

The model facilities that load crude oil or products into 

tankers are 6, 7A, and 7B. At these facilities the incremental 
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control cost per barrel for the vessel retrofit control costs 
(excluding terminal costs) is $0.002 for crude oil (6) and $0.019 

and $0.026 for gasoline and chemical products (models 7A, 7B). 
These costs are constant over all sizes and ages of vessels. At 
a transport cost increase of $0.002 per barrel for crude oil and 

$0.0019 to $0.026 for products, it is not likely under any of the 
regulatory alternatives that there will be any significant 
adverse impact on the tankers. 

However, there is some likelihood under each of the RA's 
that some of the smaller and the older tankers (>30 years) will 
not be retrofitted and would be cleaned and used to ship 
uncontrolled products. This type of impact can be described as 
one of efficiency where the retrofitted tankers would require 
special scheduling to be available when needed. Table 5-14 shows 
the age distribution of the U.S. tank ship fleet in 1989. 

Twenty-nine percent of tankers are older than 30 years. The 
older tankers also tend to be the smaller tankers. Twenty-nine 
of the 36 tankers over 40 years age are less than 10,000 dwt. 
Only one tanker over 30 years age is larger than 60~000 dwt. 

Double-skinned tankers will most likely be retrofitted since 
they are also more insurable than single-skinned tankers. 
Fifty-four, or 20.3 percent of the tanker fleet is already 
double-skinned. Smaller tankers of less than 20,000 dwt comprise 
32.3 percent of the fleet and are candidates for not being 
retrofitted. 

Recent oil spill legislation (see Section 5.7.2) setting 
forth liability requirements for oil spills will act in concert 
with these regulations to affect single-skinned and older crude 
oil tankers. The cost to retrofit those tankers to prevent oil 
spills is likely to far exceed the cost impact of these 
regulations. 

For gasoline and chemicals this increased transport cost for 
marine vessel retrofits is also likely to produce dedicated 
gasoline vessels as tankers older than 30 years would not be 
retrofitted. 
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TABLE 5-14. TANK SHIP FLEET BY AGE, 1989 

Less than 
Percent Double skinned 20,000 DWT 

of 
Age No. fleet No. Percent No. Percent 

0-10 49 18.4 18 36.7 12 24.5 

11-20 107 40.2 34 31.8 20 18.7 

21-30 33 12.4 1 3.0 11 33.3 

31-40 41 15.4 1 2.4 14 34.1 

>40 36 13.6 0 0.0 29 80.6 

Total 266 100.0 54 20.3 86 32.3 

Source: U.S. Coast Guard. 
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5.5.3.2 Barge Impacts. It is expected that certain 
percentages of the 1,609 barges currently in use will not be 
retrofitted under each RA because the volumes of regulated 
product fall short of the total barge capacity. The most likely 
barges to be retrofitted are ones that already have double-skins 
which amount to 57.9 percent of the barge fleet. This would 
represent sUbstantially more than the percentage of products 

covered for RA B through RA E. The incremental control costs for 
retrofitted barges is $0.08 per barrel for crude oil and products 
for Cases SA, SB, SC, 6BB, and 6BC. The incremental costs for 
products under model 7A are $0.019 per barrel and $0.0269 for 7B. 

It is highly likely that barges older than 30 years and 
which transport products will not be retrofitted and would be 
assigned to carrying unregulated products such as asphalts, lube 
oils, and No. 6 oil or to carrying shipments from uncontrolled 
terminals. Table 5-15 shows the average age distribution of U.S. 
owned barges carrying subchapter O and D products in 1989. At a 
rate of 5.5 percent, barges older than 30 years amount to 89 of 
the 1,609 barges. The remaining barges plus new barges 
should be able to handle the necessary volume requirements for 
the transport routes for the regulated products under RA B thru 
E. Many of the older barges that will not be retrofitted are 
also typically smaller than the newer barges. 

To the extent that the costs for retrofitting barges show a 
differential in favor of size, age or some other factor, those 
vessels favored by the bias will be retrofitted first. 
5.5.4 Producers of the Regulated Products 

Once the marine terminal and vessel owners pass some or all 
of their control costs onto the producers of the products, those 
producers will first consider raising the prices of the products 
in the market place. In this instance, the producers will first 
have to take into consideration the demand elasticity for each 

product. Demand elasticity will be sensitive to the fact that 
some products will reach markets without having been shipped by 

marine routes and will not have the voe control costs in their 
price. 
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TABLE 5-15. U.S. BARGE FLEET BY AGE, 1989 

Double skinned Double skinned Less than 1.000 DWT 

Age No. Percent of fleet No. Percent ~o. Percent 

0-10 356 22. l 260 73.0 247 69.4 

11-20 799 49.7 470 58.8 512 64. l 

21-30 365 22.7 184 50.4 251 68.8 

31-40 58 3.6 17 29.3 32 55.2 

>40 31 I.9 0 0.0 27 87.I 

Total 1,609 100.0 931 57.9 1069 66.4 

Source: U.S. Coast Guard. 
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In order to determine the market price increase two pricing 

questions have to be answered: 
1. How will refineries that load products into pipelines 

and onto marine vessels allocate the costs of voe control? 
2. Will refineries, wholesalers, and retailers be able to 

increase product prices if they compete with pipeline transported 

product? 
With respect to the first question, petroleum refiners and 

petroleum-owned shipping companies have indicated that marine

loading costs are generally allocated to the refinery and marine 

vessel costs are allocated to the transportation costs of 
product. Further, the loading costs allocated to the refinery 
are treated as a generalized plant cost along with pipeline 
loading costs. (Most refineries can ship product by both. 
pipeline and marine while also shipping to some nearby markets by 
truck) . This would seem to suggest that the marine voe control 

costs would increase the prices of all refined products exiting 
the refinery. However, when the refinery product pricers try to 
regain their margins that would otherwise be reduced by the 

increased loading costs they will realize that they can only 

increase prices in the markets where marine products are being· 
shipped and not the markets where the pipeline products are being 

shipped. Thus the increased control costs end up being re

allocated to the marine transported products. The premise that 
this conclusion rests on is that the markets for the two sets of 
shipped products are distinct. This appears to be substantiated. 
Petroleum product geographic markets are for the largest part 

either served by pipelines or by vessels, as at least the initial 
bulk means of conveyance into areas. Of course where these 
markets touch there would be a mixture but for the most part the 
markets are separate. Thus when product prices are increased for 

the marine-loaded products the demand will be influenced in that 
market by traditional demand elasticity factors. 

Figure 5-1 shows a map of pipeline locations in the United 

States. These are pipelines that ship petroleum products to 
markets. Notice that the pipelines are highly concentrated in 

5-47 



U\ 

0 
a 

"' lloo 
z 

PETAOLEUM PRODUCTS PIPELN: CAPACITIES• 
ASOf'OECEMBER3t.1987 
(IHOll&llNDS OF llAMELS DALY) 

CANADA 

GUl..F OF 
MEXICO 

·---·--·--

Soune~ KaUoMl htrolea.- Council. Petro1eu• Storage & Tnnseortattoia. Vol. 5. N1Shlngto•, Of. Ar•fl 198'. P.0-1. 

Figure 5-1. Petroleum product pipeline capacities. 



the mid-west, central southern, and middle atlantic States areas. 

The major marine shipments of petroleum products on the other 

hand are along the coastal waterways to coastal markets. The 

Mississippi system vessels carried over here. There are 300,000 

tons of loaded petroleum products as compared to those coastal 

vessels which carried over 530,000 tons in 1988.6 

To place the market reaction in perspective, Table 5-16 was 

constructed to accompany a product-by-product description. 

Gasoline transported by marine faces a 1.01 percent price 

increase under RA A for the 14.54 percent portion of the entire 

u.s~ market that will receive regulated gasoline which has been 

transported by marine. Demand for gasoline is generally regarded 

to be relatively inelastic. Even in the long term, it is 

difficult for motorists to reduce their dependence on gasoline. 

Many motorists, for example, are limited to their ability to 

purchase a more fuel-efficient motor vehicle or change their 

driving habits. Demand for motor gasoline is shaped by 

consumers' real disposable income, overall economic well being, 

and the price of gasoline. The Department of Energy has 

estimated that the long-term price elasticity of demand for 

gasoline is -0.55. 7 

The 14.54 percent of natural gasoline consumption affected 

by this regulation amounts to 16.274 x 109 gallons (see 

Table 5-16.) The long run reduction in output for gasoline is 

estimated at -0.55 x 1.01 percent x 16.274 x 109 gallons or 

90.40 x 10 6 gallons. This equates to a 0.08 percent total output 

reduction based on the total consumption of 111.9 x 109 gallons 

shown in Table 5-16. 

For RA B the output change for gasoline would only be 

0.03 percent since the average price increase for gasoline is 

only 0.36 percent versus the 1.01 percent of RA A. The output 

changes for RA C thru RA E are even smaller. 

Jet fuel and kerosene face a 1.66 percent price increase 

(RA A) for the 17.32 percent of total U.S. consumption that is 

transported by marine. Demand for jet fuel and kerosene reflects 

the number of air miles flown but has been influenced due to 
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TABLE 5-16. PORTIONS OF TOTAL MARKETS AFFECTED BY REGULATORY ALTERNATIVE A 
-

Percent Affected National 1989 market 
price throughput, consumption6 percent 

Product increase 000 gallonsa 000 gallons affected 

Gasoline 1.01 16,273,632 111,909,000 14.54 

Jet fuel/kerosene 1.66 4,175,833 24,114,090 17.32 

Naphtha 0.70 1,:245, 893 3,970,470 63.73 

Distillate 1.20 19,324,624 49,056,000 39.39 

Toluene 0.70 646,836 805,000 80.35 

Methanol 1.82 1,990,766 5,292,000 37.62 

NA = Not available. 

m asource: Memorandum, Nicholson, R. and Kapella, D., Midwest Research Institute, to D. 
I 

~ Markwardt, EPA, July 13, 1990, National Profile for the Development of a VOC Rule for 
0 Marine Vessel Loading Operations. Table 1. 

bsource: U.S. Department of Energy, Energy Information Administration. Petroleum Supply 
Annual, 1989, p. xiixiii (for gasoline, jet fuel/kerosene, and distillate). Facts and 
Figures, C&E News June 18, 1990 p. 39 (for naphtha, toluene and methanol). 

clncludea direct price increases plus passed-on crude oil control price increases. 



improvements in aircraft efficiency, higher fuel prices, and an 

easing in passenger and freight travel. Higher airline ticket 

prices will also most likely contribute to a slower jet fuel 
demand growth. Demand for naphtha-type jet fuel, which is used 
principally for military purposes, is expected to remain near 

current levels through the year 2010. According to EPA 
estimates, demand elasticity for jet fuel is considered fairly 
inelastic perhaps less than that of gasoline at -0.30. At this 

level the reduced output under RA A would be 0.09 percent of 
total consumption (-0.30 x 1.66 percent x 17.32 percent of total 
consumption) . These products would not be directly affected 

under the other RA's except for very small price increases 

(0.01 percent from crude oil control). 
Distillate affected fuel oil faces a price increase of about 

1.20 percent under RA A for the 39.39 percent of regulated U.S. 
consumption that is marine transported. Distillate fuel oil 

demand depends on the transportation and resiqential sectors. 
Distillate fuel oil .is used in the transportation sector. 

Distillate fuel oil demand in the residential sector depends on 
conservation efforts, and competition from natural gas and 
electricity. According to EPA estimates, elasticity for 

distillate fuel oil is -0.5. At an assumed elasticity of -0.5 

the reduction in output under RA A would be 0.24 percent 
(-0.5 x 1.20 percent x 39.39 percent). Distillate would not be 
controlled under the other RA's except for the 0.02 percent 
increase or less from crude oil control. 

Naphtha faces price increases of 0.70 percent for the 

63.7 percent of consumption that is marine transported. Demand 
for naphtha as a petrochemical feedstock is highly inelastic. 
According to EPA estimates, the demand for naphtha is not 

affected by income level and does not have close substitutes as a 
petroleum feedstock; therefore the elasticity of naphtha is 

estimated at ·0.15. At a demand elasticity of -0.15 the output 
reduction is estimated at 0.07 percent (·0.15 x 0.70 percent 

x 63.7 percent). Again, naphtha is not directly affected under 
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the other RA's except for ver:y small passed on crude oil control 

costs. 
Toluene faces a 0.70 percent price increase under RA A which 

is not expected to cause reductions in output. Under RA B the 
estimated price increase is 0.41 percent. Toluene is an aromatic 
organic chemical primarily derived from petroleum refineries. 
Toluene and other aromatics are commonly used to increase the 
octane rating of unleaded gasoline. As a result, the market for 
toluene is closely related to the gasoline market. Recently, the 
demand for refonnulated gasoline is pushing up toluene demand. · 

Toluene is a good additive not only because it can be used as an 
octane enhancer, but also because it improves driveability and is 

a good method for reducing required vapor pressure. The expected 
increase in testing and marketing of reformulated gasoline will 
increase refiners' need for this aromatic and will most likely 
result in an increase in toluene demand over the long run. 

The price increase for alcohols µnder RA A as represented by 

methanol is. 1.80 percent. The percent of alcohols marine 

transported is 37.62. The assumed demand elasticity is -0.3. 
Therefore, the estimated output reduction under RA A is 0.20 
{-0.3 x 1.80 percent x 37.62 percent). Under RA, B the estimated 
output change is 0.07 percent and 0.00 percent under RAD. 

Demand for chemical products like ethylene glycol and methyl 
ethyl ketone are not expected to be significantly impacted. The 
price increase calculations show increases of less than one-half 
of 1 percent. 
5.6 SMALL BUSINESS IMPACTS 

For reasons explained earlier the SBA size definition of 
$12.5 million in sales was selected as being applicable in this 
analysis. Small business impacts utilizing the above 
specification, depend on the final decisions by EPA regarding the 
threshold level of tenninal throughput controlled by the 
regulation. If all terminals are controlled under RA A then more 
than a thousand of the 1,749 tenninal owners under competitive 
pressure may discontinue the business of loading crude oil or 
products. Many of these are small entities. 
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Under RA B thru RA E only the largest terminals in the 
industry are controlled; the totals being 104, 60, 25, and 13, 

compared to the 1749 terminals under RA A. The business from 
petroleum and crude oil products plus the other business from 

integrated operations most likely make these terminals large 
businesses {i.e., sales greater than $12.5 million}. Therefore 
RAB thru RAE are not likely to involve a substantial (i.e., 

greater than 20 percent of affected terminals) number of small 

business impacts. This implies that a full Regulatory 
Flexibility Analysis need not be undertaken. 

It should also be noted that under RA B thru RA E, the 
uncontrolled terminals {i.e., those that fall below the 
throughput cutoffs) may benefit from the regulation since they 

may obtain additional business if unregulated shipments increase 

at these terminals. In addition to the increased business, those
terminals may also have some ability to raise prices unless new 

uncontrolled terminals enter the market. 
Small vessel impacts are not expected to b~ significant 

because they will typically not be retrofitted under RA B thru 

RAE. Earlier we chose 1,000 Dwt as the definition of a small 

barge. On the basis of that definition, larger barges will be 
retrofitted before smaller barges. The volumes of product 

covered under RA B thru RA E will be manageable without small 

barges being retrofitted. Thus a full Regulatory Flexibility 
Analysis for them need not be undertaken. 
5.7 EMPLOYMENT IMPACTS 

According to the 1989 Bureau of Labor Statistics Employment 

and Earnings Report, 846,000 employees were involved in the 

petroleum industry, SIC 2911, SIC 5171 and SIC 5540. 8 As shown 
in Table 5-17, the potential change in employment at refineries 

as a result of output changes under RA A could total 807 workers 
(or 0.10 percent) due to this regulation. Under RAB about 
165 workers could be affected. Under RA C, RAD, and RAE, 119, 
38, and 38 workers would be affected. 

Within the marine terminal sector there might be a shift of 
workers from the small controlled terminals to larger controlled 
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TABLE 5-1?. POTENTIAL CHANGE IN EMPLOYMENT IN THE PETROLEUM REFINING INDUSTRY 

R.A A RAB RAC RAD RAE 

Poltmtial Potenlial Poten1ial Potcnli•I Po1en1ial 
Employment Ou1pu1 change in Ou1pu1 ch1ngein Ou1put ch•1111e in Output chanao in Oulpul change in 

Product ellimate• change, \II. employmenl change," employment change, 'I employment change, 'I employment dumge, 'I employment 

011aoline 377,908 --0.0& 303 -0.03 Ill --0.02 76 -0.01 3& --0.01 lS 

Di11ill•te 172,669 -0.24 41S --0.02 JS -0.02 3S 0 0 0 0 

Jet tile!/ 80,624 --0.09 73 -0.01 8 -0.01 a 0 0 0 0 
teroseno 

R.vlidual S7,S28 NA NA 0 0 0 0 0 0 0 0 

StillgH 36,463 NA NA 0 0 0 0 0 0 0 0 

Cob 21,764 NA NA 0 0 0 0 0 0 0 0 

FeedltOCb 21,011 -0.07 16 -0.04 9 0 0 0 0 0 0 

Aaphall 24,957 NA NA 0 0 0 0 0 0 0 0 

LPgH 23,011 NA NA 0 0 0 0 0 0 0 0 

Lubricants 11,506 NA NA 0 0 0 0 0 0 0 0 

MiscelJ.m1oua 9,SS9 NA NA 0 0 0 0 0 0 0 0 

I TOTAL I 146.ooo I I 8071 I 165 I I 1191 I 381 I 381 

NA = Not available. 

•e.M<f on lho product'• yield from a barrel of crude oil. 



terminals or to uncontrolled terminals. This follows a 

corresponding shift in business due to the impact of these 
regulations. 

5.8 CONCURRENT LEGISLATION AND REGULATIONS 
The economic impact analysis of any regulation is performed 

upon a baseline economic status in the regulated sector. The 
baseline economic status is a snapshot of the current economic 
condition of the sector. Naturally, economic baselines rarely 

remain static and are constantly being changed by new 
technological, political, social, and legislative events. All of 

these events have the potential of making the relative impact of 
voe regulations appear greater or smaller. For example, as was 

shown above, if international events cause the price of crude oil 

to double as a a new baseline condition, then the potential price 

increase percentage is cut in half. Since a percentage 

calculation is relative, the impact appears to become smaller; 
although the absolute price increase per unit of output remains 

• 
the same. 

In this analysis it is important to present infor:mation on 
recent events that will have significant impacts on petroleum 
products and on marine vessels. These events are: 

1. Budget Reconciliation Act of 1989 (PLlOl-239}; 
2. The Oil Pollution Act of 1990 (PLlOl-380); 

3. Th€ Clean Air Act Amendments of 1990 (PLlOl-549); and 
4. Benzene handling regulations. 

The nature of the impacts for the Oil Pollution Act (OPA} 
and the Clean Air Act Amendments (CAAA} are as yet unestimated. 

However, their impacts will intertwine with the impacts of VOC 
control. 

5.8.l Budget Reconciliation Act of 1989 

Under this act Congress enacted a five-cent per·barrel tax 

on oil that became effective January 1, 1990. This is equivalent· 
to the control cost on a 10,000,000 barrel per year marine 
terminal handling crude oil. For the four U.S. terminals in 
Case 6 that handle crude oil at rates greater than 
10,000,000 barrels per year, their volume handled is 
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443,830,189 barrels or 77.5 percent of the 572,457,028 barrels 
per year handled at all crude oil terminals in Cases 6, 6B, and 

6C. 

The perspective that this comparison provides is that the 
impact of this regulation for approximately 78 percent of crude 
oil loaded in the United States will be similar to the impact of 
the Budget Reconciliation Act. 
5.8.2 Ihe Oil Pollution Act of 1990 

The Oil Pollution Act of 1990 (PL 101·380) was signed into 
law after the Senate and House of Representatives agreed on 
similar reform bills. The Act addresses double hulls, ship 
building capacity, spill liability, and related issues. 

The package requires double hulls on all new oil tankers and 
barges operating in waters subject to U.S. jurisdiction. 
Existing vessels without double hulls need to be retrofitted or 
retire from service, according to a complex schedule based on 
ve~sel size and age; however, an outside date of 2015 applied in 
most cases. The legislation also contains a related provision 
which authorize·s the Secretary of Transportation to provide loan 

guarantees under Title XII of the Merchant Marine Act of 1936 to 
help finance construction for double hulls. 

Various exemptions and exceptions exist in the legislation. 
For example, oil response vessels are exempt from the double hull 
mandate. In addition, vessels unloading oil at deepwater ports 
and vessels engaged in lightering practices 60 miles or more 
offshore are exempt until 2015. 

With regards to ship building capacity, new vessels of less 
than 5,000 gross tons, such as inland barges, must have some form 
of double containment system · though not necessarily double 
hulls. Existing vessels under 5,000 gross tons need to be 
retrofitted with double hulls or containment systems by 2015. 

Io addition, the act contains major liability and insurance 
provisions that require vessel owners to pay for oil spill 
cleanup costs and natural resource damages and to have liability 
insurance. 



No economic impact assessments were performed by or for 
Congress and the appropriate committees in the process of passing 
the Oil Pollution Act of 1990. However, it has been assumed here 
that the following types of impacts are likely. 

1. The cost of marine transport of crude oil will increase 
as a result of the liability requirements and the double hull 
construction requirements. These increases will occur 

simultaneously with the voe control costs and together will raise 
the price of marine transport vis-a-vis pipeline transport costs. 

2. Some older marine vessels will be made obsolete 
prematurely by the OPA of 1990 because of spill risk 

considerations. Some of these vessels will overlap with those 

that will become obsolesent prematurely due to the voe vessel 
retrofit requirements. Thus the above estimates of marine vessel 

impacts are overstated by the unknown amount which is 
attributable to the OPA of 1990. 
5.8.3 Clean Air Act An\enaments of 1990 

The price of gasoline and other voe emitting petroleum and 

air toxic emitting chemicals will increase as a result of 
provisions of the CAAA. Tailpipe emission requirements in 
nonattainment areas, Reid Vapor Pressure (RVP) limitations, SOCMI 

air toxic emission controls and other provisions will all act to 
increase these product prices by unspecified amounts. On the 
other hand, incentives for reformulated·and alternative fuels may 

in the long run cause gasoline prices t9 decrease. At this time 
it is quite speculative as to the magnitude and direction of 
these impacts. 
5.8.4 Benzene NESHAP Handling Regulations 

Some tankers and barges have already been retrofitted to 
collect fumes during benzene loading. To the extent that these 
vessels are also used to transport petroleum products, the cost 
of this regulation will decrease. It is unlikely that these 
vessels would carry crude oil. 

5.9 FIFTH-YEAR PROJECTIONS 

Nationwide control costs were estimated in this report on 
the basis of 1989 petroleum products throughput. Economic 
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impacts were estimated on the basis of 1990 and 1991 prices and 

market conditions. Expected conditions in the affected source 
category will be examined for fifth-year impacts in this section. 
This will be accomplished by obtaining estimates of demand 
changes and by examining any expected changes in production. 

5.9.1 Crude Oil 
The crude oil loading figures are directly associated with 

domestic production of crude oil. Domestic crude oil production 
is expected to drop from 7.6 million barrels per day in 1989 to 

6.3 million barrels per day in 1995. 9 Meanwhile real prices are 
expected to rise from $18.07 in 1989 to $20.40 in 1995. 10 

5.9.2 Gasoline 

Motor gasoline consumption is expected to increase from 
7.33 million barrels per day in 1989 to 7.52 million barrels per 
day in 1995. 9 Gasoline prices are also expected to stay 
relatively flat.10 

5.9.3 Other Products 
Estimated projections for other products are as follows: 

Consumption, million 
barrels per day Prices/gallon 

1989 1995 1989 1995 

Distillate 3.2 3.35 0.87 0.97 

Jet fuel 1.49 1. 63 0.59 0.71 

Methanol 0.10 0.12 (1993) o.ss (1990) 0.644 (1991) 

Toluene 0.05 >0.05 1.42 (1990) NA 

Projections for methanol were only available to 1993 and no 
projections for toluene were readily available. However demand 

is expected to increase for reformulated gasolines that will find 
toluene to be an octane enhancer with the capability to lower 
reid vapor pressure. 

5.9.4 Fifth-Year Demand Conclusions 
In summary crude oil loadings will likely decrease while 

petroleum refinery loadings for the potentially regulated 

commodities will increase by amounts that are less than normal 
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economic growth rates. Thus fifth-year costs will be only 

slightly higher than the first-year control costs shown 

throughout this report. 
5.9.5 Fifth-Year Supply Conditions 

No supply restrictions or technological advances are 

expected among these products that would raise or lower product 

prices. 

5.9.6 New Terminals and Vessels 

The significant economies of scale for control costs will 

have the effect of favoring the construction of new large 
terminals versus small terminal for throughputs above the 

regulatory cutoff. The size of the capital control cost as a 

percent of the total cost of a terminal is also likely to affect 
the location of the control system to be nearer to the docks; 

perhaps giving a cost advantage to new terminals over retrofitted 

terminals. Exemptions from control for the smaller terminals may 

induce the construction of those size terminals. 

Just as new double skin vessels have become commonplace, the 

vessel building industry will be able to manufacture new vessels 
with vapor collection systems already installed which may provide 
them with a cost advantage over retrofitted vessels. 
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MQDEL VESSEL 1: Crµde Oil Carrier 170.000 dwtl 

Vessel characteristics: 

vessel dimensions, lxw.xh: 
Draft, ft: 
Cargo: 
No. of cargo tanks: 
Gauging and alarm system: 
Normal loading rate, bbl/h: 
Inert gas (IGl system: 
Other: 

Design asswnptions: 

800 ftxl25 ftx55 ft 
42 
Crude oil 
15 
Yes, one system ser..ices all tanks 
35,000 
Yes; boiler flue gas at 5 to 7 percent oxygen 
2 pressure/vacuum (PV) valves on inert gas 
system are set at 2 psi, each sized for full 
flow; loading manifold is without header from IG 
system main. 

1. Inert gas system and supply header will be used as the hydrocarbon vapor 
header; also, detonation arresters will be added. 

2. An additional gauging and alarm system will be installed to provide 
redWldant tank gauging capability. 

MODEL VESSEL 2: Product Carrier (35.000 dwt) 

vessel characteristics: 

Vessel dimensions, lxwxh: 
Draft, ft: 
Cargo: 

No. of cargo tanks: 
Gauging and alarm system: 
Normal loading rate, bbl/h: 
IG system: 
Other: 

Design assumptions: 

700 ftx90 ftx.50 ft 
39 
Motor and aviation gasoline; distillate diesel 
and jet fuels 
24 
No automatic system 
Op to 25,000 
None 
Individual PV valves on each tank, set at 
1.5 psi; loading manifold at midship. 

l. Inert gas system and supply header will be used as the hydrocarbon vapor 
header; aiso, detonation arresters will be added. 

2. Install a redundant tank gauging and alarm system. 
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MODEL VESSEL 3: Ocean Barge (19,000 dwtl 

Vessel characteristics: 

Vessel dimensions, lxwxh: 
Draft, ft: 
Cargo: 

No. of cargo tanks: 
Gauging and alarm system: 
Normal loading rate, bbl/h: 
IG system: 
Other: 

Design assumptions: 

1. Install complete vapor header. 

450 ftx75 ftx30 ft 
24 
Motor and aviation gasoline; distillate 
diesel and jet fuels 
12 
No automatic system 
Up to 15,000 
None 
Individual PV valves on each tank, set at 
1 psi; loading manifold at midship; diesel
driven pumps in the rear (aft) with no 
electric generator 

2. Install redundant tank gauging and alarm system. 

MODEL VESSEL 4; Inland River Barge 

Vessel characteristics: 

Vessel dimensions, lxwxh: 
Draft, ft: 
Cargo: 

No. of cargo tanks: 
Gauging and alarm system: 
Normal loading rate, bbl/h: 
IG system: 
Other: 

Design assumptions: 

265 ftx54 ftx12 ft 
9 
Motor and aviation gasoline; distillate 
diesel and jet fuels 
10 
No automatic system 
4,000 
None 
Individual PV valves on each tank set at 
l psi; loading manifold in the rear; diesel 
driven cargo pump (in the rear), with no 
electric generator 

1. Install a complete vapor header. 
2. Install redundant tank gauging and alarm system. 
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MODEL SA: Product Terminal for Barges 

Terminal characteristics 

• Two docks, designed to load two barges at each side from two loading 
stations at each dock 

• Loading rate of 4,000 bbl/h per barge 
• Maximum loading rate of 16, 000 bbl/h 
• Inert gas generator located 200 feet away 
• All gasoline storage tanks have floating roofs 
• Transfer pumps located 300 yards from dock 
• Loadings handled by one person at waterfront and one at tank farm 
• Annual throughput of greater than 8 million bbl/yr 

Design assumptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency • 98 percent 
• Install four complete vapor transfer lines and associated incinerator 

feed headers 
• Install two full-capacity booster fans arranged in parallel 
• Install terminal alarm system and vapor control system instruments 

MODEL SB: Product Terminal for Barges 

Terminal characteristics: 

• one dock, designed to load one barge at each side from two loading 
stations 

• Loading rate of 4,000 bbl/h per barge 
• Maximum loading rate of a,ooo bbl/h 
• Incinerator located 1/4 mile away 
• Inert gas generator located 200 feet away 
• All gasoline storage tanks have floating roofs 
• Transfer pumps located 300 yards from dock 
• Loadings handled bY one person at waterfront and one at tank farm 
• Annual throughput of greater than 4 million bbl/yr and less than 

8 million bbl/yr 

Design assumptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency • 98 percent 
• Install two complete vapor transfer lines and associated incinerator feed 

headers. 
• Install two full-capacity booster fans arranged in parallel 
• Install terminal alarm system and vapor control system instruments 
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MODEL SC: Product Terminal for Barges 

• One dock, designed to load one barge from one loading station 
• Loading rate of 4,000 bbl/h per barge 
• Maximum loading rate of 4,000 bbl/h 
• Incinerator located 1/4 mile away 
• Inert gas generator located 200 feet away 
• All gasoline storage tanks have floating roofs 
• Transfer pwnps located 300 yards from dock 
• Loadings handled by one person at waterfront and one at tank farm 
• Annual throughput of greater than 4 million bbl/yr 

Design assumptions 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency = 98 percent 
• Install one complete vapor transfer line and associated incinerator feed 

headers 
• Install two full-capacity booster fans arranged in parallel 
• Install terminal alarm system and vapor control system instruments 

MODEL 6A; Crude Oil Terminal for Ships 

Terminal characteristics: 

• One dock, designed to load one ship of up to 75,000 dwt at a time 
• Loading rate of 35,000 bbl/h (loads only one type of crude oil) 
• Incinerator located 1 mile from dock 
• 220-volt AC electricity available at tank farm (located 1 mile away> 
• Natural gas service located 6 miles away 
• Storage tanks have floating roofs 
• Terminal operated by one person at tank farm and one at the dock 
• Minimal 110-volt AC electric power available at dock 

Design assumptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency - 98 percent 
• Install one complete hydrocarbon vapor transfer line and incinerator feed 

header 
• Vessels have own inert gas systems; therefore, inert gas generator is not 

necessary 
• Incinerator located l mile from dock area 

Natural gas service available 6 miles from incinerator 
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MODEL 68: Crude Oil Terminal for Barges 

Tepninal characteristics: 

• one dock, designed to load one barge at each side from two loading 
stations 

• Loading rate of 4, 000 bbl/h per barge 
• Maximum loading rate of 8,000 bbl/h 
• Incinerator located l/4 mile away 
• Inert gas generator located 200 feet away 
• All crude oil storage tanks have floating roofs 
• Transfer pumps located 300 yards from dock 
• Loadings handled by one person at waterfront and one at tank farm 
• Annual throughput of greater than 4 million bbl/yr and less than 

8 million bbl/yr 

Design assumptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency • 98 percent 
• Install two complete vapor transfer lines and associated incinerator feed 

headers. 
• Install two full-capacity booster fans arranged in parallel 
• Install terminal alarm system and vapor control system instr..unents 

MQDiL 6C: Crude Oil Terminal for Barges 

• One dock, designed to load one barge from one loading station 
• Loading rate of 4,000 bbl/h per barge 
• Maximum loading rate of 4,000 bbl/h 
• Incinerator located l/4 mile away 
• Inert gas generator located 200 feet away 
• All crude oil storage tanks have floating roofs 
• Transfer pumps located 300 yards from dock 
• Loadings handled by one person at waterfront and one at tank farm 
• Annual throughput of greater than 4 million bbl/yr 

Design assumptions 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency = 98 percent 
• Install one complete vapor transfer line and associated incinerator feed 

headers 
• Install two full-capacity booster fans arranged in parallel 
• Install terminal alarm system and vapor control system instruments 
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MODEL 7A: Product Terminal Serving Ships and Sarges 

Iepninal characteristics 

• one pier for loading one ship of up to 35,000 dwt 
• one dock for loading one inland barge 
• Tankship loading station can supply 25,000 bbl/h 
• Barge loading station can load 4,000 bbl/h 
• Maximum loading rate of 29,000 bbl/h 
• Incinerator located 1 mile away 
• Inert gas generator located 200 feet away 
• 220-volt AC electricity and natural gas service available 100 yards from 

potential incinerator location 
• All gasoline storage tanks have floating roofs 
• Terminal operated by one parson at each dock or pier and two at the tank 

farll'I 
• Annual throughput of leas than 29 million bbl/yr 

Design assumptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency • 98 percent 
• Install one complete barge hydrocarbon vapor transfer line 
• Install one complete ship hydrocarbon vapor transfer line 
• Natural gas available 900 ft from incinerator 
• Install terminal alarm system and vapor control system instruments 
• Install two parallel sets of full capacity boosters for incinerator feed 

to dock area 

MQPEL 78; product Tepninal Serying Ships and Barges 

• One pier for loading two ships of up to 35,000 dwt 
• Two docks for loading four inland barges at each dock 
• Two tankship loading stations can supply 25,000 bbl/h each 
• Four barge loading stations can load 4,000 bbl/h each 
• Maximum loading rate of 66,000 bbl/h 
• Incinerator located 1 mile away 
• Inert gas generator located 200 feet away 
• 220-volt. AC electricity and natural gas service available 100 yards from 

potential incinerator location 
• All gasoline storage tanks have floating roofs 
• Terminal operated by one person at each dock or pier and two at the tank 

farm 
• Annual throughput of greater than 29 million bbl/yr 
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Design assymptions: 

• Hydrocarbon vapors destroyed via incineration 
• Incinerator destruction efficiency s 98 percent 
• Install four complete barge hydrocarbon vapor transfer lines 
• Install two complete ship hydrocarbon vapor transfer lines 
• Natural gae availa.ble 900 ft from incinerator 
• Install terminal alarm system and vapor control system instruments 
• Install two parallel sets of full capacity boosters for incinerator feed 

to dock area 



APPENDIX B. 

Documentation of Costs for an Incineration-Based Technology 

• 
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Cost Methodology Documentation (Model SA) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model SA 

Incinerator capital cost 
(220,400 + !ll.57 x 3,550 scfml l x 323.8/342.5 • 

Instal:ation 
Total installed cost (rounded) 

B. Inert Gas Generators 

247,197 
Sl,575 

329,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
met~odol~gy, .an~ con5eftgd to 1987 dollars using Chemical 
Engineering 1no1ces. ' ' An additional 20 percent was 
added for installation. 

Example: 

Richardson's IG size: 60,000 tt3 /hr 
Richardson's IG cost: (explosionproofl 

(automatic flow control) 
Total: 

Model SA IG size: 

79,900 
4,110 

84,010 

The size of the IG generator is based upon the terminal's maximum 
loading rate. For model SA this maximum loading rate is 16,000 bbl/hr 
(4 barges @ 4,000 bbl/hr/barge). 

voe gas stream flow is calculated as: 

16,000 bbl/hr x 5.615 ft 3 /bbl • 89,840 ft3/hr 

Inert gas required is calculated as: 

89,840 ft 3 /hr x l.37 ft3 IG/ft3 VOC's = 123,080 ft3/hr IG 

Model SA IG cost: 84,010(123,080/60,000) 0 · 7 x (323.8/322.7) x l.2 
• 167,270 

Model SA IG cost (rounded): 167,000 
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c. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consists 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are mulrbplied by a factor of 
1.4 for stainless construction. Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model SA 
Assume 6 in. pipe 
Flow• 8 gal/min/1,000 ft3/min x 123,000 ft3/min 
Average velocity 
Reynolds No. : 
Fricton factor: 
Pressure drop 
Pump cost = $6,000 x 1.4 x (323.8/355.4) 

-1,000 gal/min 
ll.71 ft/see 

595 
0.1 

43 psi 
7,653 

Pipe cost = $1,200/100 ft x 200 ft x 1.7 x (323.8/322.7) x 2 
Total 

Llil 
15,841 

Total (rounded) 15,SOO 

O. Other Maior Equipment 

The installed capital costs for major equipment other than 
the incinerator ang inert gas generator are taken from the 
UTO cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

Example: 

Model SA 

Incinerator booster tan 
Incinerator detonation arrestor 
Incinerator trip valve 
l-vay inert gas valve 
Bductora 
Detonation arrestors 
Barge hydrocarbon vapor header• 
Sack pressure valves 
Total Other Major Equipment 
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4 x 6,250 .. 
4 x 24,076 • 
-6 x S,280 ., 
4x5,280• 

25,000 
34,.960 
10,680 

6,500 
25,000 
96, 304 
21,120 
21.120 

240,684 



E. Piping 

The inst.a~·1ed capital costs of piping are taken from the UTD 
estimate. The lengths of certain IUns of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. 

Model SA - IG generator to dock 
Dock to incinerator 

200 ft (constant) 
660 ft to 1,400 ft 

Example: 

Model SA • low piping cost 

IG eductor feed 
IG water line 
Hydrocarbon vapor feed 
Eductor discharge 
IG feed header 
Natural gas to incinerator 
IG generator to dock 
Dock to incinerator 

Total piping cost 
Total piping cost (rounded) 

F. Instrumentation 

4 x 1,311 = 

4 x 1,346.S • 
4 x 2,683 • 

Sl.045 x (200 ft/l,400 ftl = 
107,051 x (660 ft/1,400 ft} = 

5,244 
l,311 
5,386 

10,7~2 
36,456 
54,120 

7,292 
50.467. 

171,088 
171,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alarm are the same as those for the 
original Marine Board Model Terminal 5. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those provided 
in the UTD estimate. 

Example: 

Model SA 

Explcsionproof alarm 
Vapor line oxygen probe 
Barge header oxygen probes 
Pressure - vacc:um sensors 
Total instrumentation 

4 x 5,880 = 
4 x 900 • 

• 
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16,900 
5,880 

23,520 
3.600 

49,800 



G. Engineering. Startup. and Contingencies 

Engineering, startup, and contingencies are assum~d co be 
25 percent of the total installed equipment cost. 

Engineering = 10 percent 
Startup • 10 percent 

Contingencies - 5 percent 
25 percent 

H. Associated Vessel Total Capital Investment (TCil 

The capital costs associated with
2
vessel retrofit are based 

on estimates in the UTD document. 

Example: 

Model SA 

Throughput = 2,000 hr/yr x e,ooo bbl/hr= 16,000,000 bbl/yr 
Number vessels = 16,000,000 bbl/yrl365 d/yr/l,000 bbl/vessel/d 

• 43. 84 vessels 
TCI • $168,000/vessel x 43.84 vessels = 7,365,120 

TCI (rounded) • 7,360,000 

II. A!lnual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the OAQPS control cost manual, 4th ed. and adjusted for base 
year. 4 Assumed 2,000 operating hours per year. 5 

Example: 

Model SA 

2,000 hr/yrlS hr/shift • 250 shifts/yr 
250 shifts/yr x o.s hr/shift x $12.96/hr x l.15 • 
For operating both incinerator and !G generator 
From 1988 dollars to 1987 dollars 

Labor (rounded) 

B. Ma.intenance 

$1,863/yr 
x 2 
x ()23,8/342.Sl 
$3,523/yr 

$3,520/yr 

The costs of maintenance parts and labor-are taken from the 
OAQPS control cost manual, 4th ed., and added to the 
maintenance costs in the UTD document. 215 Maintenance labor 
is multiplied by 2 to compensate for the inert gas 
generator. This number is again multiplied by 2 to 
compensate for parts. 

' 
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Example: 

Model SA 

$40,800/yr From OTD. annual preventive maintenance costs 
- 8.000/VT Incinerator scrubber maintenance 
$32,800/yr 
Maintenance parts and labor 
250 shifts/yr x 0.5 hr/shift x $14.26/hr 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance = $32,800 + $6,741 = $39,541/yr 
Total maintenance (rounded) • $39,SOO/yr 

C. Natural Gas 

Sl,782/yr 
x 2 
x 2 
{323.8/342.5 
$6,741/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding insi9erator pilot light fuel costs from the UTD cost 
estimate. / The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 

IG generator fuel usage (ft3/hr - size (ft3/hr)/8.6 ft 3 

Example 

Model SA 

Percent of operating
3
capacity • 8,000 bbl/hrll6,000 bbl/hr = 

IG fuel = 123,08~ ft /hrjS.6 x 2,000 hr/yr x 
$3.43/1,000 ft x o.s • 

Incinerator pilot light o 

Total natural gas cost • 
Total natural gas • 

D. Electricity 

o.s 

49,090 
7.650 

56,740 
56,700 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was2 c~ecked using methodology 
in the OAQPS control cost manual. • The usage agreed for 
model 5. Electricity costs for incinerator feed fans was 
taken from the UTO e~t~te for model SA and adjusted to a 
rate of $0.0472/kWh. / 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems. 7 
Electrical usage for large generators was calculated as 

• 

kW/hr. fG size ft 3/hr) x 455 )-lG 
508,600 
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Example: 

Model SA 

Slectrical costs 

[ $3,ooo ... t{ 123,090 ft 3 /hr x 455 } I ll /kWh $o.o8/kWh so8,6oo - 16 x 2,000 hr yr x S0.0472 x 

o.s = $5,327/yr 

Electrical costs (rounded) • $5,330/yr 

E. oVerhead 

Overhead is taken ~o be 60 percent of the sum of labor and 
maintenance costs.-

F. Property Taxes. Insurance. and Aciministration 

Property taxes, insurance, and administ~ation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model SA (low end) 

CRC • [171,009 x 0.1175] + ((l,216,695 - 171,018) x 0.16271 = $190,267 
CRC (roWldedl • $190,000 

H. Vessel Retrofit Total Annual Cost (IAC> 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 

' 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3·3. 

Model SA 

Capital recovery 
Maintenance 
Vessel retrofit TAC • 

$19,750/vessel x 43.84 vessels• $866,000 
$9,600/vessel x 43.84 vessels • 420.000 

1,286,000 

I. Emission Reduction 

The emissions are calculated as follows: 

(Emission factor, lb/1,000 gal) x (throughput, bbl/yr) x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 99 percent. 

Example 

Model SA (gasoline) 

(3.4/1,000 gall x (16,000,000 bbl/yr) x (42 gal/bbl) x 0.000453 Mg/lbl x 
0.98 • 1,014 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model SA (terminal only) 

369,900 ($/yr) 
1,014 (Mg/yr) • 365 ($/Mg) 

Model SA (terminal and ships) 

1,655,739 ($/yr) 
l,014 (Mg/yr) • 1,632 ($/Mg) 

• 
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Cost Methodology Documentation (Model SB) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model SB 

Incinerator capital cost 
(220,400 + (ll.57 x 3,550 scfm]l x 323.8/342.S 3 

Installation 
Total installed cost (rounded) 

B. Inert Gas Generators 

227,782 
75, 168 

303,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and converted to 1987 dollars using Chemical 
Engineering indices. 5 • 6 • 9 An additional 20 percent was 
added for installation. 

Example·: 

Richardson's IG size: 60,000 ft3/hr 
Richardson's IG cost: (explosionproof) 

(automatic flow control) 
Total: 

Model SB IG size: 

79,900 
84,010 

The size of the IG generator is based upon the terminal's maximum 
loading rate. For model SB this lllAXimum loading rate is 8,000 bbl/hr 
(2 barges@ 4,000 bbl/hr/barge). 

voe gas stream flow is calculated as: 

8,000 bbl/hr x 5.615 ft3/bbl = 44,920 ft3/hr 

Inert gas required is calculated as: 

44,920 ft3/hr x l.37 ft3 IG/ft3 VOC's • &l,540 ft3/hr IG 

Model SB IG cost: 84,010(61,546/60,000)0· 7 x (323.8/322.7} x 
l.2 • 102,967 

Model SB IG cost (rounded): 103,000 
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c. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system cons~sts 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are mulrbplied by a factor of 
1.4 for stainless construction. Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model SB 
Assume 6 in. pipe 
Flow• 8 gal/min/l,000 ft3/min x 123,000 ft3/min 
(oversized) 
Average velocity 
Reynolds No.: 
Fricton factor: 
Pressure drop 
Pump cost • $6,000 x 1.4 x (323.8/355.4) 

-l,000 gal/min 
ll.71 ft/sec 

595 
O.l 

43 psi 

Pipe cost • $1,200/100 ft x 200 ft x 1.7 x (323.8/322.7) x 2 
Total 

7,653 
8,19B 

15,841 

Total (rounded) 15,800 

D. Other Major Equipment 

The installed capital costs for major equipment other than 
the incinerator an~ inert gas generator are taken from the 
UTO cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an iner.t 
gas generator is used. 

Example: 

Model SB 

Incinerator booster fan 
Incinerator detonation arrestor 
Incinerator trip valve 
3·way inert 9aa valve 
iductora 
Detonation arrestors 
Barge hydrocarbon vapor headers 
Back pressure valves 
Total Oeher Major Equipment 
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2 x 6,250 -
2 x 24,076 .. 
2 x 5,280 .. 
2 x 5,280 • 

25,000 
34 I 960 
l0,680 
6,500 

12,500 
48,152 
10,560 
10.560 

158,912 



E. Piping 

The insta~led capital costs of piping are taken from the UTD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. 

Model SB - IG generator to dock 
Dock to incinerator 

200 ft (constant) 
660 ft to 1,400 ft 

Example: 

Model SB • low piping cost 

IG eductor feed 
IG water line 
Hydrocarbon vapor feed 
Eductor discharge 
IG feed header 
Natural gas to incinerator 
IG generator to dock 
Dock to incinerator 

Total piping cost 
Total piping cost (rounded) 

F. Instrumentation 

2 x 1,311 = 
2 x 1,346.S • 
2 x 2,683 = 

$26.93/ft x 200 ft 
$52.55/ft x 660 ft 

2,622 
l, 311 
2,693 
5,366 

36,456 
54,120 

5,386 
34.683 

142,637 
143,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproo~ alarm are the same as those for the 
original Marine Board Model Terminal 5. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those provided 
in the UTD estimate. 

Example: 

Model SB 

Explosionproof alarm 
Vapor line oxygen probe 
Barge header oxygen probes 
Pressure · vaccum sensors 
Total instrumentation 

2 x 5,880. 
2 x 900 • 
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16,800 I 

5,880 
11,760 
l. 800 

36,240 



G. Engineering. Startup. and Contingencies 

Engineering, startup, and contingencies are assum~d to be 
25 percent of the total installed equipment cost. 

Engineering - 10 percent 
Startup - 10 percent 

Contingencies • s ~ercent 
25 percent 

H. A$Sociated Vessel Total Capital Investment (TCil 

The capital costs associated with vessel retrofit are based 
on estimates in the UTD document. 2 

Example: 

Model SB 

Throughput • 2,000 hr/yr x 4,000 bbl/hr a 9,000,000 bbl/yr 
Number vessels • 8,000,000 bbl/yr/365 d/yrjl,000 bbl/vessel/d 

3 21.92 vessels 
TCI • $168,000/vesael x 21.92 vessels a 3,682,000 

TCI (rounded) • 3,682,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the O~QPS contr.ol cost manual, 4th ed. and adju~ted for base 
year. Assumed 2,000 operating hours per year. 

Example: 

Model SB 

2,000 hr/yrla hr/shift a 250 shifts/yr 
250 shifts/yr x O.S hr/shift x $12.96/hr x 1.15 = 
For operating both ineinerator and IG generator 
Prem 1988 dollars to 1987 dollars 

Labor (rounded) 

B. Ma.intenance 

$1,963/yr 
x 2 
x !323.S/342.5) 
$3,523/yr 

$3,520/yr 

The coses of maintenance parts and labor are taken from the 
OAQPS control cost manual, 4th ed., an~ ~dded to the 
maintenance costs in the UTD document. ' Maintenance labor 
is multiplied by 2 to compensate for the inert gas 
generator. This number is again multiplied by 2 to 
compensate for parts. 
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Example: 

Model SB 

$40,800/YT From UTD, annual preventive maintenance costs 
- 8,000/yr Incinerator scrubber maintenance 
$32,800/}'T 
Maintenance parts and labor 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance = $32,800 + $6,741 • $39,541/YT 
Total maintenance (rounded) = $39,500/yr 

C. Natural Gas 

$1,782/}'T 
x 2 
x 2 
(323 ! 8/342 I 5 
$6,741/}'T 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding insiqerator pilot light fuel costs from the UTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 

IG generator fuel usage (ft 3/hr) m size (ft3/hr)/8.6 ft 3 

·Example 

Model SB 

Percent of operatin~ ca~acity • 8,000 bbl/hrll6,000 bbl/hr• 
IG fuel = 61,540

3
ft /hrj8.6 x 2,000 hr/yr x 

$3.43/1,000 ft x 0.5 • 
Incinerator pilot light • 
Total natural gas cost = 
Total natural gas cost (rounded) • 

. D. Electricity 

0.5 

24,545 
7.650 

32,195 
32,200 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was c~ecked using methodology 
in the OAQPS control cost manual. 21 Electricity costs for 
incinerator feed fans .were taken from the UTD e~t~mate for 
model SB and adjusted to a rate of $0.0472/kWh. ' 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas System.s. 7 
Electrical usage for large generators was calculated as 

kW/hr. tG size ft 3/hr) x 455 )-lG 
508,600 
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Example: 

~del SB 

Electrical costs• 

cs~~6g~~wn + t{ 
611540 £;~'~6oo 455 

- 16} x 2,000 hr/yrll x $0.0412/kWh x 

0.5 "" $2,728/yr 

Electrical costs (rounded} = $2,730/yr 

E. overhead 

overhead is taken §o be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Ta.xes, Insurance. and Administration 

Property taxes, insurance, and administ~ation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model SB (low end) 

c~c = [142,637 x 0.1175] + [(932,722 • 142,637) x 0.1627] z Sl4B,OS5 
CRC (rounded) • $148,000 

H. vessel Retrofit Total Annual Cost {TAC) 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reascn, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3-3. 

Model SB 

Capital recovery= 
Maintenance= 
Vessel retrofit TAC e 

I. Emission Reduction 

Sl9,7SO/vessel x 21.92 vessels= $433,000 
$9,600/vessel x 21.92 vessels • 210.000 

643,000 

The emissions are calculated as follows: 

(Emission factor, lb/1,000 gal) x (throughput, bbl/yr) x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model SB (gasoline) 

(3.4/1,000 gall x (16,000,000 bbl/yr) x {42 gal/bbl) x 0.000453 Mg/lb) x 
0.98 • 507 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model SB (terminal only) 

289, 853 ($/yr) 
507 (Mg/yr-; • 572 C$/Mgl 

Model SB (terminal and ships) 

932, 772 ($/yr) so? (Mg/yr) = 1,839 (S/Mg) 
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Cost Methodology Documentation (Model SC) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model SC 

Incinerator capital cost 
(220,400 + [ll.57 x 887.S scfm]l x 323.8/342.5 = 

Installation 
Total installed cost (rounded) 

B. Inert Gas Generators 

218.074 
71, 964 

290,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and converted to 1987 doll~r~ ~sing Chemical 
Engineering indices by EPA methodology. ' ' An additional 
20 percent was added for installation. 

Example: 

Richardson's IG size: 60,000 ft 3 /hr 
Richardson's IG cost: (explosionproof) 

(automatic flow control) 
Total: 

Model SC IG size: 

79,900 
4, 110 

84,010 

The size of the IG generator is based upon the terminal's maximum 
loading rate. For model SC this maximum loading rate is 4,000 bbl/hr 
(l barge @ 4,000 bbl/hr/barge). 

voe gas stream flow is calculated as: 

4,000 bbl/hr x 5.615 ft3/bbl • 22,460 ft3/hr 

Inert gaa required is calculated as: 

22,460 ft3/hr x l.37 ftl IG/ft3 VOC's 0 30,770 fe3/hr IG 

Model SC IG coat: 84,010(30,770/60,000)o. 7 x (323.8/322.7) x 
l.2 • 63,383 

Model SC IG cost (rounded): 63,400 
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C. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consists 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are multiplied by a factor of 
1.4 for stainless construction. 10 Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model SC 
Assume 6 in. pipe 
Flow= 8 gal/min/l,000 ft3/min x 123,000 ft 3 /min -1,000 gal/min 

{oversized) 
Average velocity 
Reynolds No. : 
-Frict:on fact:or: 
Pressura drop 
Pump cost • $6,000 x 1.4 x (323.8/355.4) 
Pipe cost= Sl,200/100 ft x 200 ft x 1.7 x (323.8/3~2.7) x 2 
Total 

Total (rounded) 

D. Qther Major Eguipment 

ll. 7l ft/sec 
595 
O.l 

43 psi 
7,653 
Ll.U. 

15,941 

15,800 

The installed capital costs for major equipment other than 
the incinerator ang inert gas generator are taken from the 
UTD cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

Example: 

Model SC 

Incinerator booster fan 
Incinerator detonation arrestor 
Incinerator trip valve 
3-way inert gas valve 
Eduetora 
Detonation arrestors 
Barge hydrocarbon vapor headers 
Back pressure valves 
Total Other Major Equipment 
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l x 6,250 • 
1 x 24,076 = 
l x 5,280 • 
l x 5,280 • 

25,000 
34, 960 
10,680 

6,500 
6,250 

24,076 
5,280 
5.280 

118,026 



E. Piping 

The insta~led capital costs of piping are taken from the UTD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. 

Model SC -
ft (constant} 

IG generator to dock200 

Dock to incinerator 660 ft to 1,400 ft 

Example: 

Model SC - low piping cost 

IG edu.ctor feed 
IG water line 
Hydrocarbon vapor feed 
Eductor discharge 
IG feed header 
Natural gas to incinerator 
IG generator to dock 
Dock to incinerator 

Total piping cost 
Total piping cost (rounded) 

F. Instrumentation 

$19.56/ft x 200 ft 
$26.93/ft x 660 ft 

1, 311 
1,311 

1,346.5 
2,683 

36,456 
54,120 
3,912 

17.774 

118,913 
119,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alarm are the same as those for the 
original Marine Board Model Terminal s. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those prov~ded 
in the UTD estimate. 

Example: 

Model SC 
Explosionproof alarm 
Vapor line Oxy'9en probe 
Barge header oxygen probes 
Pressure - vaccum sensors 
Total instrumentation 

1 x 5,880 • 
1 x 900 • 
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16,800 
5,880 
5,880 
___iQQ 
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G. Enqineerinq, Startup. and Contingencies 

Engineering, startup, and contingencies are assum~d to be 
25 percent of the total installed equipment cost. 

Engineering = 10 percent 
Startup = 10 percent 

Contingencies = 5 percent 
25 p~rcent 

H. Associated Vessel Total Capital Investment (TCI} 

The capital costs associated with vessel retrofit are based 
on estimates in the UTD document. 2 

Example: 

Model SC 

Throughput= 1,000 hr/yr x 4,000 bbl/hr= 4,000,000·bbl/yr 
Number vessels = 4,000,000 bbl/yrj365 d/yrll,000 bbl/vessel/d 

• l0.96 vessels 
TCI = $168,000/vessel x 43.84 vessels = l,841,000 

TCI (t'OWlded) = l,840,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken :ram 
the OAQPS control cost manual, 4th ed. and adjusted for base 
year. 4 Assumed 1,000 operating hours per year. 5 

Example: 

Model SC 

l,000 hr/yrl8 hr/shift • 125 shifts/yr 
125 shifts/yr x 0.5 hr/shift x $12.96/hr x l.15 • 
vor operating both incinerator and IG generator 
Fran 1989 dollars to 1987 dollars 

Labor (rounded) 

B. M2lintenance 

$932/yr 
x 2 
x 1323.8/342.Sl 
$1,761/yr 

$1,761/yr 

The costs of maintenance parts and labor are taken from the 
OAQPS control cost manual, 4th ed., an~ ~dded to the 
maintenance costs in the UTD document. ' Maintenance labor 
is multiplied by 2 to compensate for the inert gas 
generator. This number is again multiplied by 2 to 
compensate for parts. 

•. 
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Example: 

Model SC 

$40,800/yr From UTD, annual preventive maintenance costs 
• 8,000/yr Incinerator scrubber maintenance 
$32,800/yr 
Maintenance parts and labor 
125 shifts/yr x 0.5 hr/shift x S14.26 hr 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance= $32,800 + $3,369 • $36,169/yr 
Total maintenance {rounded) = S39,200/yr 

c. Natural Gas 

$891/yr 
x 2 
x 2 
(323,8/342.5 
$3,369/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding in~i9erator pilot light fuel costs from the UTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 · 

IG generator fuel usage (ft 3 /hr - size (ft 3 /hr)/8.6 ft~ . 
Example 

Model SC 

Percent of operating capacity • 4,000 bbl/hrl4,000 bbl/hr • 

IG .fuel = 30,770 ft3/hrla.6 x 1,000 hr/yr x 
$3.43/1,000 ft 3 x 1.0 • 

Incinerator pilot light ~ 
Total natural gas cost = 
Total natural gas cost (rounded) • 

D. El~ctricity 

1.0 

12,272 
7,650 

19,922 
19,900 

The electricity usage of the incinerator feed fans as 
specified in the OTD estimate was2 c~ecked using methodology 
in the OAQPS control cost manual. ' The usage agreed for 
model 5. Electricity costs for incinerator feed fans was 
~~k:nr!~~m0~h~0~7~i~~~;8for models s and 6 and adjusted 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems. 7 
Electrical usage for large generators was calculated as 

kW/hr. IG size ft 3/hr} x 455 1 508,600 )·l6 
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Example: 

Model SC 

Electrical costs 

$3,000 { 
rso. oe/kwn + < 

30,770 ft3/hr x 455 so8,6o0 - 16} x 2,000 hr/yrl] x S0.0472/kWh x 

1.0 • $2,314 

Electrical costs (rounded) = $2,300/yr 

B. oVerhead 

oVerhead is taken §o be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Taxes, Insurance, and Administration 

Property taxes, insurance, and administSation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year lif~ expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model SC Clow.end) 

CRC • (llS,026 x 0.1175) + ((794,572 - 118,026) x 0.1627J = $123,928 
CRC (rOWlded) • $124,000 

H. Vessel Retrofit Total Annual Cost (TAC> 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3·3. 

Model SC 

Capital recovery 
Maintenance 
Vessel retrofit TAC a 

I. Emission Reduction 

$19,700/vessel x 10.96 vessels= $216,000 
$9,600/vessel x 10.96 vessels = 105.000 

321,000 

The emissions are calculated as follows: 

(Emission factor, lb/1,000 gal) x (throughput, bbl/yr) x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model SC (gasoline) 

(3.4/l,OOO gal) x (4,000,000 bbl/yr) x (42 gal/bbl) x·0.000453 Mg/lb) x 
0.98 = 254 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model SC (tenninal only) 

238,636 ($/yr) = I 
254 {Mg/yr) 941 ($ Mg) 

Model SC (terminal and ships) 

560,096 ($/yr) 2 ($/ 
254 (Mg/}'TJ • 2, 09 Mg) 
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Cost Methodology Documentation (Model 6A) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model 6A 

Incinerator capital cost 
(220,400 + {ll.57 x 3,275 sc:fm]) x 323.S/342.S = 

Installation 
Total installed cost (rounded) 

B. Other Major EQYipment 

244,189 
80,582 

325,000 

The capital costs for major equipment other than the 
incinerator and inert gas generator are taken from the UTD 
cost estimate. 

Example: 

Model 6A 

Other major equipment 152,000 

C. Piping 

The insta~led capital costs of piping are taken from the UTD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. 

Model 6A - low piping coat 

Natural gas to incinerator l,105,949 x (2,640 ft/31,680 ft) • 
Dock to incinerator 445,650 x (660 ft/6,000 ft) • 

Total piping coat 
Total piping cost (rounded) 
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92,162 
49.022 

141,184 
141,000 



D. Instrumentation 

The capital costs for instrumentation are taken f rcm the U':'D 
cost estimate. 

Example: 

Model 6A 

Total instrumentation 33,700 

E. Engineering. Startup. and Contingencies 

Engineering, startup, and contingencies - per the UTD cost 
estimate, engineering, startup, and contingencies are 
assurnid to be 25 percent of the total installed equipment 
cost. 

Engineering • 10 percent 
Startup • 10 percent 

Contingencies • S percent 
25 percent. 

F. A9sociated Vessel Total Capital Investment (TCil 

The capital costs associated with vessel retrofit are based 
on estimates in the UTD document.2 

Example: 

Model 6A 

Throughput • 2,000 hr/yr x 35,000 bbl/hr • 70,000,000 bbl/yr 
Number veaaals = 70,000,000 bbl/yrl365 d/yrl25,000 bbl/vessel/d 

= 7. 67 vessels 
TCI • $168,000/vessel x 7.67 vessels a l,288,767 

TCI (rounded) = 1,290,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the O!QPS control cost manual, 4th ed. and adju~ted for base 
year. Assumed 2,000 operating hours per year. 

Example: 

Model EiA 
2,000 hr/yrle hr/shift • 250 shifts/yr 
250 shifts/yr x O.S hr/shift x $12.96/hr x 1.15 • 
Fran 1989 dollars to 1987 dollara 
$1, 761/yr 

. Labor (rounded) 
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$1,963/yr 
x (323.8/342.Sl 

$1,760/yr 



B. Maintenance 

The costs of maintenance are taken from the OAQPS control 
cost manual, 4th ld~, and added to the maintenance costs in 
the UTD document. ' Maintenance labor is multiplied by two 
to compensate for parts. 

Example: 

Model GA 

$28,000/yr From OTD, annual preventive maintenance costs 
Maintenance parts and la.bor 
250 shifts/yr x 0.5 hr/shift x $14.26/hr 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance = $28,800 + $3,369 = $31,369/yr 
Total maintenance <rounded) • $31,400/yr 

C. Natural Gas 

$1,782/yr 
x 2 
(323 O 8 /342 ! s 
$3,369/yr 

The natural gas costs are from the
2

UTD estimate and include 
the incinerator pilot light only. 

Example 

Model 6A 

Incinerator pilot light • 

O. Electricity 

7,650 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was

2
cgecked using methodology 

in the OAQPS control cost manual. ' The usage agreed for 
model 6A. 

Example: 

Model 6A 

Electrical costs 

$3,000 $O.Os/Rwn so.0472/kWh • s1,77o/yr 

Electrical coats (rounded) • $1,770/yr 

E. Qverhead 

Overhead is taken ~o be 60 percent of the sum of labor and 
maintenance costs. 
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F. Proper~y Taxes, Insurance. and Administration 

Property taxes, insurance, and administSation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rat·e of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model 6A Clow end) 

CRC • (141,184 x 0.11751 + (815,049 · 141,184) x 0.1627) 
CRC (rounded) 3 $125,000 

$126,252 

H. Vessel Retrofit Total An.nual Cost {TAC) 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 

Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3·3. 

Model 6A 

Capital recovery• $19,700/vessel x 7.67 vessels ~ 
Maintenance 3 $4,800/vessel x 7.67 vessels = 
Vessel retrofit TAC (rounded) = 

I. Emission Reduction 

The emissions are calculated as follows: 

$151,000 
36.SQO 

188,000 

(Emission factor, lb/1,000 gal) x (throughput, bbl/yr) x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 
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Example 

Model 6A (crude oill 

(0.61 lb/1,000 gall x (70,000,000 bbl/yr) x (42 gal/bbl) x 
0.000453 !Mg/lb) x 0.98 = 796 Mg/yr 

J. Cost Effectiv~ness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model 6A (terminal only) 

221,283 ($/yr) • 278 ($/Mg) 
796 (Mg/yr) 

Model 6A (terminal and ships) 

409,483 ($/yr) 
796 (Mg/yr) = 514 ($/Mg) 
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Cost Methodology Documentation {Model 6Bl 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model 6B 

Incinerator capital cost 
(220,400 + [ll.57 x l,775 scfm)l x 323.8/342.5 = 

Installation 
Total installed cost (rounded) 

B. Inert Gas Generators 

227,782 
75,168 

303,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and conye~ed to 1987 dollars using Chemical 
Engineering indices. 51 19 An additional 20 percent was 
added for installation. 

Example: 

Richardson's IG size: 60,000 ft3/hr 
Richardson's IG cost: (explosionproo!l 

(automatic flow control) 
Total: 

Model 6B IG size: 

79,900 
84,010 

The size cf the IG generator is based upon the terminal's maximum 
loading rate. For model 68 this maximum loading rate is 8,000 bbl/hr 
(2 barges @ 4,000 bbl/hr/barge). 

voe gas stream !low is calculated as: 

8,000 bbl/hr x 5.615 ft3/bbl = 44,920 ft3/hr 

Inert gas required is calculated as: 

44,920 ft3/hr x l.37 ft3 IG/ft3 VOC's = 61,540 ft3/hr IG 

Model SB IG cost: 84,010(61,546/60,000)o. 7 x 1323.8/322.7) x 
1.2 • 102,967 

Model SB IG cost (rounded): 103,000 
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C. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consists 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are multiplied by a factor of 
1.4 for stainless construction. 10 ~ipe costs from 
Richardson's are multiplied by l.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model 6B 

Assume 6 in. pipe 
Flow= 8 gal/min/l,000 ft3/min x 123,000 ft:l/IJl.iD. 
Average velocity 
Reynolds No.: 
Fricton factor: 
Pressure drop 
~ump cost = $6,000 x l.4 x (323.8/355.4) 

-1,000 gal/min 
11. 71 ft/sec 

595 
0.1 

43 psi 

Pipe cost ~ $1,200/100 ft x 200 ft x 1.7 x (323.8/322.7) x 2 
Total 

7,653 
8. lSS 

15,841 

Total (rounded) 15,800 

D. Other Ma.jor Eg;µipment 

The installed capital costs for major equipment other than 
the incinerator an~ inert gas generator are taken from the 
UTD cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

Example: 

Model 6B 

Incinerator booster fan 
Incinerator detonation arrestor 
Incinerator trip valve 
l·wa.y inert gas valve 
Bd.uctors 
Detonation arrestors 
Barge hydrocarbon vapor headers 
Back pressure valves 
Total Other Major Equipment 
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2 x 6,250 • 
2 x 24,076 • 
2 x 5,280 = 
2 x 5, 280 = 

25,000 
34,960 
10,680 

6,500 
12,500 
48,152 
10,560 
10.560 

158,912 



E. Piping 

The insta~led capital costs of piping are taken from the U7D 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. 

Model 6B - IG generator to dock 
Dock to incinerator 

200 ft (constant) 
660 ft to 1,400 ft 

Example: 

Model 6B - low piping cost 

IG eductor feed 
IG water line 
Hydrocarbon vapor feed 
Eductor discharge 
IG feed header 
Natural gas to incinerator 
IG generator to dock 
Dock to incinerator 

Total piping cost 
Total piping cost (rounded) 

F. Instrumentation 

2 x l,Jll c 

2 x 1,246.S = 
2 X 2,683 SI 

$26.93/ft x 200 ft 
$52.SS/ft x 600 ft 

2,622 
l,Jll 
2,693 
5,366 

36,456 
54,120 
5,386 

34.683 

142, 637 
143,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alarm are the same as those for the 
original Marine Board Model Terminal 5. The required nwnber 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum nwnber of loading vessels. 
However, the per item costs are the same as those provided 
in the UTD estimate. 

Example: 

Medel 6B 

Explosionproof alarm 
Vapor line oxygen probe 
Barge header oxygen probes 
Pressure - vaccum sensors 
Total instrumentation 

2 x 5,880 • 
2 x 900 = 
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5,880 

ll,760 
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36,240 



G. Engineering. Startug. and Contingencies 

Engineering, startup, and contingencies are assum~d to be 
25 percent of the total installed equipment cost. 

Engineering = 10 percent 
Startup = 10 percent 

Contingencies • 5 percent 
25 percent 

H. Associated Vessel Total Capital Investment (TCil 

The capital costs associated with
2
vessel retrofit are based 

on estimates in the tJTD document. 

Example: 

Medel 6B 

Throughput a 2,000 hr/yr x 4,000 bbl/hr ~ 8,000,000 bbl/yr 
Number vessels • 8,000,000 bbl/yrj36S d/yrll,000 bbl/vessel/d 

= 21.92 vessels 
TCI e $168,000/vessel x 21.92 vessels • 3,682,000 

TCI <rounded) • 3,682,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the OAQPS control cost manual, 4th ed. and adjusted for base 
year. 4 Assumed 2,000 operating hours per year. 5 

Example: 

Medel 6B 

2,000 hr/yrj8 hr/shift • 250 shifts/yr 
2SO shifts/yr x o.s hr/shift x $12.96/hr x l.15 = 
For operating both incinerator and IG generator 
From 1988 dollars to 1987 dollars 

Labor (rounded) 

B. Maintenance 

$1,SGJ/yr 
x 2 
x {323.8/342.5) 
$3,523/yr 

$3,520/yr 

The costs of maintenance parts and labor a~e taken from the 
OAQPS control cost manual, 4th ed., ang ~dded to the 
maintenance costs in the UTD document. ' Maintenance labor 
is multiplied by 2 to compensate for the inert gas 
generator. This number is again rnult.iplied by 2 to 
compensate for parts. 
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Example: 

Model 6B 

$40,800/yr From CTD, annual preventive maintenance costs 
- 9.000/yr Incinerator scrubber maintenance 
$32,800/yr 
Maintenance parts and labor 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance • $32,800 + $6,741 s $39,541/yr 
Total maintenance (rounded) • $39,500/yr 

C. Natural Gas 

Sl,782/yr 
x 2 
x 2 
(323. 8/342. 5 
$6,741/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding in~i~erator pilot light fuel costs from the UTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 

IG generator fuel usage {ft3/hr = size (ft3/hr)/8.6 ft3 

Example 

Model 6B 

Percent of operatin~ ca~acity • 8,000 bbl/hrll6,000 bbl/hr • 
IG fuel = 61,540 ft /hrlB.6 x 2,000 hr/yr x 

$3.43/1,000 ft3 x 0.5 = 
Incinerator pilot light n 

Total natural gas cost • 
Total natural gas cost (rounded) = 

D. Electricity 

0.5 

24,545 
7.650 

32,195 
32,200 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was checked using methodology 
in the OAQPS control cost manual.2,5 The usage agreed for 
model 5. Electricity costs for incinerator feed fans was 
taken from the UTD e~t~te for model SA and adjusted to a 
rate of $0.0472/kWh. 1 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems.7 
Electrical usage for large generators was calculated as 

kW/hr. tG size ft 3/hr) x 455 )-lG 
508,600 
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Example: 

Model 6B 

Electrical costs 

$3,000 61,540 ft3/hr x 455 Cso.oa/kWfi + <{ 508 , 600 - 16} x 2,000 hr/yrlJ x so.0412/kWh x 

o.s s $2,728/yr 

Electrical costs (rounded) = $2,730/yr 

E- Qyerhead 

Overhead is taken ~o be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Taxes. Insurance. and Administration 

Property taxes, insurance, and adminiscsation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment.is assumed to 
have a 10-year·lif~. 

Capital recovery factors 

0.1175 - piping 
0.1627 • all other equipment 

Example: 

Model 68 (low end) 

CRC • (142,637 x 0.1175] + ((932,722 - 142,637) x 0.1627] = $148,055 
CRC (rounded) • $148,000 

H. Vessel Retrofit Total .Annual Cost {TAC) 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3·3. 

Model 6B 

Capital recovery 
Maintenance 
Vessel retrofit TAC • 

I. Emission Reduction 

$19,750/vessel x 21.92 vessels • $433,000 
$9,600/vessel x 21.92 vessels = 210,000 

643,000 

The emissions are calculated as follows: 

(Emission factor, lb/1,000 gall x (throughput, bbl/yr} x 
(42 gal/bbl} x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model 6B (c:rude oil) 

(l.0/l,000 gall x (8,000,000 bbl/yr) x (42 gal/bbll x 0.000453 Mg/lb) x 
0.98 • 149 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model 6B (terminal only) 

299, 853 ($/yr) 
149 (Mg/yr) • l,945 ($/Mg) 

Model 68 (terminal and ships) 

932, 7'72 ($/yr) 
149 (Mg/yr) = 6,260 ($/Mg) 
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Cost Methodology Documentation (Model 6C) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Madel 6C 

Incinerator capital cost installation 
{220,400 + (11.57 x 3,550 scfm]) x 323.9/342.5 = 

Installation 
Total installed cost (rounded) 

B. Inert Gas Generators 

218.074 
71,964 

. 290,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and con¥e~tgd to 1987 dollars using Chemical 
Engineering indices. • • An additional 20 percent was 
added for installation. 

Example: 

Richardson's IG size: 60,000 ft 3/hr 
Richardson's IG cost: (explosionproof) 

(automatic flow control) 
Total: 

Model 6C IG size: 

79,900 
4,llO 

84,010 

The size of the IG generator is based upon the terininal's ma.ximutn 
loading rate. For model SC this maximum loading rate is 4,000 bbl/hr 
(l barge@ 4,000 bbl/hr/barge). 

voe gas stream flow is calculated as: 

4,000 bbl/hr x 5.615 ft 3/bcl • 22,460 ft3/hr 

Inert sas required is calculated as: 

22,460 ft 3/hr x 1.37 ft3 IG/ft3 VOC's e 30,770 ft3/hr IG 

Model 6C IG cost: 84,010(30,770/60,000}0· 7 x (323.8/322.7) x 
l.2 • 63,383 

Model 6C IG cost {rounded): 63,400 
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c. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consiscs 
of a pump and piping to and from the inert gas generacor. 
Pump costs from Perry's are mult~plied by a factor of 
1.4 for stainless construction. Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model 6C 
Assume 6 in. pipe 
Flow• 8 gal/min/l,000 ft3/min x 123,000 ft3/min 

(oversized) 
Average velocity 
Reynold.11 No. : 
Fric:ton factor: 
Pressure drop 
Pump cost 2 $6,000 x 1.4 x (323.8/355.4) 

-1,000 gal/min 
ll.71 fr:/sec 

595 
0.1 

43 psi 

Pipe cost• $1,200/100 ft x 200 ft x 1.7 x (323.9/322.7) x 2 
Total 

7,653 
S.188 

15,941 

Total (rounded) 15,800 

D. Other Maior Equipment 

The installed capital costs for major equipment other than 
the incinerator an~ inert gas generator are taken from the 
UTD cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

Example: 

Model 6C 

Incinerator booster fan 
Incinerator detonation arrestor 
Incinerator trip valve 
3-way iner1: gas valve 
Bductors 
Detonation arrestors 
Sarge hydrocarbon vapor headers 
Back pressure valves 
Total Other Major Equipment 
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l x 6,250 • 
l x 24,076 .. 
l x S,280 • 
l x S,280 • 

25,000 
34,960 
10,680 

6,500 
6,250 

24,076 
5,280 
5.280 

118, 026 



E. Piping 

The insta~led capital costs of piping are taken from the UTD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance.· 

Model 6C -
ft (constant) 

IG generator to dock200 

Dock to incinerator 660 ft to 1,400 ft 

Example: 

Model 6C - low piping cost 

IG ed.uctor feed 
IG water line 
Hydrocarbon vapor teed 
Eductor discharge 
IG feed header 
Natural gas to incinerator 
IG generator to dock 
Dock to incinerator 

Total piping cost 
Total piping cost (rounded} 

F. ~nstrumentation 

$19.56/ft x 200 ft 
$26.93/ft x 660 ft 

l,311 
l,311 

1,346.5 
2, 683 

36,456 
54,120 

3,912 
17.774 

118,913 
119,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alarm are the same as those for the 
original Marine Board Model Terminal s. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those provided 
in the tJTD estimate. 

Example: 

Model 6C 

Bxplosionproof alarm 
Vapor line oxygen probe 
Barge header oxygen probes 
Pressure - vaccum sensors 
Total instrumentation 

l x S,880 = 
l x 900 • 
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G. Engineering. Startup. and Contingencies 

Engineering, startup, and contingencies are assum1d to be 
25 percent of the total installed equipment cost. 

Engineering = 10 percent 
Startup = 10 percent 

Contingencies • 5 percent 
25 percent 

H. Associated Vessel Total Capital Investment fTCil 

The capital costs associated with vessel retrofit are based 
on estimates in the tJTD document. 2 

Example: 

Model 6C 

Throughput = l,000 hr/yr x 4,000 bbl/hr. 4,000,000 bbl/yr 
Nwnber vessels = 4,000,000 bbl/yrl365 d/yrll,000 bbl/vessel/d 

= 10.96 vessels 
TCI • $168,000/vessel x 43.84 vessels• l,841,000 

TCI (rounded) • l,840,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are caken !rom 
the OAQPS control cost manual, 4th ed. and adjusted fo~ base 
year. 4 Assumed 1,000 operating hours per year. 5 

Example: 

Model 6C 

l,000 hr/yrlS hr/shift • 125 shifts/yr 
125 shifts/yr x 0.5 hr/shift x $12.96/hr x l.15 = 
For operating both incinerator and IG generator 
From 1989 dollars to 1987 dollars 

La.bor (rounded) 

B. Ma.intenance 

$932/yr 
x 2 
x (323.8/342.SJ 
$1,761/yr 

$1,761/yr 

The cos~s of maintenance parts and labor are taken from the 
OAQPS control cost manual, 4th ed., an~ ~dded to the 
maintenance costs in the tJTD document. • Maintenance labor 
is multiplied by 2 to compensate for the inert gas 
generator. This number is again multiplied by 2 to 
compensate for parts. 
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Example: 

Model 6C 

$40,800/yr From OTO, annual preventive maintenance costs 
- 8.000/yr Incinerator scrubber maintenance 
$32,800/yr 
Maintenance parts and labor 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance = $32,800 + $3,369 = $36,169/yr 
Total maintenance (rounded) • $36,200/yr 

C. Natural Gas 

$891/yr 
x 2 
x 2 
(323.8/342.S 
$3,369/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding insiqerator pilot light fuel costs from the UTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was

7
derived from data provided by 

Industrial Gas Systems. 

IG generator fuel usage (ft 3 /hr =size (ft3 /hr)/8.6 ft 3 

Example 

Model 6C 

Percent of operatin~ ca~acity • 4,000 bbl/hrl4,000 bbl/hr • 
IG fuel = 30,770 ft /hrlS.6 x 1,000 hr/yr x 

$3.43/1,000 ft3 x 1.0 = 
Incinerator pilot light • 
Total natural gas cost = 
Total natural gas cost (rounded} = 

D. Electricity 

l.O 

12,272 
7.650 

19,922 
19,900 

The electricity usage of the incinerator feed fans as 
specified in the UTO estimate was

2
cgecked using methodology 

in the OAQPS control cost manual. ' The usage agreed for 
model 5. Electricity costs for incinerator feed fans was 
taken from the UTO e~t~mate for model SA and adjusted to a 
rate of $0.0472/kWh. ' 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems. 7 

Electrical usage for large generators was calculated as 

kW/hr. fG size ft 3/hr) x 455 )·l6 508,600 
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Example: 

Model 6C 

Electrical costs 

$3,000 { 
($0.08/kWh + ( 

30,770 ft
3
/hr x 455 • lG} x 1 , 000 hr/yrll x $0.0472/kWh x 

508,600 
1.0 = $2,311/yr 

Electrical costs (rounded) • $2,300/yr 

E. overhead 

o-.r7rhead is taken So be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Taxes. Insurance. and Administration 

Property taxes, insurance, and administ~ation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model 6C Clow end) 

CRC = [118,026 x 0.1175] + ((794,572 - 118,026) x 0.1627] = $123,928 
CRC (rounded) • $124,000 

H. Vessel Retrofit Iotal A!'lnual Cost (TAQl 

The vessel retrofit costs are mainly for piping, instrumentation, and 
associated hardware. For this reason, vessel retrofits are assumed to 
have a 20-year life. Annual costs represent capital recovery charges 
plus ina.intenance. 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3-3. 

Model 6C 

Capital recovery 
Maintenance 
Vessel retrofit TAC = 

I. Emission Reduction 

$19,700/vessel x 10.96 vessels• $216,000 
$9,600/vessel x 10.95 vessels • 105.000 

321,000 

T~e emissions are calculated as follows: 

(Emission factor, lb/1,000 gall x (throughput, bbl/yr) x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model 6C (crude oill 

(l.O/l,000 gall x (4,000,000 bbl/yr) x (42 gal/bbl) x 0.000453-Mg/lb) x 
0.98 • 75 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model 6C (terminal only) 

238,636 ($/yr) 
75 (Mg/yr) = 3, 182 ($/Mg) 

Model 6C (terminal and ships) 

560,096 ($/yr) 
?s (Mg/yr) • 7,468 ($/Mg) 
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Cost Methodology Documentation (Model 7A} 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model 7A 

Incinerator capital cost 
(220,400 + (ll.57 x 6,432 scfmll x 323.8/342.5 = 

Installation 
Total installed cost (roWlded) 

B. Inert Gas Generators 

279,000 
92,000 

371,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and con5e~t9d to 1987 dollars using Chemical 
Engineering indices. ' ' An additional 20 percent was 
addeq for installation. Model 7A is assumed to have two 
similarly sized units for reasons explained in the text. 

Example: 

Richardson's IG size: 60,000 ft3/hr 
Richardson's IG cost: {explosionproof) 

(automatic flow control) 
Total: 

Model 7A IG size: 

79,900 
4,110 

84,010 

The size of the IG generator is based upon the terminal's maximum 
loading rate. For model 7A this maximum loading rate is 29,000 bbl/hr. 

voe gas stream flow is calculated as: 

29,000 bbl/hr x 5.615 fel/bbl s 162,835 ftJ/hr 

Inert gas required is calculated as: 

162,835 ftl/hr x 1.37 fel IG/ftl VOC's a 223,084 ft3/hr IG 

Model ?A IG cost: 84,000(223,084/60,000)o. 7 x 2 x (323.8/322.7) 
x l.2 • 312,226 

Model 7A IG coat (rounded): 312,000 
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c. Water System 

A water ·system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consists 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are mulrbplied by a factor of 
1.4 for stainless construction. Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model 7A 
Assume 10 in. pipe 
Flow= 8 gal/min/1,000 ft3/min x 632,000 ft3/min 

(oversized) 
Average velocity 
Reynolds No.: 
Fricton factor: 
Pressure drop 
Pump cost • $12,500 x 1.4 x (323.8/355.4) 

-S,000 gal/min 
21.1 ft/sec 

1,785 
0.035 

25 psi 

Pipe cost = $1,950/100 ft x 200 ft x l.7 x {323.8/322.7) x 2 
Total 

15,944 
13.305 
29,249 

Total (rounded) 29,2.DO 

D. Other Major Eguipment 

The installed capital costs for major equipment other than 
the incinerator an~ inert gas generator are taken from the 
UTD cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

• 
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Example: 

Model 7A 

Incinerator booster fan 
Incinerator trip valve 
3-way inert gas valve 
Incinerator booster fans 
Eductor (barge) 
Eductor (ship) 
Detonation arrestor (barge) 
Detonation arrestor (ship) 
Trip valve (barge) 
Trip valve (ship) 
Back pressure valve (barge) 
Back pressure valves (ship) 
Total Other Major Bquipment 

E. Piping 

112, 680 
26,000 

7,800 
75,000 

6,250 
18,750 
24,076 
33,460 
5,280 

10,680 
5,280 

11, 600 
336,856 

The insta~led capital costs of piping are taken from the UTD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the UTD estimate, with the 
cost adjusted linearly for the shorter distance. -

Model 7A - IG generator to dock 
Dock to incinerator 

200 ft (constant) 
660 ft to 1,400 :t 

Example: 

Model 7A - low piping cost 

IG eductor feed (barge) 
IG eductor feed (ship) 
Hydrocarbon vapor feed (barge) 
Hydrocarbon vapor feed (ship) 
Eductor discharge (barge) 
Eductor discharge (ship) 
Barge dock infeed header 
IG recireulating line 
Barge IG/hydrocarbon header 
Dock to incinerator 
Natural gas line 
Inert gas to dock 
Piping (total) 
Piping (rounded) 

F. Instrumentation 

($127.71/ft x 660 ft) = 
($45/ft x 900 ft) • 
($76.465/ft x 200 ft) ~ 

1,311 
2,683 
1, 342 
3, 712 
2,683 
7,423 

84,705 
6,417 

89,488 
84,289 
40,500 
15. 293 

339,846 
340,000 

The capital costs for instrumentation are taken from the UTD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alarm are the same as those for the 
original Marine Board Model Terminal 7. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those provided 
in the UTD estimate, 
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Example: 

Model 7A 

Explosionproof alarm (barge) 
Explosionproof alarm (ship) 
Header oxygen probe (barge) 
Header oxygen probe (ship) 
Pressure - vaccum sensor 
Pressure • vaccum sensor (ship) 
Total instrumentation 

G. Engineerino. Startup. and Contingencies 

Per the UTD cost estimate, engineering, startup, and 
contingencies are assumed

2
to be 25 percent of the total 

installed equipment cost. · 

Engineering = 
Startup = 

Contingencies = 
10 percent 
10 percent 

5 percent 
25 percent 

H. Associated Vessel Total Capital Investment (TCI) 

35,000 
21,000 

5,880 
S,880 

900 
900 

69,560 

The capital costs associated with
2
vessel retrofit are based 

on est~mates in the UTD document. 

Example: 

Barges 
Barges throughput = l,000 hr/yr x 4,000 bbl/hr x l c 4,000,000 bbl/yr 
No. barges = 4,000,000 bbl/yrJ365 d/yrJl,000 bbl/vessel/d 

= 10.96 barges 
Ships 
Ships throughput 
No. ships 

= 1,000 hr/yr x 25,000 bbl/hr= 25,000,000 bbl/yr 
• 25,000,000 bbl/yrJ365 d/yrJ20,000 bbl/vessel/d 
= 3.42 ships 

TCI .. $168,000/barge x 10.96 barges+ $426,000/ship x 3.42 ships = 
TCI (rounded) = 3,300,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the O~QPS control cost manual, 4th ed. and adju~ted for base 
year. Assumed 2,000 operating hours per year. 
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Example: 

Model 7A 

1,000 hr/yrl8 hr/shift • 125 shifts/yr 
125 shifts/yr x 0.5 hr/shift x $12.96/hr x l.15 = 
For operating both incinerator and IG generator 
From 1989 dollars to 1987 dollars 

Labor (rounded) 

B. Maintenance 

$931.5/yr 
x 2 
x 1323.8/342.Sl 
$1,762/yr 

$1,760/yr 

The costs of maintenance parts and labor are taken from the 
OAQPS control cost manual, 4th ed., an~ ~dded to the 
maintenance costs in the UTD document. 1 Maintenance labor 
is multiplied by two to compensate for the inert gas 
generator. This number is again multiplied by two to 
compensate for parts. 

Example: 

Model 7A 

$64,800/yr From UTD, annual preventive maintenance costs 
, Maintenance parts and labor 

125 shifts/yr x 0.5 hr/shift x $14.26/hr 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance a $64,800 + $3,369 = $68,169/yr 
Total maintenance (rounded) • $68,200/yr 

C. Natural Gas 

$891/yr 
x 2 
x 2 
(323.8/342.5 
$3,369/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding in~i9erator pilot light fuel costs from the TJTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 

IG generator fuel usage (ft3/hr •size (ft3/hr)/8.6 ft3 

Example 

Model 7A 

Percent of operating
3
capacity ~ 29,000 bbl/hrl29,000 bbl/hr ~ 

IG fuel = 223,081 ft /hrl8.6 x 1,000 hr/yr x 
$3.43/1,000 ft x 1.0 = 

Incinerator pilot light • 
Total natural gas coat • 
Total natural gas cost (rounded) ~ 
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89,974 
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• 

D. Electricity 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was checked using methodology 
in the OAQPS control cost rnanual. 215 The usage appeared to 
be understated for Model 7A. The incinerator fan 
electricity usage was subsequently recalculated for 
Model 7A. 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems. 7 

Electrical usage for large generators was calculated as 

kw/hr = IG size ft 3/hr) x 455 
1 508,600 >- 16 

Example: 

Incinerator booster fan consumption 

0.0017 x 6,432 x 30/6 = 37.6 kw 
Electrical costs 

[37.6 + 
223 ·~~;,50 ~55 - 16}) x l,O~O hr/yr)J x $0.0472/kWh x l.O • $10,441 yr 

Electrical costs (rounded} = $10,400/yr 

E. overhead 

overhead is taken §o be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Taxes, Insurance, and Administration 

Property taxes, insurance, and administ5ation are calculated 
as 4 percent of terminal capital costs-

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

B-47 



Example: 

MOdel 7A (low end) 

CRC • [339,946 x 0.1175} + [(l,823,044 · 339,846) x 0.1627) = $281,302 
CRC (roWlded) = $281,000 

H. Vessel Retrofit Total Annual Cost <TAC) 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 

Example 

The capital recovery charge and ma.intenance costs per vessel are shown 
in rounded form on Table 3·11. 

Model 7A 

Capital recovery = 

Maintenance 

$19,750/vessel x 10.96 barges = 
$50,038/ship x 3.42 ships= 
$9,600/vessel x 10.96 barges = 
$14,400/ship x 3.42 ships= 

Vessel retrofit TAC (rounded) • 

I. Emission Reduction 

The emissions are calculated as follows: 

$216,460 
$171,130 

105,216 
49.248 

542,000 

(Emission factor, lb/1,000 gal) x (throughput, bbl/yr} x 
(42 gal/bbl) x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model 7A (gasoline) 

([3.4/1,000 gal x 4,000,000 bbl/yr) + [1.8 lb/1,000 gal x 
25,000,000 bbl/yr] X 42 gal/bbl X 0.000453 Mg/lb) x 0.98 • 1,093 Mg/yr 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 
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Example 

Model 7A (tenninal only) 

573,178 ($/yr) ($/ ) 
1,og3 (Mg/yr} • 525 Mg 

Model 7A (terminal and ships) 

1,115,315 ($/yr) = 1,021 ($/Mg) 
1,o93 (Mg/yr) 
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Cost Methodology Documentation (Model 7B) 

I. Capital Costs 

A. Incinerator 

The incinerator capital costs are taken from the OAQPS 
Control Cost Manual. The installed incinerator cost was 
calculated by adding 33 percent to the capital cost. 

Example: 

Model 7B 

Incinerator capital cost 
(220,400 + [11.57 x 14,638 scfm]) x 323.8/342.5 = 

Installation 
Total installed cost (rounded) 

B. Inert Gas Generators 

338,481 
121,599 
490,000 

The capital costs for inert gas were taken from 
Richardson's, adjusted for increased size by EPA 
methodology, and conve~t~d to 1987 dollars using Chemical 
Engineering indices. 51 / An additional 20 percent was 
added for installation. Model 7B is assumed to have four 
similarly sized units for reasons explained in the text. 

Example: 

Richardson's IG size: 60,000 ft 3/hr 
Richardson's IG cost: (explosionproof) 

(automatic flow control) 
Total: 

Model 78 IG size: 

79,900 
4.110 

84,010 

The size of the IG generator is based upon the terminal's maximum 
loading rate. For model 78 this maximum loading rate is 66,000 bbl/hr. 

voe gas stream flow is calculated as: 

66,000 bbl/hr x 5.615 ft3/bbl = 370,590 ft3/hr 

Inert gas required is calculated as: 

370,590 ft3/hr x l.37 ft3 IG/ft3 VOC's = 507,708 ft3/hr IG 

Model 7B IG cost: 84,000(507,708/4/60,000)o. 7 x 4 x (323.8/322.7) 
x 1.2 • 683,566 

Model 7B IG cost (rounded): 684,000 
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c. Water System 

A water system to provide brackish water to the inert gas 
generator scrubber is costed for. The water system consists 
of a pump and piping to and from the inert gas generator. 
Pump costs from Perry's are muli~plied by a factor of 
1.4 for stainless construction. Pipe costs from 
Richardson's are multiplied by 1.7 to account for fittings 
and installation. All costs are corrected to 1987 dollars. 

Example: 

Model 78 

Assume 10 in. pipe 
Flow~ 8 gal/min/1,000 ftl/min x 632,000 ft3/min 

(oversized) 
-s,ooo gal/min 

Average velocity 
Reynolds No.: 
Fricton factor: 
Pressure drop 
Pump cost= $12,500 x 1.4 x (323.8/355.4) 
Pipe cost= $1,950/100 ft x 200 ft x 1.7 x (323.8/322.7) x 2 
Total 

Total (rounded) 

D. Other Major Eguipment 

21.1 ft/sec 
1,785 
0.035 

25 psi 
15,944 
13, 305 
29,249 

29,200 

The installed capital costs for major equipment other than 
the incinerator an~ inert gas generator are taken from the 
UTD cost estimate. Certain equipment is required 
regardless of the number of loading vessels while other 
equipment is costed for based on maximum number of loading 
vessels. Required equipment includes the incinerator 
booster fan, detonation arrestor, incinerator trip valve, 
and three-way inert gas valve. Vessel based equipment 
includes eductors, barge detonation arrestors, hydrocarbon 
vapor headers, and backpressure valves. Cost for an 
incinerator scrubber and inert gas booster fans have been 
deleted as these items are no longer necessary when an inert 
gas generator is used. 

Example: 

Model 78 

Incinerator detonation arrestor 
Incinerator trip valve 
3-way inert gas valve 
Incinerator booster fans 
Eductors (barge) 
Eductor (ship) 
Detonation arrestor (barge) 
Detonation arrestor (ship} 
Trip valve (barge) 
Trip valve (ship) 
Back pressure valve (barge) 
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4 x 6,250 
2 x 18,750 
4 x 24,076 
2 x 33,460 
4 x 5,280 
2 x 10,680 
4 x 5,280 

112, 680 
26,000 

7,800 
75,000 
25,000 
37,500 
96,304 
66,920 
21,120 
21,360 
21,120 



Back pressure valves (ship) 
Total Other Major Equipment 

E. Piping 

2 x 11,600 23.200 
534,004 

The insta~led capital costs of piping are taken from the lITD 
estimate. The lengths of certain runs of pipe are varied 
as follows. The IG generator was assumed to be mounted 
200 ft from the dock. The pipe carrying the inert gas is of 
the same specifications as in the Ui'D estimate, with the 
cost adjusted linearly for the shorter distance. 

Model 7B - IG generator to dock200 ft (constant) 
Dock to incinerator 660 ft to 1,400 ft 

Example: 

Model 78 - low piping cost 

IG eductor feed (barge) 
IG educator feed (ship} 
Hydrocarbon vapor feed (barge) 
Hydrocarbon vapor feed {ship) 
Eductor discharge (barge) 
Eductor discharge (ship> 
Barge dock inf eed header 
IG recirculating line 
Barge IG/hydrcarbon header 
Dock to incinerator 
Natural gas line 
Inert gas to dock 
Piping (total) 
Piping (rounded) 

F. Instrumentation 

4 x l,311 -2 x 2,683 = 
4 x l,324 = 
2 x 3, 712 • 
4 x 2,683 = 
2 x 7,423 = 

($178,975/ft x 660 ft) -
($45/ft x 900 ft) = 
($127.71/ft x 200 ft) 

5,244 
5,366 
5,368 
7,424 

10,732 
14,846 
84,705 

6,417 
89,488 

118, 124 
40,500 
25.542 

413,756 
414,000 

The capital costs for instrumentation are taken from the lITD 
cost estimate. The number costs of the vapor line oxygen 
probe and explosionproof alann are the same as those for the 
original Marine Board Model Tenninal 7. The required number 
of vessel-associated oxygen probes and pressure-vacuum 
sensors is based on the maximum number of loading vessels. 
However, the per item costs are the same as those provided 
in the lITD estimate. 

Example: 

Model 78 

Explosionproof alarm (barge) 
Explosionproof -ala_riri_ \ship) 
Header oxygen probe (barge) 
Header oxygen probe (ship) 
Pressure • vaccw:n sensor 
Pressure - vaccw:n sensor (ship) 
Total instrumentation 
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4 x 5,880 • 
2 x 5,990 = 
4 x 900 = 
2 x 900 .. 

35,000 
-i-1, 000 

23,520 
11,760 

3,600 
l. 800 

96,680 



G. Engineering, Startup. and Contingencies 

Engineering, startup, and contingencies are asswnid to be 
25 percent of the total installed equipment cost. 

Engineering a 10 percent 
Startup = 10 percent 

Contingencies = 5 percent 
25 percent 

H. Associated Vessel Total Capital Investment (TCI) 

The capital costs associated with vessel retrofit are based 
on estimates in the UTD document. 2 

Example: 

Barges 
Barges throughput a 2,000 hr/yr x 4,000 bbl/hr X 2 • 16,000,000 bbl/yr 
No. barges = 16,000,000 bbl/yrl365 d/yrll,000 bbl/vessel/d 

• 43.84 barges 
Ships 
Ships throughput 
No. ships 

a 2,000 hr/yr x 25,000. bbl/hr= 50,000,000 bbl/yr 
• 50,000,000 bbl/yrl365 d/yrl20,000 bbl/vessel/d 
• 6.BS ships 

TCI = $168,000/barge x 43.84 barges + $426,000/ship x 6.85 ships = 
TCI (rounded) a 10,300,000 

II. Annual Costs 

Direct operating costs 

A. Labor 

The costs for operating labor and supervision are taken from 
the OAQPS control cost manual, 4th ed. and adjusted for base 
year. 5 Assumed 2,000 operating hours per year. 2 

Example: 

Model 7B 

2,000 hr/yrl8 hr/shift• 250 shifts/yr 
250 shifts/yr x 0.5 hr/shift x $12.96/hr x 1.15 ~ 
For operating both incinerator and IG generator 
From 1989 dollars to 1987 dollars 

Labor (rounded) 

B. Maintenanc1: 

$1,863/yr 
x 2 
x (323.8/342.Sl 
$3,523/yr 

$3,520/yr 

The costs of maintenance parts and labor are taken from the 
OAQPS control cost manual, 4th ed., and added to the 
maintenance costs in the UTD document.2, 5 Maintenance labor 
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is multiplied by 2 to compensate for the inert gas 
generator. This number is again multiplied by 2 to 
compensate for parts. 

Example: 

Model 7B 

$64,800/yr From OTD, annual preventive maintenance costs 
Maintenance parts and labor 
250 shifts/yr x o.s shift x $14.26/hr 
For maintaining both incinerator and IG generator 
For parts 
From 1989 dollars to 1987 dollars 

Total maintenance = $64,800 + $6,739 = $71,539/yr 
Total maintenance (rounded) • $71,500/yr 

C . Natural Gas 

$1,782/yr 
x 2 
x 2 

{323.8/342.5) 
$6,739/yr 

The natural gas costs were developed by estimating the 
amount of natural gas necessary for the IG generator and 
adding in~iqerator pilot light fuel costs from the UTD cost 
estimate. ' The equation relating natural gas usage to 
inert gas generated was derived from data provided by 
Industrial Gas Systems. 7 

IG generator fuel usage (ft 3/hr • size (ft 3 /hr)/B.6 ft 3 

Example 

Model 78 

Percent of operating
3
capacity • 33,000 bbl/hrl66,000 bbl/hr= 

IG fuel • 507,70~ ft /hr!S.6 x 2,000 hr/yr x 
$3.43/1,000 ft x 0.5 = 

Incinerator pilot light • 
Total natural gas coat 2 

Total natural gas cost (rounded) = 
o. Electricity 

0.5 

202,493 
7,650 

210,143 
210,000 

The electricity usage of the incinerator feed fans as 
specified in the UTD estimate was

2
cgecked using methodology 

in the OAQPS control cost manual. • The usage appeared to 
be understanded for Model 7B. The incinerator fan 
electricity usage was subsequently recalculated for 
Model 78. 

An equation for IG generator electrical usage was 
extrapolated from data provided by Industrial Gas Systems. 7 

Electrical usage for large generators was calculated as 

kW/hr= 1G size ft 3/hr) x 455 }-lG 
508,600 
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Example: 

Incinerator booster fan consumption 

0.00117 x 14,638 x 30/6 • 85.6 kw 

Electrical costs 

{507,708 x 455 } / [85.6 + Soa,Soo - 16 l x 2,000 hr/yr)] x $0.0472 kWh x 0.5 • $24,725 yr. 

Electrical costs (rounded) = $24,700/yr 

E. Qverhead 

overhead is taken ~o be 60 percent of the sum of labor and 
maintenance costs. 

F. Property Taxes. Insurance. and Administration 

Property taxes, insurance, and administ~ation are calculated 
as 4 percent of terminal capital costs. 

G. Capital Recovery Charge 

The capital recovery charge is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 
20-year life expectancy; all other equipment is assumed to 
have a 10-year life. 

Capital recovery factors 

0.1175 - piping 
0.1627 - all other equipment 

Example: 

Model 7B (low end) 

CRC = [414,000 x 0.1175] + ({2,809,173 - 414,000) x 0.1627] • $438,443 
CRC (rounded) = $438,000 

H. Vessel Retrofit Total Annual Cost (TAC) 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 
vessel retrofits are assumed to have a 20-year life. Annual 
costs represent capital recovery charges plus maintenance. 
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Example 

The capital recovery charge and maintenance costs per vessel are shown 
in rounded form on Table 3-11. 

Model 7B 

Capital recovery • 

Maintenance 

$19,750/barge x 43.84 barges • 
$50,038/ship x 6.85 ships = 
$9,600/barge x 43.84 barges = 
$14,400/ship x 6.85 ships = 

Vessel retrofit TAC (rounded) • 

I. Emission ReductiQ.D 

The emissions are calculated as follows: 

$865,840 
342,760 
420.864 

98.640 
l,730,000 

(Emission factor, lb/1,000 gal} x (throughput, bbl/yr) x 
(42 gal/bbl} x 0.000453 Mg/lb 

Emission reduction is assumed to be 98 percent. 

Example 

Model 7B (gasoline) 

((3.4/1,000 gal) x 16,000,000 bbl/yr] + "[l.8 lb/l,000 gal x 
50,000,000 bbl/}'T]) x 42 gal/bbl x 0.000453 Mg/lb) x 0.98 • 2,692 Mg/}'T 

J. Cost Effectiveness 

Cost effectiveness is calculated by dividing the total 
annual cost by the emission reduction. 

Example 

Model 7B (terminal only) 

905,776 ($/yr) 
2,692 (Mg/}'T) = 336 ($/Mg) 

Model 7B (terminal and ships) 

2,632,970 ($/}'T) 
2,692 (Mg/yr) = 978 ($/Mg) 
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APPENDIX C. Carbon Adsorber 
Design Characteristics and 

Adsorber Capital Costs 



CARBON ADSORBER DESIGN CHARACTERISTICS AND ADSORBER CAPITAL COSTSa 

TO!AI w•ile gu Inlet gasoline mau Delllity of ga110lino Volumetric flowr•te Inlet concclll.ration Partial pre111Ure of Equilibrium Working cap•cily, 

flow r•le, Q llnwrale, "'voe vapor• "g~aoline of gasoline of gasoline, gaaoline vapor, c1paci1y, w
1 

Ob WC (lb VOC/lb 

Model lerminal (tt3 /min} Oblhr) (lb/I\ ) qg1r.oline (ft3 /min) cgaaoline (ppm) P gaaoline (psii) VOC/lb carbon) caibon) 

SA 1,497 2,21S 0.1706 223.2 149,000 2.19 0.31 0.1085 

SB 749 1,142 0.1106 111.6 149,000 2.19 0.31 0.1085 

5C 37• S71 0.1706 SS.19 149,000 2.19 0.31 0.1085 

7A 2,714 2,•61 0.1706 240.• &l,600 I 3<I 0.29 0.10 

78 6,1n 6,085 0.1706 592.1 95,900 1.41 0.29 0.10 

1Complete docu111..nt11ion of all of the deaign variables above is provided in Appendix D. 



n 
I 

w 

Model tenninal 

.SA 

.SB 

.SC 

7A 

78 

CARBON ADSORBER DESIGN CHARACTERISTICS AND ADSORBER CAPITAL COSTSa 
(continued) 

C•ti>on To1al wa61e How 

Deeorption time, 80 Adsorption time, 8 A No. or adeorbing No. of desorbin1 requiremenl, Ml: Carbon requiremenl per bed, Q' 

(boon) (hout"I beda, NA beds, N0 (lb) per bed, M'c (lb) (113/min) 

J.00 I I I· 42.120 21,060 \,497 

1.00 l I 1 21,060 10,500 749 

1.00 I I I 10,500 S,2.50 374 

0.67 I 3 2 40,410 8,080 90.S 

i 0.67 I 3 3 99,500 19,920 2,059 

•cornplele documemation Jf all of lhe deaian veriablet above. ii provided in Appendix P. 
I 

I 

Vessel diameter, D 

(ft) 

11.73 

6.17 

4.37 

6.19 

10.24 



n 
I 

~ 

Mudd lemliWll 

51\ 

SB 

SC 

11\ 

78 

CARBON ADSORBER DESIGN CHARACTERISTICS AND ADSORBER CAPITAL COSTSa 
(continued) 

Camon bed tbiclneu, Superficial bed Coet of carbon, Cc COii per vellliel Cv 
10 , OH Vessel lenglh, L (ft) velocity, vb (ft/min) Surface area, S (ft2) ($1987) ($1987) 

11.72 IS.72 25 SSI 76,74{) 33,SIO 

11.72 IS.72 25 J6S 38,370 24,310 

11.72 lS.72 25 246 19,190 17,870 

7.45 10.45 25 295 73,640 20,620 

I 8.06 11.6 2S 521 181,SOO 32,000 

1Complclc documentation of all of the: deiign variables 1bova is provided in Appendix D. 

Colit of 1dli0rben and 
caibonCA ($1987) 

316,400 

210,000 

145,400 

359,400 

623.000 



APPENDIX D .. 

Documentation of Costs for a Carbon Adsorption-Based Technology 
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CA 

cc 

eel 
Ccw 
cfm 

cgasoline 
cP 
Cr 
CRC 

CRFc 

cs 

~ 
D 

Pb 

Pgasoline 
~Pb 

~PS 

E 

ef f 

f 1 

f 2 
H 
hp 

hPcf 

hPcwp 
kWh 

kWhcf 

GLOSSARY OF SYMBOLS AND ABBREVIATIONS 

total adsorber equipment cost, $1,987 

cost of carbon, $1,987 

labor cost of replacing carbon, $/lb x Mc 

cost of cooling water 
cubic feet per minute (ft3/min) 

inlet concentration of gasoline 

cost of piping 

cost of carbon replacement 
capital recovery charge, $1,987 

capital recovery factor for carbon (based on 2-yr 

life and 10 percent interest rate) 

capital recovery factor for piping (based on 20-yr 

life and 10 percent interest rate) 

system capital recovery factor (based on 10-yr 

equipment life and 10 percent_ interest rate) 

steam cost, $1,987 

cost per vessel, $1,987 

adsorber diameter, ft 

carbon bulk density, lb/ft3 

density of gasoline vapor, lb/ft3 

pressure drop through the bed, inches of water 

total system pressure drop, inches of water 

adsorber control efficiency, assumed to be 

95 percent 
combined pump-motor efficiency, percent 

ratio of 1987 to 1989 cost indices 

terminal annual operating capacity, percent 

required head, ft 

horsepower 

horsepower need~d to run the cooling fan, hp 

horsepower needed to run the cooling water pump, hp 
kilowatt-hours 

electricity needed to run the cooling fan, kilowatt

hours/yr 
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kWhsf 
L 

M 

Mc 
M' c 
MG 

ffivoc 
NA 

ND 
p 

Pgasoline 
Ps 

Pvoc 
ppm 
psia 
Q 

Q' 

qcw 

Clgasoline 
R 

RC 

RC 

s 
T 

ta,g 
TAC 

tb 
TCI 

0A 

9cf 
acwp 

electricity needed to run the cooling water pump, 

kWh/yr 
electricity needed to run the system fan, kWh/hr 

adsorber length, ft 
molecular weight, lb/lb-mole 

carbon requirement, lb 
carbon requirement per bed, lb 
megagram 
gasoline mass flow rate to the adsorber, lb/hr 

number of adsorbing beds 
number of desorbing beds 
pressure, atm 
partial pressure of gasoline, psia 

steam price, dollars per thousand lb of steam 
value of recovered product, $/lb 

parts per million 

lb/in. 2 

total waste gas flow, ft 3 /min 

total waste gas flow per bed, ft 3 /min 
cooling water flow, gallons/yr (gal/yr) 

volumetric flowrate of gasoline, ft 3 /min 
gas constant, 0.7302 ft3 atm/lb-mole 0 R 

ratio of total adsorber equipment cost to the cost 
of the adsorber vessels 

recovery credit, $1,987 

degrees Rankin, °F + 459.57 

surface area of each adsorber vessel, ft2 
temperature, 0 R 

access/gas distribution allowance, ft 

total annual cost 

carbon bed thickness, ft 
total capital investment 
adsorption time, hours 
annual operating time of the cooling fan, hours 
annual operating time of the cooling water pump, 

hours 
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desorption time, hours 

total annual terminal operating time, hr/yr 

total annual electricity consumption, kWh/yr 

UTD document document that presents costs of controlling vapor 

using incineration 

superficial bed velocity, ft/min 

working capacity of the carbon, lb VOC/lb carbon 

equilibrium capacity of the carbon, lb VOC/lb carbon 

mole fraction of gasoline vapor in total waste gas 
flow 

D-3 



DOCUMENTATION FOR CARBON ADSORPTION COSTS: MODEL TERMINAL SA 

I. CAPITAL COSTS 

A. Carbon Adsorber 

1. Gasoline mass flow rate to adsorber (rtVoc>, lb/hr: 

-- c ba } ( bbl /h ) 3 . 4 lb 4 2 gal 4 rges x 4,000 r x l,OOO gal x bbl 

= 2,284.8 lb/hr 

2. Total waste gas flow (Ql, ft 3 /m: 

Q = (4 barges) x (4,000 bbl/hr) x (5.615 ft 3 /bbl) x c 6 ~ ~~n) 
Q = 1,497.33 ft3/min 

3. Volumetric flowrate of gasoline (qgasolinel, ft 3/min: 

mvoc 60 min 
~asol ine = -----'---- x ---

P gasoline hr 

First, calculate density of gasoline vapor, Pgasoline, 
lb/ft3 : 

MP 
Pgasoline - RT (ideal gas law) 

where: 

M = 66 lb/lb-mole, and T = 70°F 

Pgasoline 
66 lb l tm 

lb-mole x a 
:a 3 

0.7302 ft atm (70 lb-inol 0 R x 

P • 0.17065 lb/ft3 
gasoline vapor 

+ 459.67) 0 R 

. 2,284.8 lb/hr x l hr = 223 _15 ft3/min 
· · ~asoline = 0 _17065 lb/ft3 60 min 

4. Inlet concentration of gasoline (Cgasoline>, ppm: 
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= qgasQoline x 106 = 223.15 6 
cgasoline 1,497.33 x lO = 149 • 030 ppm 

s. Partial pressure of gasoline (Pgasoline), psia: 

Pgasoline ~ Ygas x P 

Ygas = mole fraction of gasoline in total flow 
P = total pressure (atmospheric) 

p = -1-49 ,o3 o ppmx 14.696 psia 
gasoline 1 x 106 ppm 

Pgasoline = 2.19 psia 

6. Equilibrium capacity (we) of the carbon, lb VOC/lb 
carbon: 

we • 31 percent • 31 lb VOC/100 lb carbon 

= lb voe 0 · 31 lb carbon 

(As determined from the n-pentane isotherm (capacity weight 
percent vs. partial pressure, psial for n-pentane adsorption 
on Calgon's BPL activated carbon]. Note: the n-pentane 
isotherm was used to represent gasoline vapor since 
n-pentane is a major constituent in gasoline vapor. 

7. Working capacity <we> of the carbon, lb VOC/lb carbon: 

Because gasoline contains relatively high vapor-pressure 
constituents and the desorption cycles are very short, 
assume that the working capacity is about 35 percent of the 
equilibrium capacity. 
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w = c 
31 10.ss lb voe 

o. 35 x -roo= 100 lb carbon· O.lOa5 
lb voe 
lb carbon = w c 

8. Number of adsorbing and desorbing beds and adsorption 
time: 

The number of adsorbing and desorbing beds {NA and N0 , 
respectively) and the adsorption time (9A) were determined 
by trial and error. Due to shipping restrictions, vessel 
diameters rarely exceed 12 feet, while their length is 

generally limited to SO feet. 1 The number of adsorbing and 
desorbing vessels and adsorption time directly affect vessel 
dimensions. To obtain "reasonable" vessel dimensions, very 

short adsorption and desorption times were necessary (i.e., 
1-hour adsorption and desorption cycles). At longer 

adsorption times, the bed thickness and· the pressure drop 

through the bed increased sharply. At higher pressure 
drops, electricity costs rapidly increased due to the 
enormous amount of electricity needed to run the cooling 

water pump. For model terminal SA, the nuniPer of adsorbing 
beds = 1, and the number of desorbing beds = 1; the 
adsorption and desorption times both equal 1 hour. Ideally, 

the optimum regeneration frequently for fixed bed adsorbers 

treating streams with moderate to high voe inlet loadings is 
once every 8 to 12 hours. 1 However, at adsorptions times in 

this range the lengths of the vessels were very high 
(greater than 300 feet) and the diameters very small (less 
than a foot) . 

The desorption time, e0 , is set once the number of adsorbing 
and desorbing units and the adsorption time are determined, 
as follows: 
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where: 

0A == adsorption time 

No • number of des orbing units 

NA c number of adsorbing units 

. 
0D < 1 ( .! ) . . 

1 

eo :;J 1 hour 

9 • Carbon requirement (Mc> , lb: 

Mc 
mvoc 

9A (1 
ND 

== + -) 
WC NA 

where: 
mvoc - gasoline vapor flowrate (2,284.8 lb/hr) 

- working capacity of carbon (0.1085 lb voe 
WC lb carbon) 

0A = adsorption time ( 1 hour) 

No = number of desorbing units (1) 

NA .. number of adsorbing units (1 hour) 

M • 2,284.8 lb/hr x 1 hour x (1 + !) 
c 0 . 1085 lb voe 1 

lb carbon 

Mc= 42,116 lb of carbon 

10. Cost of carbon (Cc) : 1 

The cost of carbon in 1989 was approximately $2.00/lb. 1 

Therefore, the cost of the carbon is calculated as 
follows: 

where: 

f 1 = ratio of 1987 to 1989 cost indices = 323.8/355.4 
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cc = 2.00 x 42,116 x 323.8/355.4 = $76,743 

11. Carbon requirement per bed (M'c), lb: 

M' e Mc = 42,~16 = 2 l,OSB lb o;e~arbon 
c (NA + ND) 

12. Total waste gas flow per bed (Q'), ft 3 /min: 

Q' =NO = 1,497 ft3/min = 1,497 ft3/min = Q' 
A 1 

13. Superficial bed velocity (vb), ft/min: 

A superficial bed velocity of 25 ft/min was chosen by a 
"trial and error" basis. The superficial bed velocity, vb, 
directly affected the pressure drop through the bed. At 
higher velocities (e.g., so to 100 ft/min) the pressure drop 

rose dramatically, which greatly increased annual 
electricity costs. 

14. Adsorber vessel dimensions--diameter (D) and length 
(L), feet: 

Because of the relatively low gas flowrate 
(Q' <9,000 ft 3 /min), it was more economical to design 
vertical rather than horizontal adsorber vessels. 

For a vertical vessel, the diameter is calculated as 
follows: 

8.73 feet = D 
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The length (height) of the vessel is calculated using the 

following equation: 

where: 

tb s carbon bed thickness in feet; and 

ta,g = access/gas distribution allowance 

= 2 to 6 ft (depending on vertical vessel 

diameter) 

The carbon bed thickness is calculated as follows: 

M' /p volume of carbon c b 
tb • cross-sectional area normal to flow· Q'/vb 

where: 

Pb = carbon bulk density = 30 lb/ft3 

.·. tb - {21,058/30) - 11 72 feet= tb - {1,497/25) - . 

Assume that ta,g = 4 feet; then 

L = 11.72 + 4 = 15.72 feet = L 

15. Surface area of each vessel (S), ft2: 

s .. 11'0 ( L + DI 2 ) 

• 11' x 8.73 x (15.72 + 8.73/2) = 550.85 ft2 

s = 551 f t 2 

16. Cost per vessel (Cy) :1 

Cy= 271 x 50. 779 x f1 
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where: 

and 

Note: 

f 1 ~ ratio of 1987 to 1989 cost indices • 323.8/355.4; 

97 ~ s ~ 2,110 ft 2 

.. Cy= 271 x (551)0. 770 x (323.8/355.4) ; $33,510 

The costs are based on the assumption that the 

adsorber vessels will be made of 304 stainless 

steel. 

17. Total adsorber equipment cost, (CA), 1987 $: 

where: 

. . 

Re = ratio of the total adsorber equipment cost to the 

cost of the vessels 

Cc ~cost of the carbon= $76,743 

NA = number of adsorbing units = 1 

N0 number of desorbing units = 1 

Cv = cost of each unit $33,510 

Re is calculated using the following 

RC = 5.82 x 0-0.133 

= 5.82 x (1,497 ft3/min) -0.133 

RC 2.201 

CA = 2.201 x [76,743 + (2 x 33, 510)] 

CA • $316,411 
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B. Other Major Equipment 

The installed capital costs for major equipment other than 

the carbon adsorber are taken from the UTD cost estimate for 

incineration-based controls. 2 Certain equipment is required 

regardless of the number of loading vessels while other 

equipment is costed for based on maximum number of loading 

vessels. Required equipment includes the booster fan, 
detonation arrestor, and carbon adsorber trip valve. 

Vessel-based equipment includes eductors, barge detonation 
arrestors, hydrocarbon vapor headers, and backpressure 

valves. Cost for an incinerator scrubber and inert gas 

booster fans have been deleted as these items are no longer 
necessary when carbon adsorption is used. 

Example: 

Model SA 

Carbon adsorber booster fan - Carbon adsorber detonation arrestor 
Carbon adsorber trip valve 

25,000 

34,960 

10,680 

25,000 

96,304 

21,120 

21.120 

Bductors 

Detonation arrestors 
Barge hydrocarbon vapor headers 

Back pressure valves 
Total other major equipment 

C. Piping 

4 x 6,250 = 
4 x 24,076 = 

4 x 5,280 = 

4 x 5,280 = 

234,194 

The installed capital costs of piping are taken from the UTD 
estimate for incineration-based controls.2 The piping costs 
are adjusted linearly as follows: 

Model SA - Dock to carbon adsorber: 660 ft to 1,400 ft 
Example: 

Model SA - low piping cost 
Hydrocarbon vapor feed 

Eductor discharge 
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Dock to carbon adsorber 

Total piping cost 

D. Instn.unentation 

$52.55/ft x 660 ft 34.683 

50,800 

The capital costs for instrumentation are taken from the UTD 

cost estimate for incineration-based controls. 2 The costs 
of the vapor line oxygen probe and explosionproof alarm are 

the same as those for the original Marine Board Model 

Terminal 5. The required numbers of vessel-associated 

oxygen probes and pressure-vacuum sensors are based on the 

maximum number of loading vessels. However, the per-item 

costs are the same as those provided in the UTD estimate. 

Example: 

Model SA 

Explosionproof alarm 

Vapor line oxygen probe 

Barge header oxygen probes 

Pressure - vacuum sensors 

Total Instrumentation 

4 x 5,880 = 
4 x 900 = 

E. Engineering. Startup. and Contingencies 

16,800 

5,880 

23,520 

3.600 

49,800 

Engineering, startup, and contingencies are assumed to be 

25 percent of the total installed equipment cost. 2 

Engineering = 10 percent 

Startup = 10 percent 

Contingencies = 5 percent 

25 percent 

F. Associated vessel Total Capital Investment CTCil 

The capital costs associated with vessel retrofit are based 
on estimates in the UTD docurnent.2 
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Example: 

Model SA 

Throughput ~ 2,000 hr/yr x 8,000 bbl/hr ~ 

16,000,000 bbl/yr 

Number vessels • 16,000,000 bbl/yrl365 d/yrll,000 

bbl/vessel/d 
= 43.04 vessels 

TCI • $160,000/vessel x 43.84 vessels • 7,365,120 

TCI (rounded) • $7,360,000 

II. ANNUAL COSTS 

A. Labor 

The costs for operating labor and supervision are taken from 

the OAQPS control cost manual, 4th ed. and adjusted for base 

year. 4 Assumed 2,000 operating hours per year. 5 

Example: 

Model SA 

2,000 hr/yrl8 hr/shift • 250 shifts/yr 
250 shifts/yrxO.S hr/shiftx$12.96/hx1.15 = $1,863/yr 
From 1988 dollars to 1987 dollars 

$1,762/yr 
Labor (rounded) 

B. Maintenance 

x (323.8/342.5) 

$1,762/yr 

The costs for maintenance parts and labor are taken f rorn the 

OAQPS control cost manual, 4th ed., and added to the 

maintenance costs in the UTD document. 215 Maintenance labor 

is multiplied by 2 to allow for parts. 
Example: 

Model SA 
$40,800/yr 

- a.coo/yr 
$32,800/yr 

From UTD, ann\1al preventive maintenance costs 
Incinerator scrubber maintenance 
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Maintenance parts and labor 
250 shifts/yr x 0.5 hr/shift x $14.26/hr 

For parts 

From 1988 dollars to 1987 dollars 

$3,370/yr 

$1,782/yr 

x 2 

(323.8/342.5) 

Total maintenance = $32,800 + $3,370 • $36,170/yr 
Total maintenance (rounded) = $36,200/yr 

C. Electricity Costs 
In fixed-bed adsorbers, electricity is consumed by the 

system fan, bed drying/cooling fan, cooling water pump, and 
solvent pump{s} . 1 Because the solvent pump horsepower (hp) 

is usually very small (<0.1 hp), its electricity consumption 
is assumed to be negligible.1 The electricity requirements 

associated with the fans and the cooling water pump are 

detailed below and were calculated using equations presented 

in the OAQPS Control Cost Manual. Note that a factor of 
a.so was added to these equations so that annual costs 

(unlike capital costs) are based on actual terminal 
throughput rather than on the maximum throughput. The 
0.5 factor represents the percent of terminal operating 

capacity. 

1. System fan, kWh8 f 
The following equation was used to calculate the annual 
amount of electricity consumed by the system fan in kilowatt 
hours per year (kWh/yr) :1 

kWhsf • o.746 kW/hp x (2.SO x io- 4 > x Q x ~P9 x e 6 x t 2 
where: 

hp • horsepower 
2.50 x 10· 4 = conversion factor with units of hp 

min/ft3 in. 

Q = total waste gas flow (l,497 ft3/min) 

~P8 • total system pressure drop (in inches of 
water) 

es m total operating time (2,000 hr/yr) 
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f 2 • percent of terminal operating capacity 

(0.50) 

The system pressure drop, ~P9 , is equal to the pressure drop 

through the carbon bed, ~Pb, plus any miscellaneous pressure 
losses through the external ductwork and other parts of the 
system. 1 Asswning that these miscellaneous pressure losses 

amount to 1 additional inch, ~Ps is equal to ~Pb + 1. 

The pressure drop through the carbon bed, ~Pb, is calculated 

as follows: 

~Pb (inches water) - tb(0.03679vb + 1.107 x l0- 2vb2 l + 1 
where: 

tb ~carbon bed thickness (11.72 ft) 

vb = superficial bed velocity {25 ft/minl 
.·. ~Pb= 11.59 inches of water 

and ~Ps = 11.59 + 1 = 12.6 inches of water 
The amount of electricity conswned by the system fan.(kWh 5 fl 

is then calculated as follows: 

kWh sf 
0.746 kW (2.50 x 10- 4 hE min 

J 
1,497 ft 3 

= hp x 
ft 3 x min in. 

x 12.6 in. x 2,000 hr x 0.50 

kWhsf - 3i516 kWh 

2. Cooling fan, kWhcf 
The following equation was used to calculate the annual 

amount of electricity conswned by the cooling fan, kWhcf :l 

0.746 kW 
hp x hpcf x 9cf 

where: 

hpcf = horsepower needed to run cooling fan 
ecf ~ annual operating time of cooling fan 
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The horsepower needed to run the cooling fan is calculated 

first, using the following equation: 1 

where: 

2.50 x 10-
4 

x APb x mvoc x M' c 
0.4 x a0 x 60 min/hr 

AP9 =pressure drop through the system (12.59 in. of 

water) 

m..roc = total mass flow rate of gasoline vapor (2,284.8 

lb/hr) 

M'c ~carbon requirement per bed (21,058 lb) 

e0 • desorption time (1 hour) 

hpcf - 6,310 hp 

The operating time of the cooling fan, ecf' is calculated 

according to the following formula: 1 

where: 

0.4 x e0 x NA x es x f 2 
SA 

NA = number of adsorbing beds (1) 

es = total annual terminal operating hours (2,000 hr) 

f 2 = percent of terminal operating capacity (0.50) 

9A = adsorption time (1 hour) 

. ·. ecf = 400 hr/yr 

The annual amount of electricity consumed by the cooling 

fan, kWhcf • is then calculated as follows: 

kWh - 0. 746 kW x 6,310 hp x 400 hr cf - hp 

kWhcf = 1,882,885 kWh 
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3. Cooling water pump, kWhcwp= 
The annual amount of electricity consumed by the cooling 
water pump is calculated using the following equation: 

0.746 kWh 
hp x hpcwp x ecwp 

where: 
hPcwp • horsepower needed to run cooling water pump 

ecwp = annual operating time of cooling water pump 

The horsepower needed to run the cooling water pump, hpcwp 
is calculated first, as follows: 1 

2.52 x 10- 4 x H x qcw 
hpcwp = v ecwp x 60 min/yr 

where: 

H = required head (assumed 100 feet) 
D = combined pump-motor efficiency (assumed 

63 percent) 
qcw s cooling water flow, gal/yr 

The cooling water flow, qcw, is calculated as follows:l 

where: 

3.43 gal water 3.5 lb steam 
qcw • lb steam x lb voe x mvoc x 9s x f 2 

Invoc = 2,284.8 lb/hr 
es = 2,000 hr/yr 
f 2 = percent of terminal operating capacity • 0.50 

qcw • 27,429,024 gal/yr 

The annual operating time of the cooling water pump, ecwp' 
is calculated as follows:l 

D-17 



ecwp 
0.6 x 60 x NA x e

9 
x f 2 = 

eA 

where: 

eo • 1 hour 

NA = l bed 

es = 2,000 hr/yr 

eA = 1 hour 

f 2 = 0.5 

.·. 6cwp = 600 hr/yr 

The horsepower needed to run the cooling water pump, hPcwp' 
is then calculated as follows: 

-4 6 2.52 x 10 x 100 x 27.43 x 10 
hpcwp • 0.63 600 x 60 

hPcwp • 30.48 hp 

Finally, the annual amount of electricity needed to run the 

cooling water pump, kWhcwp• is calculated: 

0.746 kWh 
kWhcwp - hp x 30.48 hp x 600 hr/yr 

= 13,641 kWh 

4. Total Electricity Consumption {TkWh) 

The total annual consumption of electricity, TkWh, is equal 

to the sum of the electricity consumption for the system 

fan, bed drying/cooling fan, and the cooling water pump. 

TkWh = kWHsf + kWhcf + KWhcwp 
= 3,516 + 1,882,885 + 13,641 

= 1,900,042 kWh 
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s. Total Annual Cost of Electricity 

The total annual cost of electricity is equal to the total 

estimated kilowatt hours multiplied by the electricity rate 

{$/kWh). The same rate ($0.0472/kWh) that was used in 

determining annual costs for incinerator operation is used 

here. 

TAC of electricity - 1,900,042 kWh x $0.0472/kWh 

- $89,682 

o. Annual Steam Cost C9 ): 

The annual cost of steam, C9 , is calculated using the 

following equation from the OAQPS Control Cost Manual: 1 

3.5 lb steam 
lb voe x mvoc x 8s x Ps x f 1 x f 2 

where: 

ffivoc "" gasoline mass flow rate (2, 284. a' lb/hr) 

es = operating hours per year (2,000 hr/yr) 

p 5 = steam price ($6/1,000 lb) 

f 1 = ratio of 1987 to 1989 cost indices = 323.8/355.4 

f 2 = percent of terminal operating capacity = 0.50 

Note: The factors, f 1 and f 2 , were adqed to this 

equation to convert from 1989 to 1987 dollars and to base the 

steam costs on actual {rather than maximum) throughput. 

C 3.5 lb steam 2,284.8 lb x 2,000 hr $6 
s - lb voe x hr yr x 1,000 lb x 

323.8 
355.4 

= $43,715 

E. Cooling Water Costs <Ccwl= 

The cost of cooling water is a function of steam usage. 1 · 

Cooling water cost is given as: 
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3.43 gal x Cs 
= lb steam p

8 
x Pew 

where: 

C8 - steam cost ($43,715/yr) 

Ps = steam price {$6/1,000 lb) 
Pew= cooling water price ($0.20/1,000 gal) 

3.43 gal x $43,715 $0.20 
Ccw = lb steam ($6/1,000 lb) x 1,000 gal 

= $4,998 

F. Carbon Replacement Cost (CRl: 

The economic life of the carbon is less than that of the 

rest of the recovery system. The carbon replacement cost is 

calculated based on a 2 year life and a 10 percent interest 

rate. 4 

Carbon replacement - CRFc[(l.08 x Cc) + Ceil x f 1 

CRFc - capital recovery factor, 0.5762 for a 2 year 
life at 10 percent interest 

1.08 - taxes and freight factor 

Cc - initial cost of carbon, $76,743 

eel - labor cost for carbon replacement, $0.05/lb x 
42,116 lb 

f 1 = ratio of 1987 to 1989 cost indices, 323.8/355.4 

Cr= 0.5762 [(1.08 x $76,743) + ($0.05/lb x 

42,116 lb)] x 323.8/355.4 = $48,862 
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G. Overhead: 
Overhead is taken to be 60 percent of the sum of labor and 

maintenance costs. 

H. Property Taxes. Insurance. and Administration: 
Property taxes, insurance, and administration are calculated 
as 4 percent of te:aninal capital costs. 

I. Capital Recovery Charge (CRCl: 
The capital recovery charge, CRC, is calculated based on an 
interest rate of 10 percent. Piping is assumed to have a 

20-year life expectancy; all other equipment is assumed to 
have a 10-year life. The following equation was used to 
calculate the capital recovery charge: 1 

CRC - [TCI - (l.08 Cc + Cc1> - Cpl x CRFS + (Cp x CRFP) 

where: 

. . . 

TCI = total te:aninal capital investment (does not 
include te:aninal's associated vessels) = $915,794 

cP .. 
CRFs "' 
CRFP .,. 

CFR • 

initial cost of carbon, $76,743 
labor cost for carbon replacement, $0.05/lb x 
42,116 lb 
cost of piping, $50,801 

system capital recovery factor, 0.1627 
piping capital recovery factor, 0.1175 

[915,794- ( (1.08 x 76,743) + (0.05 x 42,116)) 

- 50,801] X 0.1627 + (S0,801 x 0.1175) 

= $132,940 

J. Recove;:y Credit !RC): 
The recovery credit, RC, is based upon the control 
efficiency, product value, and operating hours per year as 
follows: 1 
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where: 

RC = recovery credit 

Il\roc •mass inlet loading rate, 2,284.B lb/hr 

es • operat.ing hours per year, 2,000 hr/yr 

Pvoc •value of recovered product, $0.08/lb 
E = adsorber control efficiency, 0.95 

f 1 = ratio of 1987 to 1989 cost indices, 323.8/355.4 

f 2 percent of terminal operating capacity, 0.50 

RC = 2,294.B lb/hr x 2,000 hr/yr x $0.08/lb x 0.95 x 

{323.8/355.4) x 0.50 = $158,205/yr 

K. Vessel Retrofit Total Annual Cost (TAC) : 

The vessel retrofit costs are mainly for piping, 
instrumentation, and associated hardware. For this reason, 

vessel retrofits are assumed to have a 20-year life. Annual . 
costs represent capital recovery charges plus maintenance. 

Example: 

The capital recovery charge and maintenance costs per vessel 
are shown in rounded fonn on Table 3-3 of the Technical 
Support Document. 

Model SA 

Capital recovery $19,750/vessel x 43.84 vessels• $866,000 

Maintenance $ 9,600/vessel x 43.84 vessels = 420.000 

Vessel retrofit TAC = 1,286,000 

L. Emissior. Reduction: 
The emissions are calculated as follows: 

(Emission factor, lb/l, oco gal) x (throughput, bb.l/yr) x 

(42 gal/bbl) x 0.000453 Mg/lb 

E~ission reduc~io~ is ass·urned to be 95 percen:. 

D-22 



Example: 

Model SA (gasoline) 
(3.4 lb/l,000 gall x (16,000,000 bbl/yr) x {42 gal/bbl) x 

0.000453 Mg/lb) x 0.95 = 985 Mg/yr 

M. Cost Effectiveness: 

Cost effectiveness is calculated by dividing the total 

annual cost by the emission reduction. 

Example: 
Model SA (terminal only) 

259,312 (}/yr) = 263 ($/Mg) 
985 (Mg yr) 

Model SA (terminal and ships) 

1,545,152 ($/yr) 
985 (Mg/yr) 
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FID MOOEL Throughput Emissions High Cost High cost to Low cost to Low cost to 
Cbbl/yr> (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels CS/yr) CS/yr) vessels CS/yr) 

260 SA 89076446 37'4616 701152 78S9726 689375 7847949 
1077 SA 46249669 3906453 513922 4230748 502144 4218970 
1236 SA 20685147 1601552 402159 2064508 390381 2052730 
341 SA 17648179 1275193 388882 1807167 377104 1795389 
676 SA 15230723 1455029 378313 1602321 366536 1590544 
690 SA 10323124 2168 356858 1186469 345081 1174692 
847 SA 9304141 1132996 352404 1100126 340626 1088348 

1022 SA 8662187 902288 349597 1045728 337819 10339SO 
599 SA 8080073 67964S 347052 996402 335275 984625 
752 58 7476481 844119 295145 895988 287051 887894 
490 SB 6906788 278460 292097 847157 284003 839063 

1039 SB 6674286 1402 290853 827'28 282759 819134 
sos 5B 6337037 469443 289048 798320 280954 790226 

1306 58 5970201 67Z81S 28708S 766877 278991 758783 
119 SB 5965614 142078 287061 766484 278967 758390 

1245 58 5770085 15131S 286015 749724 277921 741630 
1010 SB 5641708 427660 285328 738720 2772.34 730626 
1250 SB S469227 348849 28440S 723936 276311 71S842 
1233 SB 49S8918 155066 281674 680194 273580 672100 
966 SB 4498815 412341 279212 640756 271118 632662 
702 SB 4269478 4604 27798S 621099 269891 613005 

1267 58 4165206 875 277427 6i2161 269333 604067 
776 58 4041624 171898 276766 601569 268672 593475 

1007 SC 3919821 261675 242363 557377 238215 553229 
709 SC 3872705 813 242115 553343 237967 549195 

1009 SC 3844107 4367'2 241965 5S0894 237817 546746 
1531 SC 3792840 199632 241695 546504 237547 542356 
921 SC 3769444 132144 241S72 544501 237424 540353 
141 Sc 3676375 431561 241083 536533 236935 S32385 
680 Sc 3S38844 743 240360 524757 236212 S20609 
nz SC 3S36030 124323 240345 524516 236197 520368 
9n SC 3502314 290596 240168 521629 236020 517481 
729 SC 3304322 17293 239127 504677 234979 500529 
689 5C 3277151 117973 238985 5023S1 234837 498203 
938 SC 3209742 322123 238630 496579 234482 492431 
237 5C 3162664 81803 238383 492549 23423S 488401 
863 SC 2861770 155348 236801 466785 232653 462637 
334 SC 2733240 54398 236126 455781 231978 451633 
299 SC 2543158 160910 235126 439505 230978 43S357 
398 SC 2477460 520 234781 433881 230633 429733 
94S SC 2464979 103256 234716 432813 230568 428665 

1526 SC 2362741 118232 234178 4240S8 230030 419910 
1222 SC 2348425 493 234103 422833 229955 418685 
887 Sc 2223449 960S7 233446 412132 229298 407984 

1296 SC 2158993 24378 233107 406613 2289S9 402465 
1271 SC 2119369 1483 232899 403221 228751 399073 
1815 SC 2077089 43679 232677 399601 228529 39S4S3 
717 SC 2025305 226418 232404 195166 228256 391018 

1282 SC 1979848 416 232166 3912~ 228018 387127 
1S 68 5 c 1 97635 9 60558 23 147 390976 227999 38682. 
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FIO HOO EL Throughput Emissions High Cost High cost to Low cost to low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals termil"lal & terminal terminal & 
($/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

426 SC 19S1, 18 2188 232015 388815 227867 384667 
1262 SC 1911671 36990 231807 385437 227659 381289 
692 SC 1880362 395 231643 382757 227495 378609 

1791 SC 1871669 131869 231597 382013 227449 3na6s 
1275 SC 1860722 611 231539 381075 227391 376927 
1555 SC 1840889 94321 231435 3793n 227287 375229 

58 SC 1m890 84762 231104 373983 226956 369835 
1008 SC 1723552 S9149 230818 369330 226670 365182 
1928 SC 1720883 361 230804 369102 226656 364954 
1065 SC 1682802 145i"5 230604 365841 226456 361693 
1109 SC 1676m 122121 2.30S72 36532S 226424 361~n 

440 SC 1637631 46563 230367 361974 226219 357826 
256 SC 1612810 67819 2302.36 3S9848 226088 355700 
336 SC 1600137 48043 230170 358764 226022 354616 

1814 SC 1569314 138946 230008 356125 225860 351977 
287 SC 1SS0597 326 229909 354522 22S761 3S0374 
930 SC 1481467 61970 229546 348603 225398 344455 

1103 SC 1471021 11S94 229491 34no9 225343 343561 
1229 SC 1438084 60034 229318 344889 225170 340741 
1934 SC 1417808 90819 229211 3431S2 225063 339004 
932 SC 1412400 297 229183 342690 225035 338542 

1004 SC 1373168 93372 2289n 339331 224829 335'83 
1575 SC 13S6169 14583 228887 337875 224739 333727 
1046 SC 13S2651 126116 228869 337574 224721 333426 
697 SC 1342S03 762 228815 336704 224667 332556 
667 SC 1283361 783 228SOS 331642 224357 327494 
869 SC 12no38 68620 228471 331099 224323 326951 
865 SC 1256884 1711S2 22836S 329374 224217 325226 

1054 SC 1220990 256 2281n 326301 224029 322153 
182S SC 1215565 68668 228148 325836 224000 32 1 688 
12S1 SC 1214930 124S4 22814S 325782 223997 321634 
1087 SC 1210616 404 228122 32S412 223974 321264 

671 SC 1166969 2231 227893 321676 22374S 317528 
6S4 SC 1154749 242 227828 320629 223680 316481 
876 SC 1138103 160750 22n41 319204 223593 315056 

1749 SC 1083982 148519 2274S7 314S71 223309 310423 
340 SC 1078S42 51356 2274Z8 314104 223280 309956 
707 Sc 1051492 221 227286 311789 223138 307641 
603 SC 1042732 1427 227240 311039 223092 306891 

21 SC 1031799 3084S 227182 310102 223034 305954 
539 SC 1031147 1693 227179 310046 223031 305898 

15S3 Sc 1025893 3916 2271S1 309596 223003 305448 
981 SC 997232 209 227001 307143 222853 30299S 

1218 SC 994044 209 226984 306870 222836 302722 
913 SC 98731S 136680 226948 306293 222800 302145 

1124 SC 965S30 31117 226a34 304428 222686 300280 
494 SC 963307 7573 226822 304238 222674 300090 
704 Sc 958324 201 226796 303811 222648 299663 
631 SC 9S3826 21102 2267n 303426 222624 299278 

1030 Sc 941986 132402 226710 302412 222562 • 298264 
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FIO MOOH Throughput Emissions High Cost High c;ost to Low cost to Low cost to 
Cbbl /yr> (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels C $/yr) ($/yr) vessels ($/yr) 

879 Sc 931036 105920 226653 301475 222S05 297327 
990 SC 906S71 100702 226524 299380 222376 29S232 
788 SC 905867 1293S8 226520 299319 2223n 29S111 
30 SC 894331 64753 226460 298332 222312 294184 
S2 Sc 865943 63726 226310 29S901 222162 291753 

188 5C 856831 2401 226263 29S122 22211S 290974 
291 Sc 832808 45538 226136 293064 221988 288916 

1063 SC 827030 41682 226106 292S70 221958 288422 
S70 SC 809891 408 226016 291102 221868 2869S4 

1294 SC 807113 19572 226001 290864 2218S3 286716 
1S33 Sc 789416 166 225908 289349 221760 285201 
1002 Sc 781628 81028 225867 288682 221719 284534 
1881 Sc 781S85 164 225867 288679 221719 284531 
1746 SC 780896 22272 2ZS863 288619 22171S 284471 
1099 SC 779782 14269 225858 28852S 221710 284377 
1519 Sc 779713 39298 2258S7 288518 221709 284370 
1530 SC 776081 60392 22S838 288207 221690 284059 
1899 SC 735717 S0200 22S626 284751 221478 280603 
679 Sc 733S11 154 225614 284S62 221466 280414 
643 SC 731937 1S4 22S606 284428 221458 280280 
937 SC 731655 S8701 22560S 284404 2214S7 280256 
517 SC 723733 1S2 225563 283725 221415 279577 
428 Sc 71S407 S36S9 225S19 283012 221371 278864 
SS6 SC 701880 6S838 225448 281854 221300 2mo6 

1322 SC 686317 144 22S366 280521 221218 276373 
242 SC 682194 33605 22S345 280169 221197 276021 
307 SC 669728 338 225279 279101 221131 2749S3 

1462 5C 667925 31730 225270 278947 221122 274799 
133 Sc 66353S 7789 225246 278571 221098 274423 
351 SC 663148 5119 225244 278537 221096 274389 
936 SC 649328 13820 225172 2mss 221024 273207 
S61 5C 642852 21550 225138 276800 220990 2n652 

1244 Sc 638160 31538 225113 276398 220965 272250 
19n SC 637588 12843 22S110 276349 220962 2n201 
1104 Sc 630274 52628 225072 275n4 220924 271S76 
1824 Sc 625648 315 225047 275327 220899 271179 
274 SC 625647 56893 22S047 Z75327 220899 271179 
449 SC 611890 29972 224975 274149 220827 270001 

1215 SC 603479 26834 224931 273429 220783 269281 
S75 SC 602S68 27458 224926 2733S1 220778 269203 

1061 SC S93S45 14917 224879 272579 220731 268431 
746 SC 587937 1Z3 224849 272098 220701 2679SO 

108S SC 586327 171 224841 271961 220693 267813 
20 SC 58S442 40338 224836 271885 220688 26m1 
31 5C 583011 3S124 224823 271676 220675 267528 

1309 SC S8Z358 76675 224820 271621 220672 267473 
1273 SC 581600 122 224816 2715S6 220668 267408 
1018 SC 581349 29300 224814 271534 220666 267386 
324 SC 580903 14902 224812 271496 220664 267348 

27 SC 574727 291 224780 270968 220632 266820 
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FIO MODEL Throughput Emissions High Cost Higll eost to Low eost to Low cost to 
CbblJyr) (tb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels ($/yr) (S/yr) vessels (S/yr) 

1040 SC 571223 31983 224761 270667 220613 266519 
1070 SC S65748 2S77 224732 270198 220584 2660SO 
154S SC 5S8076 5696 224692 269541 220544 265393 
1938 SC 554990 26242 224676 269277 220528 265129 
987 SC 552099 49031 224661 269030 2205i3 264882 

1561 SC 549185 11S 224645 268780 220497 264632 
694 SC 543235 4199 224614 268271 220466 264123 

1249 Sc 538133 113 224S87 267834 220439 263686 
1939 SC 533804 17260 224565 267464 220417 263316 
:no SC 530726 6148 224548 267199 220400 263051 

1368 SC 50993S 21406 224439 265420 220291 261272 
407 SC S07102 466S 224424 265177 220276 261029 
950 SC 500876 22391 224391 264644 220243 260496 
513 SC 491649 19036 224343 263854 22019S 259706 

1020 SC 487949 102 224324 263538 220176 259390 
1821 SC 487557 66807 224321 263503 220173 259355 
1762 SC 483870 1550 224302 26318B 220154 259040 
724 SC 475424 63463 2242S8 262465 220110 258317 
295 SC 474821 5559 22425S 262414 220107 258266 

1817 5C 474645 56687 224254 262399 220106 258251 
239 SC 469587 18145 224227 261965 220079 257817 

1164 SC 46Sm 195S1 224207 261639 220059 257491 
28 SC 461181 35660 224183 261246 220035 257098 

10SO SC 460299 97 224178 261170 220030 257022 
1216 SC 459877 23526 224176 261134 220028 256986 

34 SC 459135 231 224172 261070 220024 256922 
164 5C 455417 581S 224153 260752 220005 256604 

1574 SC 451678 6146 224133 260432 219985 256284 
377 SC 441416 9717 224079 259553 219931 255405 

1231 SC 440271 3426 224073 259455 219925 255307 
747 SC 435274 2278 224047 259028 219899 . 254880 
530 SC 425194 89 223994 258164 219846 254016 
125 SC 422005 217 223977 257891 219829 253743 

1254 SC 418473 6103 22.39S8 257588 219810 253440 
1328 SC 414546 87 223938 2S7253 219790 253105 

771 SC 414176 58891 223936 257221 2197aa 253073 
509 SC 408432 86 223906 256729 219758 252581 
606 SC 403320 48257 2Z3879 2S6292 219731 252144 

1032 SC 401778 84 223871 2S6160 219723 252012 
1160 SC 398618 13394 22.3854 25S889 219706 2S1741 
446 SC 397040 158 22.3846 25S754 219698 251606 
908 SC 38865S 20056 2Z3802 255036 219654 250888 

1319 5C 388295 13047 22.3800 25S005 219652 2508S7 
1891 SC 387016 195 22.3793 254895 219645 2S0747 
1491 SC 386154 19S 223788 254a21 219640 250673 
1811 SC 384780 228S6 223781 2S4704 219633 250556 
914 SC 384546 4S669 22.3780 254684 219632 250536 

1011 Sc 381428 19224 223764 254417 219616 250269 
25 SC 375486 17015 223732 253908 219584 249760 
4 3 SC 3'72132 6S90 22371S 253621 219567 249473 
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FIO MODEL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) C lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels CS/yr) CS/yr> vessels ($/yr) 

141S Sc 3709S9 36036 223709 253S21 219561 249373 
202 SC 369130 73SS 223699 253364 219551 249216 
995 SC 368989 46131 223698 2S33S2 219SSO 249204 

1697 SC 364170 184 223673 252939 219525 248791 
216 SC 361557 44469 223659 252715 219511 248567 

1093 SC 360508 76 22365<4 252626 219506 248478 
10S8 Sc 359923 76 223651 2S2576 219S03 248428 
848 SC 35n4s 49840 223639 2S2389 219491 248241 
6Z6 SC 3S3SS6 14461 223617 2S2030 219469 247882 

1616 SC 3S10"6 1n 22360<4 2S1816 219456 247668 
240 SC 349178 176 223594 2S165S 219446 247507 
964 Sc 346730 73 223S81 2S1446 219433 247298 

16SO Sc 342444 72 2235S9 251079 219411 246931 
1064 SC 341140 4267 2235S2 250968 219404 246820 

5-43 SC 338146 71 223S36 2S0711 219388 246563 
1,6<4 SC 330417 167 223495 250049 219347 24S901 
442 SC 320397 10692 2234-43 249192 21929S 245044 
393 SC 318976 8908 223435 249069 219287 244921 
n6 SC 318S84 22834 223433 249036 21928S 244888 
42S Sc 317327 22691 223427 248929 219279 244781 

26 Sc 316934 4952 223425 248895 219277 244747 
S07 5C 314930 159 223414 248n3 219266 244575 
734 SC 3onsa 1SS12 2233n 248112 219229 243964 
262 SC 307644 20SOS 223376 248100 219228 243952 

1083 Sc 302514 43199 Z23349 247660 219201 243S12 
1150 Sc 297666 114S9 223323 24n4s 219175 243097 

2S5 SC 294551 78 223307 246978 219159 242830 
1179 SC 289070 888S 223278 246S09 219130 242361 

83S SC 2874S4 12061 223270 246371 219122 242223 
629 SC 287011 145 223267 246332 219119 242184 

1133 SC 286349 60 223264 246276 219116 242128 
953 Sc 283303 11439 223248 246015 219100 241867 
978 SC 282617 14S22 223244 245956 219096 241808 

1751 Sc 276844 58 223214 245462 219066 241314 
1482 SC 272647 24947 223192 24S103 219044 240955 
308 SC 270850 134 223182 244949 219034 240801 
471 Sc 267815 13S 223166 244689 219018 240541 

1098 Sc 26S734 134 223155 244511 219007 240363 
1227 SC 262692 28748 223140 2442S1 218992 240103 
1569 5C 259266 552 223121 243957 218973 239809 
1571 5C 257437 3310 223112 243801 218964 239653 
1743 SC 255378 54 223101 243624 218953 239476 
1182 Sc 251406 - - 1795 223080 -- 243284 ----218932 239136 
1211 Sc 251267 6967 223079 243272 218931 239124 
422 5C 2S0816 S3 223on 243234 218929 239086 

1122 SC 247479 52 223060 242948 218912 238800 
1120 SC 247101 21346 223058 242916 218910 236768 
443 Sc 244368 7890 2230-43 242681 21889S 238533 
904 Sc 242311 19618 223032 242505 218884 238357 

1900 SC 241755 193S9 223029 242457 218881 238309 
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FIO MOOEL Throughput Emissions High Cost Hi\11 cost to Low cost to Low cost to 
Cbbl/yr) C lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels CS/yr) ($/yr) vessels (S/yr) 

1056 Sc 237183 50 223005 242066 218857 237918 
1200 Sc 236306 7684 223001 241992 218853 237844 

33 Sc 23S726 29819 222998 24194Z Z188SO 237794 
1430 5C 235S83 8234 222997 241929 218849 23ns1 
1m SC 230210 48 222969 241470 218821 237322 
1207 SC 224726 8S42 222940 241000 218792 236852 
1276 SC 221748 561S 222924 24074S 21an6 236597 
632 SC Z14912 948 222888 240159 218740 236011 

1476 SC 214865 45 222888 240155 218740 236007 
158 Sc 213221 25636 Z22879 240014 218731 235866 

1145 Sc 212584 452 222876 239960 218728 235812 
743 SC 211222 103 222869 239844 218721 235696 
409 SC 210694 44 222866 239798 218718 23S650 

1745 SC 210057 44 222863 239744 218715 235596 
996 SC 208961 11767 222857 239650 218709 235S02 
406 SC 207393 82 222849 239S16 218701 23S368 

1529 Sc 207291 10447 222848 239507 218700 235359 
403 Sc 207262 96 222848 239504 2115700 23S356 

1820 SC 204273 43 222832 239248 218684 23S100 
946 SC 202470 43 222823 239094 218.675 234946 
9n SC 200483 118S 222813 238925 21866S 234m 

S3 SC 200388 16766 222812 238916 218664 234768 
992 SC 199302 100 222806 238823 2186S8 234675 
920 SC 193050 S8 222m 238287 21862S 234139 

1892 Sc 188933 95 222752 237935 218604 233787 
1816 5C 187204 7926 222743 237788 218S95 233640 
S21 5C 187036 39 222742 237773 218S94 233625 
951 5C 186402 1145S 222738 23n18 218590 233570 
63 Sc 18S223 93 222732 237617 218S84 233469 

430 SC 181533 9149 222713 237302 21856S 233154 
332 SC 179757 91 222704 2371SO 218S56 233002 

1410 SC 175824 5149 222683 236813 2~853S 232665 
712 SC 175181 37 222680 236758 218S32 232610 
57 SC 174623 88 2226n 236710 218S29 232562 

1286 Sc 172353 1931 222665 236516 218517 232368 
1283 SC 171251 36 22Z659 236421 218S11 232273 
410 SC 169736 36 222651 236292 218503 232144 
7'59 SC 167078 5383 222637 236064 218489 231916 

60 SC 166837 84 222636 236044 218488 231896 
1066 SC 166448 10683 222634 236010 218486 231862 
1763 SC 165852 7784 222630 235959 218482 231811 
993 SC 163571 82 222618 235763 218470 231615 

~-488 -· --~ . Sc -- 160437 S485 .. 222602- - - . - ___ 23i495_ 2184S4 231347 
595 SC 160406 34 222602 235493 2184S4 231345 

2017 SC 158001 33 222589 235287 218441 231139 
485 SC 1S79S5 33 222589 235283 218441 231135 

1197 Sc 157229 7924 222585 235221 218437 231073 
706 SC 157003 33 222584 235201 218436 2310S3 

6 Sc 1S5154 78 222574 23S043 218426 230895 
318 s c 1 536 3 1 1 8453 222566 9 1 234 1 218418 230763 
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FID MODEL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (Lb/yr) to retrofit retrofit retrofit retrofit 

terminals temfnal & terminal terminal & 
($/yr> vessels ($/yr) ($/yr) vessels ($/yr) 

1112 Sc 151387 7630 2225S4 234720 218406 230572 
1583 SC 1509S2 32 222552 234683 218404 230535 
1175 SC 149842 7697 222546 234S88 218398 230440 
1511 5C 148667 31 222S40 234488 218392 230340 
1052 Sc 146712 20951 222S30 234320 218382 230172 
1866 SC 146026 31 222S26 234261 218378 230113 
1422 Sc 144692 7292 222S19 234147 218371 229999 
1543 SC 143984 1581 222516 234087 218368 229939 
1331 SC 142470 7180 222508 233958 218360 229810 
1110 SC 140368 29 222497 233778 218349 229630 
329 SC 139764 6579 222493 233725 218345 229577 
941 Sc 136127 1741 222474 233414 218326 229266 
916 Sc 13S947 19413 222473 233398 218325 229250 

1019 Sc 13S149 28 222469 233330 218321 229182 
1075 5C 135010 28 222468 233318 218320 229170 

61 Sc 134432 68 222465 233269 218317 229121 
648 SC 132127 28 222453 233071 218305 228923 

35 SC 131S68 6631 222450 233023 218302 228875 
1888 Sc 129622 6S 222440 232857 218292 228709 
958 Sc 129620 3698 222440 232857 218292 228709 
484 Sc 128413 12973 222434 232754 218286 228606 
685 SC 126254 27 222422 232568 218274 228420 
TSO SC 125620 3805 222419 232514 218271 228366 
439 5C 12S483 14426 222418 232502 218270 228354 

1119 SC 124444 26 222413 232414 218265 228266 
710 Sc 124241 26 222412 232397 218264 228249 
559 SC i23030 62 222405 232292 218257 228144 

1367 Sc 122698 62 222404 232265 218256 228117 
2041 SC 120851 1s7ia 222394 232106 218246 2279S8 
469 SC 119213 7442 22238S 231965 218237 227817 
441 SC 119213 7442 222385 231965 218237 227817 

1073 Sc 118921 25 222384 231941 218236 22n93 
1095 Sc 117661 2S 222377 231833 218229 227685 
1926 SC 117073 5900 22237(4 231782 218226 227634 
1459 SC 113986 5483 222358 231518 218210 227370 
415 SC 113539 7088 222356 231480 218208 227332 

1049 Sc 113536 24 222355 231479 218207 227331 
1234 Sc 112508 6487 222350 231392 218202 227244 
1111 SC 112204 1343 222348 23136S 218200 227217 
533 Sc 111363 24 222344 231294 218196 227146 

1015 SC 110965 5593 222342 231260 218194 227112 
719 SC 110730 23 222341 231240 218193 227092 
739 Sc 110063 866 222337 231182 218189 227034 
944 Sc 107847 7039 222326 230993 218178 22684S 
413 SC 107209 S403 222322 230938 218174 226790 
909 SC 106S82 3663 222319 230884 218171 226736 

1096 SC 106495 S4 222318 230876 218171) 226728 
1728 Sc 106302 2660 222317 230860 2i8169 226712 
479 Sc 105804 S3 222315 230818 218167 226670 
487 Sc 104793 3565 222310 230732 218162 226584 
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FID MOO EL Throughput Emissions High Cost High cost to l.ow cost to lo11 cost to 
(bbl/yr) <lb/yr> to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels (S/'frl ($/yr) vessels ($/yr) 

824 SC 103665 4341 222304 230635 218156 226487 
ns 5C 103291 14750 222302 230603 218154 226455 
591 Sc 103191 3997 222301 230594 218153 226446 

1612 SC 103024 52 222300 230579 218152 226431 
963 Sc 101740 21 . 222293 230469 218145 226321 
282 SC TOT 173 51 22229T 230422 218T43 226274 

1887 SC 99714 21 222283 230296 218135 226148 
1537 SC 98684 21 222277 230208 218129 22606C 
594 SC 98321 21 222276 230178 218128 226030 
444 SC 97294 11270 222270 2300!!9 218122 22S94T 

1114 5C 95044 629 222258 229896 218110 225748 
745 SC 93643 47 222251 2z9m 218103 225629 

1041 5C 93391 10564 222250 229755 218102 22S607 
1787 SC 92970 3829 222247 ZZ9718 Z1S099 225S70 
266 SC 921S9 19 222243 229649 218095 225501 

15 Sc 91642 48 222240 22960S 218092 225457 
389 SC 890SO 755 222227 229386 218079 225238 

1126 SC 88927 19 222226 229373 218078 225225 
1770 SC 88S46 19 2222:24 229340 218076 22S192 

1T 5C 88499 7974 222224 229336 21S076 22518S 
1884 SC 87802 41+ 22Z220 229276 218072 225128 

48 SC 87324 44 222218 2Z9236 218070 225088 
306 SC 86844 629 222215 229194 218067 225046 

1837 sc 86815 18 222215 229192 2T8067 225044 
221 SC 85471 44 222208 229077 2H!060 224929 
948 SC 8543S 2547 222208 229074 218060 224926 

1180 SC 85011 978 222206 229038 218058 224890 
159 SC 83920 6524 222200 228944 218052 224796 

1852 SC 83223 8149 222196 228884 218048 224736 
1T05 SC 82912 36 22219S 228858 218047 224710 
1840 SC 82576 17 222193 228829 21804S 22468T 

162 SC 82557 42 222193 228828 218045 224680 
577 SC 82088 11722 222190 228787 218042 224639 
355 SC 82019 17 222190 228781 218042 224633 

1831 SC 81752 11674 222188 228758 218040 224610 
1927 SC 81619 17 222T88 228747 218040 224599 
1417 SC 81409 4103 222187 228729 218039 22458T 

185 SC 80954 41 222184 228690 218036 224542 
942 SC 80686 4067 222183 228667 21803S 224S19 

1577 SC 79368 40 222176 228S54 218028 224406 
621 SC 79204 36 222175 228540 218027 224392 

86 SC 78760 7411 222173 228502 218025 224354 
67 SC 77910 39 222168 228429 218020 224281 

627 SC 772T4 1498 222165 228370 218017 224222 
1910 SC n143 16 222164 228364 218016 224216 
217 SC 76656 39 222162 228322 218014 224174 

2030 SC 76161 38 222159 228280 2113011 224132 I 
'832 Sc 76019 '6 222158 228267 218010 224119 

I 276 Sc 75503 590 222156 228224 218008 224076 
13 7 74 n4 30 SC 48 222 S2 228169 218004 224021 
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FID MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal ·& 
($/yr) vessels (S/yr) (S/yr) vessels (S/yr) 

1252 SC 74147 1410 222148 226107 218000 2239S9 
1985 SC 73148 1198 222143 228021 21799S 223873 

SS Sc 72622 37 222140 227976 217992 223828 
1478 SC 72621 3641 222140 227976 217992 223828 

73 SC 71627 10228 22213S 227891 217987 223743 
1084 SC 71048 10146 222132 227842 217984 223694 
1653 Sc 70175 35 222128 227768 217980 223620 
1878 SC 69834 929 222126 22ma 217978 223590 
1401 SC 69686 3S12 22212S 22ms 217977 223577 
9S7 SC 69562 706S 222124 227714 217976 223S66 

1687 SC 68679 14 222120 227639 217972 223491 
1213 SC 67917 14 222116 227574 217968 223426 

76 SC 67642 34 222114 2275SO 217966 223402 
13 SC 6710?2 34 222112 227506 217964 2233S8 

1688 Sc 66687 34 222109 227468 217961 223320 
859 Sc 66090 33 222106 227417 2179S6 223269 

1917 5C 65965 14 222105 227406 2179S7 223258 
. 1212 SC 65825 2957 222105 227395 217957 223247 
1037 Sc 65280 9322 222102 227348 217954 223200 
1510 Sc 6S079 4180 222101 227331 217953 223183 
565 SC 64837 3268 222100 227311 217952 223163 
548 5C 64794 33 222099 227306 217951 223158 
416 SC 64104 3231 222096 227248 217948 223100 
974 SC 63523 32 222093 227198 217945 223050 

51 5C 6322S 32 222091 227172 217943 223024 
1992 Sc 63088 32 222090 227160 217942 223012 
111S SC 62S79 1669 222088 227117 217940 222969 

70S Sc 62339 2940 222086 227096 217938 222948 
1092 SC 62222 13 222086 227086 217938 222938 
427 Sc 6190S 13 222084 2270S9 217936 222911 
960 SC 61623 8800 222083 22703S 21793S 222887 
601 5C 61232 13 222081 227002 217933 2228S4 

1867 Sc 609S3 13 222079 226977 217931 222829 
1S63 SC 60740 4440 222078 2269S9 217930 222811 
11S8 Sc 59840 1228 222073 226882 21792S 222734 
2027 SC S9556 13 222072 2268S8 217924 222710 

492 SC 59S11 12 222072 2268S5 217924 222707 
473 5C 59502 S092 222071 226853 217923 222705 

1793 Sc S9379 30 222071 226843 217923 222695 
633 SC 58867 30 222068 226199 217920 222651 

1017 SC 5839S 7618 222066 226759 217918 222611 
1868 Sc 58292 12 222065 226750 217917 222602 
1094 s~ -~M72 ___ . 12 222064 226739 217'916 222591 
1284 Sc 57818 29 222063 226710 217915 222S62 
397 Sc S7755 12 222062 226703 217914 222S55 
S47 Sc S7349 8189 222060 226669 217912 ·222s21 

1203 5C S7089 2086 222059 226647 217911 222499 
715 Sc 56856 362 222058 226627 217910 222479 
970 Sc S6438 2552 2220S5 226S91 2.17907 222443 
478 SC S6391 2138 222055 226587 217'907 222439 
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FJD MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yr) vessels (S/yr) (S/yr) vessels (S/yrJ 

1973 Sc 56264 1770 222054 226576 217906 222428 
1S35 5C 55778 12 222052 226S35 217904 2223a7 
1813 5C 54626 27'53 222046 226436 217898 222288 
1869 SC 53196 27 222038 226313 217890 2221 65 
1986 SC 528S5 1293 222037 22628S 217889 222137 
186 SC 52412 26 222034 226246 217886 222098 

1839 SC 51954 11 222032 226207 217884 222059 
305 SC S16S5 28 222030 226181 217882 222033 
106 SC S1413 1n1 222029 226161 217881 222013 
110 SC S1343 ~6 222029 226155 217881 222007 
961 SC 50993 1386 222027 226125 2~7879 221977 

1230 SC 50438 no3 222024 226077 217876 221929 
1421 SC 50075 2S 222022 226046 217874 221898 
6n SC 49160 10 222017 225968 217869 221820 
379 SC 49047 14S4 222017 225959 217869 221.S11 
466 SC 48813 25 222015 225938 217867 221790 

2002 SC i.an3 3976 222015 225931 217867 221783 
1497 SC 48404 4386 222013 225903 21786S 221755 
1003 SC 4775S 24 222010 225848 217862 221700 
1012 SC 47619 10 222009 22S836 217861 221688 
1S46 Sc 46742 839 222004 225760 217856 221612 
1525 SC 46488 2343 222003 225739 217855 221591 
1029 SC 46476 23 222003 22S738 217855 221590 
994 SC 4S741 1537 221999 22567'5 217851 221527 

1036 SC 4S714 10 221999 225673 217851 221525 
1071 SC 44032 9 221990 225S29 217842 221381 
1564 SC 43625 314 221988 225494 217840 221346 
1082 SC 43538 1268 221988 225487 217840 221339 

n 5C 43482 6209 221987 225481 217839 221333 
1176 SC 42581 1388 221983 225405 217835 221257 
1658 SC 42366 21 221981 225386 217833 221238 
1m SC 42197 9 221981 22s3n 217833 221224 
325 SC 41784 9 221978 225336 217830 221188 
971 SC 41723 2932 221978 225331 217830 221183 
693 SC 41SOS 139S 2219n 22S313 217829 221165 
609 SC 41384 8 221976 225302 217828 221154 

1349 SC 40916 21 221974 225262 217826 221114 
32 SC 40585 22 2219n 225234 217824 221086 

1038 SC 40526 5787 2219n 225229 217824 221081 
227 SC 40015 5714 221969 22S185 217821 221037 

1780 SC 39969 2014 221969 225181 217821 221033 
1620 SC 39873 8 221968 22s1n 217820 221024 

-·- 525 __ sc __ 39543 5647 221967 225145 217819 220997 
1635 SC 39365 8 221966 225130 217818 220982 
1678 Sc 38787 8 221963 225080 217815 220932 
437 SC 38733 20 221962 22S075 217814 220927 
331 5C 38708 20 221962 22S073 217814 220925 
309 SC 38692 8 221962 225071 217814 220923 

1592 SC mn 5480 221960 22S044 217812 220896 
1107 SC 38273 19 221960 225036 217 812 220888 
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FIO MOO EL Throughput Emissions High Cost High cost to Lc1o1 cost to Lew cost to 
Cbbl/yr) Clb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

1976 SC 36167 331 221959 225026 217811 220678 
219 SC 37916 593 221958 22500S 217810 2208S7 

1102 SC 37805 2670 221957 224995 217809 220847 
1060 SC 37796 1270 2219S7 224994 217809 220846 
1679 SC 3m1 8 221957 224988 217809 220840 
1559 Sc 37309 19 221955 224953 217807 220805 
293 Sc 37272 5322 2219SS 2249SO 217807 220802 

1576 SC 37208 13 221954 224944 217806 220796 
1068 SC 37079 8 221954 224934 217806 220786 

551 SC 36985 19 221953 22492S 21780S 22om 
1456 Sc 36874 892 2219S3 224916 217805 220768 
954 SC 36698 1217 221952 224901 217804 220753 
967 SC 36544 3000 2Z1951 224888 217803 220740 

1088 Sc 36511 116 221951 224885 217803 220737 
1089 SC 36S01 3271 2219S1 224884 217803 220736 
1794 SC 363S8 8 221950 224872 217802 220724 
328 SC 36269 18 221949 224864 217801 220716 
395 Sc 36072 18 2219/.8 224847 217800 220699 

1784 5C 35650 5091 221946 224811 217798 220663 
986 SC 35594 7 221946 224806 217798 2206S8 

1S34 SC 35375 SOS2 22194S 224788 21TT97 220640 
1062 Sc 3S246 1184 221944 224m 21TT96 220629 

209 SC 35239 18 221944 224n6 217796 220628 
278 Sc 3S106 19 221943 224764 217795 220616 
38 Sc 34998 18 221943 224756 21n95 220608 

720 SC 34886 1365 221942 224746 217794 220598 
1518 Sc 34833 2899 221942 224741 21n94 220593 
1S73 SC 34373 985 221939 224701 217791 220S53 
223 SC 34278 1728 221939 224694 217791 220546 

1879 SC 34070 7 221938 224676 217790 220528 
1838 SC 33949 17 221937 22466S 21ns9 220517 
1194 Sc 33796 7 221936 224652 217788 220504 
143 SC 33737 4318 221936 224647 217788 220499 

1473 SC 33547 11 221935 224631 217787 220483 
68 SC: 33411 1684 221931. 224619 217786 220471 

2033 SC 33368 29 221934 224616 21n86 220468 
1680 SC 333S9 7 221934 224615 21n86 220467 
638 SC 33021. 568 221932 224S86 217784 220438 

1767 SC 33003 7 221932 224584 217784 220436 
1043 SC: 32843 398 221931 224570 217783 220422 
748 Sc 32749 7 221931 224563 217783 22041S 

1601 SC 32724 7 221931 224561 - 21ne3 220413 
1239 SC 32585 1095 221930 224549 21n82 220401 
267 Sc 32571 4651 221930 2Z4548 217782 220400 
62 Sc 32406 16 221929 224533 217781 22038S 

316 SC: 32175 1796 221928 224514 21n80 220366 
623 SC 32044 2821 221927 224502 217779 220354 
660 SC 31905 7 221926 224490 21ma 220342 
197 SC 31800 16 221926 224482 21ma 220334 

1663 Sc 31797 1068 221926 2Z4481 21ma 220333 
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FID MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
Cbbl/yr) Clb/yr) to retrofit retrof! t retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels (S/yr) ($/yr) vessels ($/yr) 

238 SC 31S19 16 221924 224457 21m6 220309 
1461 Sc 31493 16 221924 224455 21m6 220307 
414 SC 31150 1570 221922 224425 21m4 2202n 
537 SC 31007 16 221922 224414 21m4 220266 
5S4 5C 30825 6 221921 224398 217773 220250 

1118 SC 30700 15 221920 224387 217772 220239 
968 Sc 30635 18n 221920 2243!2 217772 220234 

91 Sc 30504 15 221919 224370 21m1 220222 
1014 SC 30476 6 221919 224368 21m1 220220 
1201 Sc 30257 1525 221918 224350 21mo 220202 
1520 SC 30120 1518 221917 224338 217769 220190 

121 SC 30110 4300 221917 224337 217769 220189 
1783 SC 30089 6 221917 224335 217769 220187 
163 SC 29881 87 221916 224317 217768 220169 

1357 5C 29851 1227 221916 224315 217768 220167 
1528 5C 29666 1495 221915 224299 217767 220151 

96 SC 29646 4Zl3 221915 224297 217767 220149 
959 SC 29646 4233 221915 224297 217767 220149 
404 SC 29390 6 221913 224275 217765 220127 

11n SC 29389 521 221913 224275 217765 220127 
335 SC 29370 15 221913 224273 217765 22012S 

1523 SC 29297 1140 221913 224267 217765 220119 
348 SC 29234 4175 221912 224261 217764 220113 

1108 SC 29073 2210 221912 224248 217764 220100 
1977 SC 28798 15 221910 224224 217762 220076 

192 SC 28764 1785 221910 224222 217762 220074 
1781 5C 28734 1448 221910 224219 217762 220071 
1033 5C 28705 6 2Z1910 224217 217762 220069 
1779 SC 286n 144S 221909 224213 217761 220065 
1106 5C 28387 1167 221908 224189 217760 220041 
1321 SC 28114 4015 221906 224165 217758 220017 
1918 SC 26837 6 221900 224057 217752 219909 
1810 SC 26n7 2708 221899 224047 217751 219899 
955 SC 266S8 13 221899 224041 217751 219893 
402 SC 26396 1330 221897 224018 217749 219870 
956 SC 26175 S22 221896 224000 217748 2198S2 
191 SC 26112 13 221896 223994 217748 219846 

1034 SC 26000 2131 221895 2Z3984 217747 219836 
243 SC 2S907 13 221895 2239n 217747 219829 

1162 SC 2S841 2053 221895 2239n 217747 219824 
991 SC 25772 583 221894 223965 217746 219817 
127 SC 2S646 3662 221894 2Z39SS 217746 219807 
212 SC 25583 13 221893 223949 217745 219801 
270 SC 25250 3606 221891 223920 217743 219m 

1300 SC 25234 3603 221891 223919 217743 219771 
566 5C 25214 1271 221891 223917 217743 219769 

1845 Sc 2S191 13 221891 22391S 217743 219767 
1570 Sc 25170 479 221891 2Z3914 217743 219766 
2S2 SC 24709 3528 221889 223875 217741 219727 
157 SC 24709 3S28 221889 2Z3875 217741 
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F!D MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) ((b/yr) to retrofit retrofit retrofit rl!tro1it 

terminals terminal & terminal terminal !. 
($/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

114 SC 24628 12 221888 223867 21n40 219719 
87 Sc 24437 13 221887 223851 21n39 219703 

1324 SC 24425 1324 221887 223850 21n39 219702 
602 SC 24017 456 221885 22381S 21n37 219667 
96S 5c 23588 12 221883 223n9 21rns 219631 

1362 Sc 23178 12 221881 223744 21m3 219S96 
506 SC 228S7 3264 221879 223716 21m1 219568 

1031 SC 22857 3264 221879 223716 21m1 219S68 
1042 SC 228S7 3264 221879 223716 21m1 219568 
1307 SC 22857 3264 221879 223716 21m1 219568 
1804 SC 22666 5 221878 223700 21rno 219SS2 
980 SC 224S7 5 2218n 223682 21m9 219534 
597 SC 22438 5 221an 223680 21m9 219S32 

201S SC 22210 5 221875 223660 21m1 219512 
118 SC 22201 12 221875 223659 z1m1 219S11 

148S SC 22000 s 221874 223642 21m6 219494 
1955 SC 21966 230 221874 223639 21n26 219491 
1789 SC 21941 520 221874 223637 21m6 219489 
S92 SC 21702 4 221873 223617 21ms 219469 

1522 SC 21612 1089 221872 223609 21m4 219461 
1457 SC 21340 1076 221871 223S86 21m3 219438 
15S7 SC 21310 2386 221871 223584 21m3 219436 
497 SC 21232 4 221870 223576 21m2 219428 

1475 SC 21084 4 221870 223S64 21m2 219416 
1S24 SC 21058 1061 221869 223561 21m1 219413 
1318 SC 20783 698 221868 223538 21mo 219390 
661 SC 20660 4 . 221867 223S27 21n19 219379 

2040 SC 20S3S 10 221867 223517 21n19 219369 
1987 SC 20375 252 221866 223503 21n1e 2193S5 
1997 SC 20121 10 221864 223481 21n16 219333 
1132 5C 19886 4 221863 223461 21n1s 219313 
639 SC 19841 4 221863 223458 217715 219310 
303 SC 19793 10 221863 223454 21n1s 219306 

75 SC 19764 2822 221863 223451 21n1s 219303 
107 SC 19764 2822 221863 223451 21n1s 219303 
24S SC 19761 2S51 221863 223451 217715 219303 
301 Sc 19642 2805 221862 i2344t 217714 219293 
730 SC 196l2 10 221862 223439 217714 219291 
924 Sc 19608 659 221862 2234'.Sa 217714 219290 

1310 SC 19589 2797 221862 223436 21n14 219288 
1121 Sc 19'522 4 221861 223430 217713 219282 
1487 SC 19247 10 221860 223407 217712 219259 
1130 SC 19048 4 2218S9 223390 21n11 219242 
740 Sc 19010 4 221859 223387 217711 219239 

1051 SC 18914 4 221858 223378 21n10 219230 
1006 SC 18846 9 2Z18S8 223373 217710 219225 
1134 SC 18824 949 221858 223371 21n10 219223 

9 Sc 18795 9 221857 223367 21no9 219219 
1470 SC 18736 9 221857 223363 217709 219215 
526 Sc 18715 943 1 zz 85 7 223361 219213 
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FIO MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
Cbbl/yr) (lb/yr) to retrofit retrofit retrofit ~etrofit 

terminals terminal & terminal terminal & 
(S/yr) vessels (S/yr) (S/yr) vessels ($/yr) 

1844 SC 18434 10 221856 22.3337 217708 219189 
t521 5C 18198 917 221854 223316 217706 219168 
S64 SC 17900 9 221853 223292 21770S 219144 
229 Sc 17790 2540 221852 223282 217704 219134 
540 SC 17775 2538 221852 22.3280 217704 219132 
S36 SC 1n1s 551 2218S2 22.3276 217704 219128 
695 SC 17714 4 221852 22.3276 217704 219128 
721 SC 17695 4 221852 223274 217704 219126 
338 SC 17693 892 2218S2 223274 217704 219126 
11S SC 17474 10 2218S1 22.32SS 217703 219107 
616 SC 17470 880 2218S1 22325S 217703 219107 
211 SC 174SS 2493 2218SO 2232S3 217702 219105 
80 SC 17326 2474 2218SO 223242 217702 219094 

976 SC 17260 9 221849 223236 217701 219088 
1999 SC 17049 494 . 221848 2232115 217700 219070 
933 SC 16800 2399 221847 223197 217699 219049 

1224 SC 16692 4 221846 223187 217698 219039 
1198 SC 166B1 838 221846 223187 217698 219039 
1235 SC 16422 417 2Z184S 2Z316S 217697 219017 
701 Sc 16152 2307 221844 223142 217696 218994 

1603 Sc 16152 3 221844 223142 217696 218994 
2010 SC 16133 3 221844 223141 217696 218993 

177 SC 16044 3 221843 223132 21769S 218984 
612 Sc 16025 3 221843 223131 217695 218983 

1873 SC 15998 197 221843 223129 217695 21898~ 

741 5C 15878 800 221842 22.3118 217694 218970 
1843 Sc 1S810 2258 221842 223113 217694 218965 
434 5C 15750 1862 221841 223107 217693 218959 
210 SC 1S55S 8 221840 223090 217692 218942 

1274 SC 15232 3 221839 223063 217691 21891S 
67'5 SC 15054 3 221838 223048 217690 218900 

1536 SC 1S054 3 221838 223048 217690 218900 
1871 5C 1S044 3 221838 223047 2~ 7690 218899 
1076 SC 14838 7 221837 223029 217689 218881 
297 SC 14719 7 221836 223019 217688 218871 

1001 SC 14692 3 221836 223017 217688 218869 
104S SC 14510 731 22183S 223001 217687 218853 
1556 SC 14400 2056 221834 222991 217686 218843 
969 SC 13954 703 221832 222953 217684 218805 
928 Sc 13905 3 221832 222949 217684 218801 
7'56 SC 13669 1952 221831 222930 217683 218782 
248 SC 13184 7 221828 222888 217680 218740 

1127 Sc 12996 3 221827 222871 217679 218723 
696 SC 12760 124 221826 222851 2i767S 218703 

1258 Sc 12691 640 221825 22284S 217677 218697 
1990 SC 12613 168 221825 222839 217677 218691 
1299 SC 12287 413 221823 222810 217675 218662 
998 SC 12190 1741 221823 222803 217675 218655 
600 SC 12169 6 221823 222801 217675 218653 
727 Sc 11943 3 221821 222781 217673 218633 
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FID MOO EL Throughput Emissions Kigh Cost High cost to Low cost to Lew cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

1116 Sc 11939 6 221821 222780 217673 218632 
984 Sc 11939 6 221821 222780 217673 218632 
997 SC 11939 6 221821 222780 217673 218632 

1117 SC 11939 6 22182i 222780 217673 218632 
1988 SC 11913 6 221821 222778 217673 218630 
619 SC 11908 600 221821 222778 217673 218630 
304 Sc 11839 597 221821 222m 217673 218624 

1463 Sc 11819 6 221821 222771 217673 218623 
1260 SC 11721 2 221820 222762 217672 218614 
1785 SC , 16S1 2 221820 222756 217672 218608 

74 SC 11568 2 221820 222750 217672 218602 
1268 SC 11567 389 221820 222750 217672 218602 

16 SC 11436 6 221819 222738 217671 218590 
983 SC 11429 1632 221819 222737 217671 218589 
277 Sc 11210 6 221818 222719 217670 218571 

1101 Sc 1118S 1S97 221817 222716 217669 218568 
1206 SC 110S5 1S79 221817 22270S 217669 218557 
1412 sc 11010 555 221817 222702 217669 2185S4 
1329 SC 11010 S55 221817 222702 217669 218554 
1560 SC 1096S 2 221816 222697 217668 218549 
1558 SC 1096S 2 221816 222697 217668 218549 
1940 SC 10871 335 221816 222690 217668 218542 
1906 SC 10845 2 221816 222688 217668 218540 
1363 Sc 10844 2 221816 222687 217668 218539 
1411 SC 10753 361 221815 222679 217667 218531 
1458 SC 10753 361 221815 222679 217667 218531 
973 Sc 10667 1S23 22181S 222672 217667 218524 

1035 SC 10667 1523 221815 222672 217667 218524 
624 SC 10623 3 22181S 222669 217667 218521 

1210 SC 10540 531 221814 222661 217666 218513 
742 5C 10444 2 221814 222653 217666 218505 
919 SC 10421 5 221813 222650 217665 218502 

2021 SC 10421 5 221813 2226SO 217665 218502 
2000 SC 10233 5 221812 222634 217664 218486 
1161 Sc 10122 510 221812 22262S 217664 2184n 
1173 SC 10086 S08 221812 222623 217664 218475 
1059 SC 10086 S08 221812 222623 217664 21847'5 

84 SC 10067 5 221812 222621 217664 218473 
1013 SC 10038 2 221811 222618 217663 218470 
1782 SC 99n 164 221811 222612 217663 218464 
1192 5C 99SO 1421 221811 222611 217663 218463 
1S27 SC 9927 soo 221811 222609 217663 218461 
1342 SC 9909 s 221811 222607 217663 218459 
2004 5C 9886 480 221811 222605 217663 218457 
1416 SC 9862 497 221811 222604 217663 218456 
1326 Sc 9822 2 221810 222599 217662 218451 
296 SC 9770 328 221810 222595 217662 218447 
662 SC 9759 2 221810 222S94 217662 218446 

1346 SC 9740 2 221810 222593 217662 218445 , 6 5 SC 9632 485 221809 222583 217661 218435 
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f 10 MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retroti t retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels ($/yr) CS/yr) vessels (S/yr) 

1255 SC 9568 2 221809 222578 217661 218430 
1026 SC 9531 2 221809 222575 217661 218427 

123 SC 9387 1340 221808 222562 217660 218414 
999 SC 9381 s 221808 222S62 217660 218414 

1226 SC 9371 1338 221808 . 222S61 217660 218413 
1021 SC 9290 2 221808 222555 217660 218407 
989 SC 9287 5 221808 222554 217660 218406 

1S44 SC 9029 2 221806 222S32 217658 218384 
386 SC 9005 5 221806 222530 2176S8 218382 

1550 5C 8946 2 221806 222S25 217658 21a3n 
698 SC 8889 2 221805 222S19 2176S7 218371 
650 SC 8889 2 221805 222519 217657 218371 
630 5C 8889 2 221805 222519 217657 218371 

1055 SC 8889 2 221805 222519 217657 218371 
1074 SC 8889 2 221805 222519 217657 218371 
1S49 SC 8889 2 221805 222519 217657 2113371 
156S SC 8889 2 221805 222519 217657 218371 
1027 5C 8889 2 221805 222519 217657 21 8371 
1067 SC 8889 2 221805 222519 217657 218371 
979 SC 8846 1263 221805 222516 217657 218368 

1905 SC 8747 3 221805 222508 217657 218360 
10S3 SC 8610 1229 221804 222496 217656 218348 
1440 SC 8534 z 221804 222494 217656 218346 

S11 SC 8578 2 221804 222493 2176S6 218345 
1562 SC 8S28 4 221804 222489 217656 218341 
1123 SC M1 2 221803 222485 2176S5 218337 
1605 SC 8463 2 221803 222483 217655 218335 
985 SC 8432 2 221803 222481 2176SS 218333 
611 Sc 8400 2 221803 222478 21765S 218330 

1272 SC 8292 2 221802 222468 2176S4 Z1133ZO 
590 SC 8286 z 221802 222468 217654 218320 

1819 SC 7939 4 221800 222438 2176S2 218290 
81 Sc 7924 1132 221800 222437 217652 218289 

1189 SC 7917 2 221800 222436 217652 218288 
501 SC 7886 2 221800 222434 217652 218286 

2019 SC 7854 197 221800 222431 217652 218283 
1243 SC 7642 280 221799 222413 217651 218265 
503 Sc 7638 2 221799 222413 2176S 1 218265 

1790 SC 7549 2 221798 222405 217650 218257 
934 SC 7535 253 221798 222404 217650 2182S6 
357 SC 7406 1058 221798 222393 217650 218245 
636 5C 7397 2 221798 222392 2176SO 218244 
99 SC 7385 4 221798 222391 217650 218243 

1100 SC 7245 4 221797 222379 217649 218231 
1028 Sc 7204 363 221797 222.376 217649 218228 
889 Sc 1095 4 221796 222366 217648 218218 

1265 Sc 6997 1 221795 222.357 217647 218209 
2001 SC 6822 3 221795 222343 217647 218195 
878 5C 6819 1 221795 222343 217647 218195 
649 Sc 6737 3 1 22 794 2 2233S 217646 218187 
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F JD MOOEl Throughput Emissions High Cost High cost to Low cost to low cost to 
(bbl/yr) (lb/yr l to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yrl vessels CS/yr) CS/yr) vessels CS/yr) 

20;!6 Sc 6660 3 221794 222329 217646 218181 
1566 Sc 6614 222 221793 222325 217645 2181n 

49 SC 6350 549 221792 222302 217644 218154 
1865 5C 6349 1 221792 222302 217644 218154 
60S Sc 6343 1 221792 222302 217644 218154 

1828 SC 6302 3 221792 222298 217644 218150 
618 SC 6275 316 221792 222296 217644 218148 

44 SC 6137 189 221791 222284 217643 218136 
731 SC 6123 309 221791 222283 217643 218135 
47 Sc 5979 332 22179-0 222270 217642 218122 

2008 SC S915 88 221790 22226S 217642 218117 
1769 Sc 5708 1 221789 222248 217641 218100 
1998 Sc 5681 276 221789 222246 217641 2113098 
2025 Sc 5659 38 221788 222243 217640 218095 
133~ SC 5603 3 221788 222238 217640 218090 
940 Sc S441 1 221787 222224 217639 218076 

1989 Sc 5297 S26 221787 222213 217639 21806S 
1196 SC 5276 1 221786 222210 217638 218062 
320 Sc 5257 1n 221786 222208 217638 218060 

2035 Sc 5031 3 221785 222189 217637 218041 
419 Sc 5014 3 221785 222188 217637 218040 
369 SC 4n4 2 221784 222164 217636 218016 
925 SC 4699 , 221783 222161 217635 218013 
635 Sc 4690 2 221783 222160 217635 218012 
642 Sc 4648 , 221783 222157 217635 218009 

2014 SC 4356 1 221782 222132 217634 217984 
372 Sc 4255 2 221781 222123 217633 217975 
634 Sc 4247 143 221781 222122 217633 217974 

59 SC 4196 2 221781 222118 217633 217970 
768 Sc 4153 2 221781 222115 217633 217967 

45 Sc 4114 274 221780 222111 217632 217963 
658 SC 4076 1 221780 222108 217632 217960 

1419 SC 3815 128 221779 222086 217631 217938 
na Sc 3810 1 221779 222085 217631 217937 

1069 SC 3810 1 221779 222085 217631 217937 
380 SC 3641 2 221ne 222071 217630 217923 

1an Sc 3505 1 221m 222059 217629 217911 
1sn Sc 3479 117 221m 222057 217629 217909 
1016 5C 3459 116 221m 222055 217629 217907 
1552 Sc 3347 112 221776 22204S 217628 217897 
1163 Sc 3333 1 221n6 222044 217628 217896 
207 SC 3291 470 ZZ1n6 222040 217628 217892 

1414 Sc 31S6 , 221ns 222029 217627 217881 
94 SC 3101 443 221ns 222024 2176i?7 217876 

1000 5C 3096 2 221ns 222024 217627 217876 
1373 Sc 3002 2 221774 222015 217626 217867 
2016 SC 2946 1 221n1, 222011 217626 217863 
1830 5C 2940 1 221n4 222010 217626 217862 
2029 Sc 2868 323 221n4 222004 217626 217856 
199 6 Sc 2729 1 1 22 m 221992 217625 217844 

E-17 



FID MODEL Throughput Emissions High Cou High cost to Low cost to L.ow cost to 
{bbl/yr) Clb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels ($/yr) ($/yr) vessels ($/yrl 

2039 5C 2706 1S8 221m 221990 217625 217842 
2003 SC 2644 1 221m 221985 21762S 217837 
1924 SC 2602 '31 221m 221981 217624 217833 
S98 SC 2470 1 221m 221970 217624 217822 
659 SC 2470 1 221m 221970 217624 217822 
755 SC 2470 1 22177'2 221970 217624 217822 
22S SC 2413 1 221771 221965 217623 217817 

1588 SC 2362 337 221771 221961 217623 217813 
1332 SC 2222 0 221770 221949 217622 217801 
1707 SC 2102 0 22177.0 221939 217622 217791 
1994 5C 2089 1 221770 221938 217622 217790 
749 5C 1990 67 221769 221929 217621 217781 

1981 5C 19S1 75 221769 221926 217621 217778 
311 SC 1944 1 221769 22192S 217621 217777 

2011 SC 1924 0 221769 221924 217621 21m6 
1320 5C 1917 0 221769 221923 217621 217775 
1966 SC 1816 1 22176.!I 221914 217620 217766 
646 SC 1782 1 221768 221911 217620 217763 

1S76 SC 1623 1 221767 221897 217619 217749 
1984 SC 1582 47 221767 221894 217619 217746 

392 SC 1S10 76 221767 221888 217619 217740 
803 SC 1467 49 221766 221884 217618 21m6 

1922 SC 1213 0 221765 221862 217617 217714 
2032 SC 113S 11 221765 2218S6 217617 217708 
2036 SC 1109 1 221765 2218S4 217617 217706 
1733 SC 1098 0 221764 221852 217616 21no4 
1982 5C 1095 37 221764 221852 217616 217704 
527 SC 1029 0 221764 221847 217616 217699 

2007 SC 1013 14S 221764 22184S 217616 217697 
602 5C 1006 1 221764 22184S 217616 217697 
326 SC 921 0 221764 221838 217616 217690 
861 SC 819 0 221763 221829 217615 217681 

1177 SC 794 0 221763 221627 217615 217679 
46 SC 782 39 221763 221826 217615 217678 

263 SC 759 0 221763 221824 217615 217676 
1792 SC 750 0 221763 221823 217615 217675 
182 SC 742 0 221763 221823 217615 217675 

1983 SC 716 0 221762 221820 217614 2116n 
2012 SC 711 0 221762 221819 217614 217671 
1995 SC 705 S4 221762 221819 217614 217671 
2037 SC 682 0 221762 221817 217614 217669 
1875 SC 651 14 221762 221814 217614 217666 
2038 SC 640 0 221762 221813 217614 217665 
2028 SC 635 0 221762 221813 217614 217665 
2013 SC 63S 0 221762 221813 217614 217665 
1874 SC 481 10 221761 221800 217613 217652 
1S98 5C 476 0 221761 221799 217613 217651 
1937 Sc 381 0 221761 221792 217613 217644 
1950 SC 369 0 ;m761 221791 217613 217643 
1949 SC 366 3 221761 221790 217613 217642 
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FID MODEL ThroughP\Jt Emissions High Cost High cost to low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels ($/yr) ($/yr) vessels ( S/yr) 

1799 SC 330 0 221760 221787 217612 217639 
2005 Sc 316 0 221760 221785 217612 217637 
1993 Sc 316 0 221760 221785 217612 217637 
1786 SC 311 0 221760 22178S 217612 217637 
1351 SC 286 0 221760 221783 217612 217635 
2031 SC 273 0 221760 221782 217612 217634 
1941 SC 26S 3 221760 221781 217612 217633 
1943 SC 248 5 221760 221780 217612 217632 
2006 SC 186 22 221760 221775 217612 217627 
19S7 SC 184 0 221760 221775 217612 217627 
1980 Sc 179 0 221760 221n4 217612 217626 
1953 SC 159 0 221760 221m 217612 217625 
2024 Sc 152 22 221759 221n1 217611 217623 

201 SC 146 0 221759 221n1 217611 217623 
1944 SC 136 0 221759 221770 217611 217622 
832 SC 133 0 221759 221770 217611 217622 

i364 Sc 127 0 221759 221769 217611 217621 
2023 Sc 114 16 221759 221768 217611 217620 
2022 Sc 114 16 221759 221768 217611 217620 
1n1 Sc 114 0 221759 221768 217611 217620 
1936 SC 108 0 221759 221768 217611 217620 
2020 SC 91 13 221759 221766 217611 217618 
1976 SC 89 0 221759 221766 217611 217618 
787 SC 76 0 221759 221765 217611 217617 

19S6 Sc 43 0 221759 221762 217611 217614 
2034 Sc 34 0 221759 221762 217611 217614 

78 SC 32 0 221759 221762 217611 217614 
857 SC 32 0 221759 221762 217611 217614 

1942 SC 23 3 221759 221761 217611 217613 
1952 Sc 19 0 221759 221761 217611 217613 
1772 Sc 9 0 221759 221760 217611 217612 
19S8 6A 228014897 5841742 S3338S 1146414 239813 852842 
1464 6A 178875184 4582782 S27623 1008538 234050 71496S 
1316 6A 26636701 682432 509770 581384 216197 287811 
573 6A 10303407 263973 507BS4 53555S 214282 241983 

1963 6A 9764246 2S016() 507791 534043 214219 240471 
1713 6A 966926S 24m7 507780 533n6 214208 240204 

493 6A 1901000 48704 506869 511980 213297 218408 
1141 6A 476881 12218 506702 507984 213130 214412 
1800 6A 394317 10102 506692 507752 213120 214180 
678 6A 390713 12771 506692 507742 213120 214170 

1964 6A 319843 8194 S06684 S07544 213111 213971 
688 6A 298n6 8979 506681 507484 213109 213912 

1961 6A 289799 7425 506680 507459 213108 213887 
1637 6A 260162 6665 506677 507376 213104 213803 
1232 6A 245758 6296 506675 507336 213103 213764 
1710 6A 201526 S163 506670 5on12 213097 213639 
1764 6A 117640 3014 506660 506976 213088 213404 
1486 6A 31123 797 5066SO 506734 213077 213161 
1346 61 7333669 3D8014 294381 883747 286287 8756S3 
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FID HOO EL Throughput Emissions High CGSt High c:ost to Low cost to Low cost to 
(bbl/yr) {lb/yr) to retrofit retrofit retrofit ~etrof't 

terminals terminal & terminal terminal & 
(S/yrJ vessels ($/yr) {$/yr) vessels {$/yr) 

823 68 7164411 300905 293475 869238 285381 861144 
1377 68 546n26 229623 284394 723764 276300 715670 
757 68 5415226 227440 284116 719307 276022 711213 
489 6B 5377111 225839 283912 716040 275818 707946 

1135 6B 5251611 220568 283240 705282 275146 697188 
1356 6B 5056531 212374 282196 688561 274102 68C467 
922 6B 4188108 175901 2mso 614125 269456 606031 
881 6C 3190424 133998 238529 494925 234381 490m 

1705 6C 3125243 131260 238186 489344 234038 485196 
903 6C 2983268 125277 237440 477188 233292 47'3C40 
900 6C 2399329 1oom 234370 427191 230222 423043 
896 6C 2198468 92336 233315 409994 229167 405846 
870 6C 2170008 91140 233165 407556 229017 403408 
761 6C 2099382 88174 232794 401510 228646 397362 

1343 6C 1992311 83677 232231 392342 228083 3881 94 
1344 6C 1789180 75146 231163 374949 227015 370801 
1406 6C 1617443 67933 230261 360246 226113 356098 
1353 6C 1594988 66990 230143 358323 225995 354175 
1403 6C 1408268 59147 229161 342336 225013 338188 
1455 6C 1306314 54865 228625 333606 224477 329458 
1080 6C 1091502 45843 227496 315214 223348 311066 
518 6C 1065969 44771 227362 313028 223214 308880 

1407 6C 1063641 44673 227350 312829 223202 30868' 
907 6C 1051454 44161 227286 311785 223138 307637 
57'9 6C 1018107 42760 227110 308930 222962 304782 
905 6C 995508 41811 226991 306994 222843 302846 

1081 6C 990233 41590 226964 306543 222816 302395 
1441 6C 930860 39096 226652 301460 222504 297'312 

714 6C 926907 38930 226631 301121 222483 296973 
845 6C 894199 37556 226459 298321 222311 29417'3 
584 6C 862911 36242 226294 295641 222146 291493 

1386 6C 835228 35080 226149 293zn 222001 289124 
792 6C 809708 34008 226015 291087 221867 286939 
871 6C 762m 32036 225768 287068 221620 282920 
855 6C 734576 30852 225620 284654 221472 280506 

1426 6C 680847 28596 225337 280053 221189 275905 
581 6C 676598 28417 225315 279689 221167 275541 

1337 6C 600388 25216 224915 273165 220767 269017 
1427 6C 594396 24965 224883 272651 2207'35 268503 
532 6C 544890 22885 224623 268413 220475 264265 
874 6C 511964 21502 224450 265594 220302 261446 
952 6C 496277 20844 224367 264250 220219 260102 
837 6C 478775 20109 224275 262751 220127 258603 
531 6C 472810 19858 224244 262241 220096 258093 
850 6C 463878 19483 224197 261476 220049 257328 
902 6C 457820 19228 224165 260957 220017 256809 
868 6C 384149 16134 223778 254650 219630 250502 

1269 6C 362582 15228 223665 252804 219517 248656 
809 6C 350204 14709 223600 251744 219452 247596 
585 6 c 34 82 44 2 146 6 223589 251575 219441 247427 
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flD MOOEl Throughput Emissions High Cost High cost to Low cost to low cost to 
(bbl/yr) (lb/yr} to retrofit retrofit retrofit retrofit 

tenninals terminal & terminal terminal & 
($/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

1425 6C 338569 14220 223538 250747 219390 246599 
1408 6C 338542 14219 223538 250745 219390 246597 
1400 6C 316542 13295 223423 248862 219275 244714 
1360 6C 313740 13177 223408 248622 219260 2444 74 
580 6C 309116 12983 223384 248226 219236 244078 

1079 6C 301993 12684 223346 247615 219198 243467 
912 6C 301868 12678 223345 247604 219197 243456 
813 6C 293719 12336 223303 246908 219155 242760 

1445 6C 290726 12210 223287 246651 219139 242503 
899 6C 289924 12177 223283 246583 219135 242435 

1078 6C 289536 12160 223281 246549 219133 242401 
764 6C 284373 11944 223253 246106 219105 241958 

1443 6C 279966 11759 223230 245729 219082 241581 
836 6C 268()02 11256 223167 244705 219019 240557 
819 6C 260234 10930 223127 244041 218979 239893 
854 6C 248875 10453 223067 243068 218919 238920 
815 6C 221317 9295 222922 240708 218774 236560 

1437 6C 220488 9260 222918 240637 218770 236489 
1352 6C 217ZBS 9126 222901 240363 218753 236215 
1404 6C 205551 8633 222839 239358 218691 235210 
1355 6C 201526 8464 222818 239014 218670 234866 
1376 6C 201072 8445 222816 238975 218668 234627 
866 6C 169450 ?'957 222755 237980 218607 233a32 

1390 6C 181202 7610 222711 237273 218563 233125 
897 6C 173474 7286 222671 236612 218523 232464 
456 6C 169436 7116 222649 236266 218501 232118 
821 6C 169146 7104 222648 236241 218500 232093 
784 6C 167272 7025 222638 236081 218490 231933 
842 6C 159208 6687 222596 235391 218448 231243 

1113 6C 157123 6599 222585 235212 218437 231064 
825 6C 148329 6230 222538 234458 218390 230310 

1385 6C 139056 5840 222490 233665 218342 229517 
1921 6C 136030 5713 222474 233406 218326 229258 
765 6C 128091 5380 222432 232726 218284 228578 

1339 6C 126934 5331 222426 232627 218278 228479 
883 6C 125960 5290 222421 232544 218273 228396 
583 6C 125335 5264 222418 232490 218270 228342 

1378 6c 124941 5248 222415 232456 218267 228308 
839 6C 123928 5205 222410 232369 218262 228221 
684 6C 117798 4948 222378 231&45 218230 227697 
483 6C , 17035 4915 222374 231779 218226 227631 
898 6C 110931 4659 222342 231257 218194 227109 

1449 6C 109359 4593 222334 231123 218186 226975 
1405 6C 100829 4235 222289 230392 218141 226244 
873 6C 99763 4190 222283 230300 218135 226152 
810 6C 9?'902 4112 222273 230141 218125 225993 
962 6C 97238 4084 222270 230084 218122 225936 

1350 6C 93712 3936 222251 229782 218103 225634 
800 6C 88168 3703 222222 229308 218074 225160 

1345 6C 86148 3618 222212 229135 218064 224987 
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FID MOO EL Throughput Emissions High Cost tligh cost to Low cost to Lew cost to 
<bbl/yr) (lb/yr) to retrofit retrofit retrofit r-etrof it 

terminals t&rminal & terminal ter'lli na l & 
($/yr) vesuls ($/yr) ($/yr) vessels ($/yr) 

829 6C 84622 3554 222204 22900'5 218056 224857 
504 6C 83307 3499 222197 228892 218049 224744 

1354 6C 82610 3470 222193 228!\32 218045 224684 
790 6C 82182 3452 222191 228796 218043 224648 
830 6C 81775 3435 222189 228761 218041 224613 

1057 6C 79749 3349 222178 228587 218030 224439 
486 6C 79269 3329 222175 228545 218027 224397 
844 6C 78598 3301 2221n 228488 218024 224340 
849 6C 78598 3301 222172 228488 218024 224340 
915 6C 76960 32.32 222163 228348 218015 224200 
785 6C 76598 3217 222161 228317 218013 224169 

1266 6C 73375 3082 222144 228041 217996 223893 
805 6C 71100 2986 222132 227846 217984 223698 
582 6C 66417 2790 222108 227446 217960 223298 
910 6C 65509 2751 222103 227368 217955 223220 
500 6C 61273 2573 222081 227005 217933 222857 
816 6C 58432 2454 222066 226762 217918 222614 

1335 6C 57985 2435 222063 226723 217915 222575 
1369 6C 57419 2412 222061 226675 217913 222527 
834 6C 54420 2286 222045 226418 217897 222270 

1446 6C 528219 2219 222036 226281 217888 222133 
822 6C 52789 2217 222036 226278 217888 222130 
838 6C 50737 2131 222025 226102 2118n 221954 
828 6C 48586 2041 222014 225919 217866 221n1 
669 6C 43627 1832 221988 225494 217840 221346 

1375 6C 43489 1827 221987 225482 217839 221334 
895 6C 43298 1819 221986 225466 217838 221318 
760 6C 42318 1m 221981 225382 217833 221234 

1454 6C 40430 1698 221971 225220 217823 2210n 
105 6C 40331 1694 221971 225212 217823 221064 
947 6C 40233 1690 221970 225203 217822 221055 

1388 6C 36273 1523 221949 224864 217801 220716 
683 6C 35267 1481 221944 224n5 217796 220630 
516 6C 35267 1481 221944 224778 217796 220630 
843 6C 35267 1481 221944 224ne 21n96 220630 
852 6C 35267 1481 221944 224nB 217796 220630 

1428 6C. 35267 1481 221944 224na 217796 220630 
911 6C 33860 1422 221937 224658 21n89 220510 

1142 6C 32255 1355 221928 224520 21nso 2203n 
1381 6C 31413 1319 221924 224448 217776 220300 
766 6C 29755 1250 221915 224306 21n67 220158 
858 6C 28992 1218 221911 224241 21n63 220093 

1450 6C 28223 1185 221907 224175 217759 220027 
1340 6C 27789 1167 221905 224138 217757 219990 
923 6C 2n36 1144 221902 224091 217754 219943 

1143 6C 26703 , 122 221899 224045 217751 219897 
893 6C 25664 rn78 221894 223956 21n46 219808 

1341 6C zs5n 1074 221893 223948 21n45 219800 
853 6C 24711 1038 22'889 223875 21n41 219n1 
786 6C 2 3698 995 1 22 883 22378 7 219639 
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F 10 MODEL Throughput Emissions High Cost High c:ost to Low c:ost to Low c:ost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yr) vessels (S/yr) (S/yr) vessels ($/yr) 

791 6C 23566 990 221883 223IT7 21m5 219629 
795 6C 23185 974 221881 223744 21m3 219596 
943 6C 22178 931 221875 223657 21m1 219509 
794 6C 20652 867 221867 223527 217719 219379 
774 6C 2048a 860 221866 223513 217718 219365 
812 6C 20159 847 221865 223485 217717 219337 
m 6C 20153 846 221865 223485 217717 219337 
886 6C 20153 846 221865 223485 217717 219337 
901 6C 20153 846 221865 223485 217717 219337 
783 6C 19666 826 221862 223442 217714 219294 

1072 6C 18831 791 221858 223371 217710 219223 
1264 6C 18745 787 221857 223363 217709 219215 
867 6C 18140 762 221854 223312 217706 219164 
797 6C 18133 762 221854 223311 217706 219163 
862 6C 15114 635 221a38 223053 217690 218905 

1424 6C 15114 635 221a38 223053 217690 218905 
13a3 6C 14496 609 221835 223000 217687 218a52 
1338 6C 14496 609 221835 223000 217687 218852 
817 6C 14108 593 221833 222967 217685 218B19 

1409 6C 13036 . 548 221827 222875 217679 218727 
798 6C 12089 508 221822 222794 217674 218646 

1137 6C 11800 496 221821 222769 217673 218621 
851 6C 10076 423 221812 222622 217664 218474 
926 6C 9077 381 221806 222535 217658 21a387 

1044 6C 8886 373 221805 222519 217657 21a371 
801 6C 8064 339 221801 222449 217653 218301 

1452 6C 8064 339 221801 222449 217653 218301 
906 6C 7557 317 221798 222405 217650 218257 
856 6C 7248 304 221797 222379 217649 218231 

1347 6C 7248 304 221797 222379 217649 218231 
820 6C 7057 296 221796 222363 217648 218215 
826 6C 7051 296 221796 222363 217648 218215 
880 6C 6847 288 221795 222345 217647 218197 
840 6C 6044 254 221790 222276 217642 218128 
882 6C 6044 254 221790 222276 217642 218128 
796 6C 6044 254 221790 222276 217642 218128 

1336 6C 6044 254 221790 222276 217642 218128 
763 6C 5597 235 221788 222238 217640 218090 
814 6C 5045 212 221785 222190 217637 218042 

1451 6C 4032 169 221780 222104 217632 217956 
1402 6C 4025 169 221780 222103 217632 217955 
864 6C 3026 127 221775 222018 217627 217870 

1382 6C 2815 118 221m 221999 217625 217851 
Baa 6C 1960 82 221769 221927 217621 217779 

1308 7A 28573431 1755998 713544 1247705 571594 1105755 
265 7A 27138101 1972740 708217 1215546 566268 1073597 

1170 7A 25260880 743412 701251 1173486 559301 1031536 
147 7A 24767947 2207938 699421 1162441 ss14n 1020492 

1217 7A 24040898 1238060 696723 1146152 s54m 1004202 
129 7A 23629526 Z346110 695196 1136934 553247 994985 
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FIO MOO EL Throughput Emissions High Cost High cost to Low cost to low cost ~o 

(bbl/yr) C lb/yr) to retrofit retrofit retrofit retrofit 
terminals terminal & terminal terninal & 

($/yr) vessels ($/yr) {S/yrl vessels ($/yr) 

120 7A 23554699 1725748 694919 1135258 552969 993308 
1765 7A 21446453 536450 687095 1088022 545145 946072 
665 7A 20642380 2057909 684111 1070006 542161 928056 

1711 7A 20048325 514115 681906 1056696 539956 914746 
161 7A T9n0016 79754 680873 1050400 538924 908511 

1297 7A 19447690 1442868 6796n 1043239 53m7 901289 
1291 7A 19338172 1104782 679270 1040784 537321 898835 
193 7A 18400878 1525032 675792 1019784 533842 877834 
604 7A 16309117 1433074 668029 972917 526080 830968 

1305 7A 16020574 13493.03 666958 966452 525009 824503 
298 7A 15721090 1178990 665847 959742 523897 817792 
939 7A 15631527 1266256 665514 957735 523565 8'.5786 

1183 7A 15614839 1085181 665453 957362 523503 815412 
1418 7A 15569278 862665 665283 956340 523334 814391 
552 7A 14933378 346498 662924 942094 520974 800144 

1181 7A 14625134 527460 661780 935187 519830 793237 
148 7A 13633094 1202916 658098 912960 516148 771010 

1754 7A 12836360 395576 655141 895108 513192 753159 
142 7A 12410387 1133533 65356-0 885564 511611 743615 
269 7A 12376246 1459216 653434 884800 511484 742850 

1913 7A 12296678 655552 653138 883016 511189 741067 
1758 7A 11558794 826487 650400 866484 508450 724534 
1148 7A 11546124 1012566 650353 1366200 508403 724250 

140 7A 11517697 878321 650247 865563 508298 723614 
651 7A 114550n 259812 650015 864160 508065 722210 
139 7A 11414429 680809 649864 863249 507915 721300 

1648 7A 10570510 22068 646732 844341 504783 702392 
1281 7A 10532456 381894 646591 843488 504641 701538 

132 7A 10522973 1347675 646556 843276 504606 701326 
1420 7A 10445915 508181 646270 841549 504320 699599 
1237 7A 10333826 n6482 645854 839038 503904 697088 
1290 7A 9zn837 55428 641935 815378 499985 673428 
1166 7A 9232904 166022 641768 814371 499818 672421 
588 7A 9155916 425197 641482 812646 499533 670697 
578 7A 8420289 345825 638752 796164 496803 654215 

1154 7A 8363576 316549 638542 794893 496592 652943 
173 7A 8222845 7211 638020 791741 496070 649791 
271 7A 8040595 468132 637343 787657 495394 645708 
128 7A. 7814208 424003 636503 782584 494553 640634 

1240 7A 7505014 533323 635356 n5657 493406 633707 
1311 7A 7340841 497232 634746 n1978 492797 630029 
1741 7A 7320408 283318 634670 771520 492721 629571 
246 7A n11421 364a35 634288 769213 492339 627264 

1157 7A 7179584 330161 634148 768366 492198 626416 
1174 7A 7147313 342219 634028 767642 492079 625693 
232 7A 7110069 401410 633890 766808 491940 624858 

1256 7A 6949378 19052 633294 7632Da 491344 621258 
1366 7A 6937281 1457 633249 762937 491299 620987 

131 7A 6899140 22786 633107 762082 491157 620132 
1715 7A 6808544 467601 632n1 760052 4908 , 2 618102 
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F!O MODEL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) <lb/yr> to retrofit retrofit retrofit retrofit 

ter11inals terminal & terminal terminal & 
($/yr) vessels (S/yr) ($/yr) vessels CS/yr) 

1209 7A 6793627 369749 632716 759718 490766 617768 
1228 7A 6453496 22076 631453 752097 489504 610148 
1295 7A 6429528 275767 631364 751560 489415 609611 
699 7A 6271076 220853 630776 748010 488827 606061 

1292 7A 6185073 237803 630457 746083 488507 604133 
1225 7A 6012244 113596 629816 74221, 487866 600261 
1761 7A 5912359 353619 629445 739973 487495 598023 
1205 7A 5825937 114051 629124 738036 487175 596087 
1259 7A 5737211 176297 628795 736048 486845 594098 
1413 7A 5711819 ZS662 628701 735480 486751 593530 
134 7A 5680851 29553 628586 734786 486636 592836 
555 7A 5529606 385145 628025 731397 486075 589447 

1241 7A 5357151 153643 627385 727533 485435 585583 
1539 7A 5317269 420048 627236 726639 485287 584690 
1253 7A 526&>46 24861 627056 725550 485106 583600 
557 7A 5239162 76681 626947 724890 484997 582940 
733 7A 5180113 207885 626727 7Z3566 484778 581617 
931 7A 5074921 231865 626337 721209 484388 579260 
135 7A 5031057 42601 626174 720226 484225 578277 
169 7A 4893909 689742 625665 717153 483716 575204 
738 7A 4857Z31 75428 625529 716332 483580 574383 

1315 7A 4758836 117657 625164 714127 483214 572177 
1775 7A 4695361 45584 624928 712705 482979 570756 
155 7A 4578505 252770 624495 710087 482545 568137 
145 7A 4487550 508067 624157 708049 482208 566100 

1619 7A 4472479 22041 624101 1on11 482152 565762 
1155 7A 4467966 121433 624085 707611 482135 565661 
1631 7A 4434333 1077 623960 706857 482010 564907 

241 7A 4350173 14400 623647 704971 481698 563022 
1195 7A 4284723 144234 623405 703505 481455 561555 
1219 7A 4273784 117865 623364 703260 481414 561310 
1750 7A 4138079 47404 622860 700219 480911 558270 
1664 7A 4059271 22342 622568 698453 480618 556503 
no 7A 3920485 189641 622053 695344 480103 553394 

1911 7A 3888755 58567 621935 694633 479985 552683 
1248 7A 3823475 31853 621693 693170 479743 551220 
1139 7A 3790264 158803 621570 692426 479620 550476 
1912 7A 3789819 184924 621568 692416 479618 550466 
620 7A 3671861 19063 621130 689m 479181 547824 
929 7A 3664850 11372 621104 689616 479154 547666 

1220 7A 3599378 134751 620861 688149 478912 546200 
1399 7A 3591199 150830 620831 687966 478881 546016 
1221 7A 3549726 58241 620677 687037 478727 545087 

751 7A 3538193 24057 620634 686778 478684 544828 
420 7A 3502376 841 620501 685976 478552 544027 
189 7A 3463483 150836 620357 685iD4 478407 543154 
405 7A 3459258 46296 620341 685010 478391 543060 
668 7A 3456022 12974 620329 684937 478379 542987 
524 7A 3424024 56519 620210 684220 478261 542271 
144 7A 3411165 362574 620163 683932 478213 541982 
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FID MOO EL Throughput Emissions High Cost High cost to Low ::ost to Low cost to 
<bbl/yr) <lb/yr) to retroHt retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yr) 11essels ($/yr) ($/yrl vessels ($/yr) 

1967 7A 3409810 60855 620158 683902 478208 541952 
1827 7A 3371642 1007 620016 683047 478066 541097 
1171 7A 3355n6 37772 619957 682691 478007 540741 
663 7A 3321474 88058 619830 681923 4nsao 539973 

1788 7A 3306845 . 2841 619775 681594 4n826 539645 
1930 7A 3289380 94328 619711 681204 4m61 539254 
289 7A 3202568 172306 619388 679258 4n439 537309 
523 7A 3197692 184076 619370 679149 4n421 537200 
917 7A 3131657 129821 619125 6n669 4n116 535720 
176 7A 3117100 161818 619071 6m43 4n122 535394 

1208 7A 3115656 5737 619066 6m11 4n116 535361 
1223 7A 299(850 179677 618610 674559 476661 532610 
1803 7A 2952450 620 618460 673654 476511 531705 
353 7A 2903669 189740 618279 6ns61 476330 530612 

1699 7A 2898320 56030 618259 6n441 476310 530492 
151 7A 2893058 47012 618240 6n324 476290 530374 

1709 7A 2815503 20601 617952 670586 476002 528636 
1932 7A 2741585 14no5 617678 668930 475728 526980 

737 7A 2nso21 1478 617627 668626 475678 s266n 
378 7A 2691382 81361 617491 667805 475542 525856 

1287 7A 262n38 165593 61n53 666367 475304 524418 
1916 7A 2553474 151691 616980 664715 47'5030 522765 
1760 7A 2537677 45276 616921 664361 474971 522411 
1136 7A 2536468 102830 616916 664334 474967 522385 
735 7A 2440192 93462 616559 662177 474610 520228 

1508 7A 2439174 18296 616555 662154 474606 520205 
1541 7A 2434736 140016 616539 662055 474589 520105 
412 7A 2410515 709 616449 661512 474499 519562 
457 7A 2409686 78689 616446 661493 474496 519543 

1202 7A 2250829 193589 615856 657934 473907 515985 
214 7A 2210257 n882 615706 657025 473756 515075 

1968 7A 2180150 58495 615594 656350 473645 514401 
708 7A 2114351 848 615350 654876 473400 512926 

1965 7A 2112283 1304 615342 654830 473393 512881 
628 7A 2101232 39939 615301 654582 473352 512633 

1752 7A 2068323 42640 615179 653845 473230 511896 
1303 7A 2046601 111225 615098 653358 473149 511409 
1671 7A 2043302 66457 615086 653284 473137 511335 
1822 7A 1983209 44346 614863 651938 4n914 509989 
1301 7A 1959653 85220 614776 651410 4n826 509460 
423 7A 1941496 631 614708 651003 4nTS9 509054 

1431 7A 1924478 16822 614645 650622 4n696 508673 
367 7A 1865566 97561 614427 649303 4n477 507353 
718 7A 1847595 41593 614360 648900 4n410 506950 
190 7A 1826083 58041 614280 648417 4n331 506468 
918 7A 1nsoso 55699 613916 646221 471967 so42n 

1302 7A 1706325 59320 613836 645735 471886 503785 
168 7A 1703098 18468 613824 645662 471874 503712 
124 TA 1689881 111n1 613775 645366 471825 503416 

1759 7A 1 683 966 157142 61375 3 645234 471803 503284 
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F ID MODEL Throug~put Emissions High Cost High cost tc Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

17'53 7A 1659585 349 613662 644687 471713 502738 
1359 7A 1623697 63445 613529 643883 471579 501933 
1293 7A 1619012 31425 613512 643771! 471562 501828 
833 7A 1618026 56219 613508 643756 471558 501806 
319 7A ,602691 2739 613451 643412 471501 501462 

1919 7A 1546666 325 613243 642157 471294 500208 
935 7A 1526315 7031 613168 641701 471218 499751 

1156 7A 1476936 38885 61Z984 640594 471035 498645 
136 7A 1461111 166216 612926 640240 470976 498290 
491 7A 1448744 16379 612880 639963 470930 498013 
m 7A 1448280 60619 612878 639953 470928 498003 
66 7A 1387775 75362 612653 638597 470704 496648 

1732 7A 1384939 1028 612643 638534 470693 496584 
1823 7A 1379036 56023 612621 638401 470671 496451 
1621 7A 1351.231 30787 612529 637845 470579 495895 
1659 7A 1341.328 49852 612492 637623 470543 495674 
1184 7A 1342734 115801 612486 637'588 470537 495639 

361 7A 1340899 51660 612480 637547 470530 495597 
670 7A 1333661 3203 612453 637385 470503 495435 

1740 7A 1312908 276 612376 636920 470426 494970 
1374 7A 1309768 53871 612364 . 636849 470414 494899 
1165 7A 1286412 32398 61Z2n 636326 470328 4943n 

769 7A 1212053 7979 612224 636004 470274 494054 
7'58 7A 1251606 31709 612148 635546 470199 493597 
317 7A 1215932 9no3 612016 634747 470066 492797 

1146 7A 1205068 7790 611975 634503 470026 492554 
1975 7A 1203710 9050 611970 634473 470021 492524 
1246 7A 1198683 15079 611952 634361 470002 492411 
1149 7A 1195308 44486 611939 634284 469990 492335 
1970 7A , 178146 247 611876 633901 469926 491951 
894 7A 1159273 48684 611805 6334n 469856 491528 . 

1931 7A 1154410 9619 611787 633368 469838 491419 
390 7A 1151054 2890 611775 633293 469825 491343 
178 7A 1141690 4612 611740 633083 469791 491134 
572 7A , 105043 13380 611604 632262 469655 490313 

1714 7A , 100651 22015 611588 632164 469638 490214 
560 7A 1042374 98154 611372 630858 469422 488908 

1861 7A 1002992 7695 611225 629975 469276 488026 
773 7A 1001535 41730 611220 629943 469270 487993 

1178 7A 996264 38066 611201 629825 469251 487875 
553 7A 995291 4541 611197 629803 469247 487853 

1285 7A 988525 6191.5 611172 629652 469222 487702 
1153 7A 975583 27739 611124 629362 469174 487412 
408 7A 964231 390 611082 629108 469132 487158 
382 7A 955858 1844 611051 628920 469101 486970 

1748 7A 928062 14519 610947 628297 468998 486348 
1971 7A 868787 9727 610727 626968 468n8 485019 
875 7A 856605 35971 610682 626696 468733 484747 

1611 7A 856373 11835 610681 626690 468732 484741 
1886 7A 850050 28057 610658 626549 468708 484599 
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FID MOO El Throughput Elli SS ions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & ter'llinal term1ral & 
(S/yr) vessels {S/yr) {S/yr) vessels {$/yr-) 

109 7A 1346081 64650 610643 626460 468694 484511 
448 7A 763841 1397 610338 624617 468388 482667 

1651 7A 733390 6389 610225 623935 468275 481985 
~638 7A nz790 16408 610186 623698 468236 481748 
n3 7A 707110 2410 610127 623346 468178 481397 
780 7A 66nn 415 609980 622454 468030 480504 

1716 7A 645093 135 609897 621957 467948 480008 
1681 7A 644828 194 609896 621951 467947 480002 
1615 7A 643684 177 609892 621925 467942 479975 

42 7A 640920 31298 609882 621864 467932 479914 
363 7A 627016 15089 609830 621552 467881 479603 

1700 7A 621597 131 6098111 621430 467860 479480 
314 7A 618894 215 609801 621370 467550 479420 

1683 7A 612497 8575 609776 621226 467827 479277 
247 7A 610923 7406 609770 621191 467821 479242 
253 7A 610598 50961 609769 6211134 467820 479235 
36 7A 603496 57012 609743 621025 46n93 479075 

194 7A 599709 48065 6o9n9 620940 467779 478990 
1742 7A 596455 15791 609717 620867 467767 478917 
1469 7A 587161 25940 609682 620659 46m3 478710 

85 7A 585454 6306 609676 620621 467726 478671 . 
562 7A 577237 21824 609645 620436 467696 478487 
89 7A s61m 213 609581 620090 467638 478140 

653 7A 550264 2907 609545 619832 467'596 477883 
230 7A 546146 59131 609530 619740 467580 477790 

71 7A 544396 221 609524 619701 467574 4n751 
1920 7A 5!-0214 5006 609508 619607 467558 477657 
180 7A 537139 27147 609497 619538 467547 477588 
70 7A 525645 29072 609454 619281 467504 4m31 

753 7A 5113491 8684 609427 619120 467478 477171 
56 7A 516660 49568 609421 619080 467471 477130 

279 7A 513099 2938 609407 618999 467458 4noso 
171 7A 5021n 67908 609367 618755 467417 476805 

1548 7A 483055 101 609296 618326 467346 476376 
50 7A 483031 891 609296 618326 467346 476376 

736 7A 472508 1163 609257 618090 467307 476140 
122 7A 461154 805 609215 617836 467265 475886 
732 7A 459821 875 609210 617806 467260 47'5856 

1889 7A 456739 907 609198 61m6 467Z49 4 7'5787 
1858 7A 436866 2974 609124 61n91 467175 475342 
1460 7A 434279 91 609115 61n34 467165 47'5284 

54 7A 429594 24543 609097 617128 467148 475179 
1480 7A 423291 32001 609074 616987 467125 475038 
1493 7A 421928 166 609069 616957 467119 475007 
1447 7A 421354 17678 609067 616944 467117 474994 
234 7A 416350 87 609041 616831 467099 474882 
215 7A 412878 26054 609035 616753 467086 474804 
195 7A 406928 4851 609013 616620. 467064 474671 

1724 7A 396244 211 608974 616382 467024 474432 
286 7A 395736 608972 616370 467022 474420 
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FID HOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels ($/yr> ($/yr) vessei5 ($/yr) 

1682 7A 393330 20006 608963 616316 467013 474366 
1755 7A 390505 661 608952 616252 467003 474303 
1185 7A 383446 18420 608926 616094 4669n 474145 
1693 7A 381559 23724 608919 616052 466970 474103 
789 7A 378247 14886 608907 615978 466957 474028 
666 7A 371106 2885 608880 615818 466931 473869 

1204 7A 355282 25738 608822 615464 466872 473514 
268 7A 352788 717 608812 615407 466863 4 73458 
687 7A 350127 74 608803 615348 466853 473398 

1777 7A 346304 640 608788 615262 466839 473313 
1665 7A 340871 4874 608768 615140 466819 473191 
1242 7A 332212 16412 608736 614946 466786 472996 
181 7A 321725 662 608697 614711 466748 472762 
463 7A 313706 419 608667 614532 466718 472583 

1933 7A 310198 65 608654 614453 466705 472504 
1512 7A 301974 17379 608624 614269 466674 472319 
502 7A 287150 18932 608569 613937 466619 4 71987 
200 7A 274298 202 608521 613649 466572 471700 

1394 7A 270722 137 608508 613569 466558 471619 
447 7A 270364 33063 608507 613561 466557 471611 

1851 7A 268420 56 608499 613517 466550 471568 
544 7A 259036 151 608465 613308 466515 471358 
799 7A 257382 9488 608458 613270 466509 47132· 
167 7A 253412 497 608444 613181 466494 471231 

1238 7A 251315 15733 608436 613134 466486 471184 
1756 7A 248800 27612 608427 613078 4664n 471128 
1159 7A 247150 3138 608420 613040 466471 4 71091 
1496 7A 247137 52 608420 613040 466471 471091 

703 7A 243556 51 608407 612960 466457 4 71010 
1313 7A 241175 6729 608398. 612907 466449 470958 
884 7A 239791 6513 608393 612876 466444 470927 

90 7A 239366 109 608392 612867 466442 470917 
360 7A 238521 1515 608388 612847 466439 47C898 
300 7A 237433 9225 606384 612823 466435 470874 

1312 7A 229497 11372 608355 612645 466405 470695 
890 7A 22597B 7949 608342 612567 466392 470617 
366 7A 225199 17366 608339 612549 466389 470599 
'37 7A 222567 3016 608329 612490 466380 47C541 

1717 7A 217622 5682 608311 612379 466361 470429 
1371 7A 214943 2381 608301 612319 466351 470369 
558 7A 204551 508 608262 612086 466313 4 70137 
681 7A 203n6 43 608259 612068 466310 470119 

1864 7A 203048 43 608257 612053 466307 470103 
313 7A 202042 259 606253 612030 466303 470080 
'02 7A 199850 248 608245 611981 466295 4 70031 

1358 7A 199413 606 608243 611971 466294 470022 
i72 7A 198475 42 608240 611950 466290 470:JO:J 

i507 7A 191942 1166 608216 611804 466266 469854 
154 7A 15357· 15605 608184 611616 466235 469667 

7A ~ 18231,,6 86 , 608 80 611588 466230 469638 
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FID MODEL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) Clb/yr> to retrofit retrofit retrofit ~etrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels CS/yr) ($/yr) vessels ($/yr) 

244 7A 182141 39 608179 611584 466230 469635 
1516 7A 179759 8558 608170 611530 466221 469581 
1855 7A 178878 43 608167 611511 466217 469561 
470 7A 176458 41 608158 611457 466208 469507 

1506 7A 175302 50 608154 611431 466204 469481 
150 7A 174802 37 608152 611420 466202 469470 
65 7A 174789 12568 608152 611420 466202 469470 

1468 7A 170473 36 608136 611323 466186 469373 
3!!3 7A 166590 60 608121 611235 4661n 469286 

1152 7A 165503 4262 608117 611211 466168 469262 
1 7A 158275 33 608091 611050 466141 469100 

12 7A 158210 7699 608090 611048 466i41 469099 
1649 7A 152318 595 608068 610915 466119 468966 
728 7A 14765' 31 608051 610811 466102 468862 

4 7A 146703 31 608048 610791 466098 468841 
1140 7A 145817 456 608044 610770 466095 468821 
1883 7A 144798 2296 608041 610748 466091 468798 

782 7A 144340 1081 608039 610737 466089 468787 
1304 7A 142576 30 608032 610697 466083 468748 
1929 7A 142295 43 608031 610691 466082 468742 
1757 7A 141966 30 608030 610684 466080 468734 
641 7A 141047 30 608027 610664 466077 468714 
166 7A 140946 6997 608026 610661 466077 468712 

1696 7A 140307 29 608024 610647 466074 468697 
294 7A 140289 31 608024 610647 466074 468697 
356 7A 137622 6176 608014 610587 466064 468637 
2n 7A 136632 29 608010 610564 466061 4686:5 
350 7A 135240 154 608005 610533 466055 468583 

1515 7A 132368 28 607994 610469 466045 468520 
1610 7A 127993 47 60797! 610371 466029 468422 
589 7A 125760 177 607910 610321 466020 468371 
88 7A 123388 61 607961 610268 466012 468319 

455 7A 120547 167 607951 610205 466001 468255 
1471 7A 119939 5247 607948 610190 465999 468241 

153 TA 119584 11516 607947 6101!!3 465997 468233 
130 7A 117023 33 607937 610125 465988 468176 
458 7A , 15814 180 607933 610098 465983 468148 

1151 7A 113853 2391 607926 610054 465976 468104 
1613 7A 113653 8592 607925 610050 465975 468100 

69 7A 113437 46 607924 610045 465975 468096 
1860 TA 113343 42 607924 610043 465974 468093 
1666 7A 113289 698 607924 610042 465974 468092 
146 7A 113152 14118 607923 610038 465974 468089 
576 7A 113092 24 607923 610037 465973 468087 
445 7A 112012 300 607919 610013 465969 468063 
593 7A , 11997 158 607919 610013 465969 468063 
450 7A 111746 2347 607918 610007 465968 468057 

1809 7A 111299 37 607916 609997 465967 468048 
1795 7A 110758 43 607914 609985 465965 468036 
891 7A 110562 109 607914 609981 465964 468031 
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FID MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrotit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels CS/yr> ($/yr) vessels ($/yr> 

1214 7A 106032 4958 607897 609879 465947 467929 
23 7A 104325 30 607890 609840 465941 467891 

1885 7A 101760 21 607881 609783 465931 467833 
1617 7A 101693 42 607881 609782 465931 467832 
1805 7A 96463 20 607861 609664 465912 467715 
550 7A 95679 20 607858 609647 465909 467698 
808 7A 95343 109 607857 609639 465907 467689 

10 7A 94488 4573 607854 609620 4659()4 467670 
1532 7A 94437 102 607854 609619 465904 467669 

183 7A 92358 426 607846 609573 465896 467623 
1147 7A 92267 3134 607846 609571 4651596 467621 
1466 7A 92107 6846 607845 609567 465895 467617 
2009 7A 91215 278 607842 609547 465892 467597 

465 7A 87958 137 607830 609474 46-S880 467524 
399 7A 87805 1857 607829 609470 465879 467520 

1735 7A 87271 18 607827 609458 465877 467508 
1590 7A 86480 18 607824 609441 465875 467492 
1834 7A 85907 18 607822 609428 465872 467478 
1915 7A 85135 2711 607819 609411 465870 467462 
1863 7A 84629 18 607817 609399 465868 467450 
1645 7A 83042 18 607811 609363 465862 467414 

• 644 7A 81378 17 607805 609326 465856 467377 
1798 7A 80746 17 607803 609312 465853 467362 

762 7A 80524 1491 607802 609307 465852 467357 
811 7A 78259 3254 607794 609257 465844 467307 

1894 7A 77304 16 607790 609235 465840 467285 
1270 7A m45 19 607790 609234 465840 467284 
1686 7A 76814 28 607788 609224 465839 467275 
1167 7A 75896 3038 607785 609204 465835 467254 
1389 7A 75578 3174 607784 609197 465834 467247 
779 7A 71423 362 607768 609103 465819 467154 

1432 
. 

7A 70955 15 607767 609093 465817 467143 
1766 7A 70918 1489 607766 609092 465817 467143 
1896 7A 67418 300 607753 609013 465804 467064 
1722 7A 64241 13 607742 608943 465792 466993 
1481 7A 63040 4766 607737 608915 465788 466966 
596 7A 59094 1344 607723 608828 465773 466878 
528 7A 59()35 zo 60m2 608826 465773 466877 

1636 7A 57791 583 607718 608798 465768 466848 
1247 7A 57780 162 607718 608798 465768 466848 
251 7A 57225 12 607716 608786 465766 466836 
804 7A 57162 13 607715 608784 465766 466835 

1849 7A 57132 1667 607715 608183 465766 466834 
1582 7A 56797 12 607714 608776 465764 466826 
1479 7A 56686 4Z85 607714 608774 465764 466824 
275 7A 56626 48 607713 60Bm 465764 466823 

1797 7A 56487 15 607713 608769 465763 466819 
417 7A 55882 15 607711 608756 465761 466806 

18 7A 55575 12 607709 608748 465760 466799 
1618 7A 55515 24 607709 608747 465760 466798 



FID HODEL Throughput Emissions High Cost Higt'I cost to low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit •etrofit 

terminals terminal & terminal terminal & 
CS/yr) vessels ($/yr) ($/yr) vessels ($/yr) 

250 7A 54923 l5 6-07707 608734 465757 466784 
s 7A 54863 1430 6ono1 608733 465757 466783 

542 7A 53766 23 6ono3 608708 465753 466758 
29 7A 52572 1104 607698 608681 465749 466732 

1914 7A 51947 1091 607696 608667 465746 466717 
1586 7A 49633 111 607687 608615 465738 466666 
534 7A 48n4 10 607684 608595 465734 466645 

1483 7A 48501 10 607683 608590 465734 466641 
254 7A 46657 115 607676 608548 1+6sn1 466599 

1836 7A 46240 . 9 607675 608539 465725 466589 
418 7A 46023 9 607674 608534 465724 466584 
827 7A 45841 356 607673 608530 465724 466581 
435 7A 45657 10 607673 608527 465723 4665n 
199 7A 45171 17 607671 608515 465721 466565 

1387 7A 43939 1824 607666 608487 465717 466538 
1856 7A 43576 40 607665 608480 465715 466530 
674 7A 42279 9 607660 606450 465711 466501 

1547 7A 41948 9 607659 608443 465709 466493 
713 7A 41695 9 607658 608437 465708 466487 

1991 7A 41502 9 607657 608433 465708 466484 
1429 7A 41055 1693 607656 608423 465706 466473 
302 7A 409n 9 607655 608421 465706 46647Z 

1853 7A 40866 663 607655 608419 465705 466469 
1594 7A 40432 8 607653 606409 465704 466460 
529 7A 38921 8 607648 608376 465698 466426 

1501 7A 38072 8 607644 608356 465695 466407 
376 7A 37687 2629 607643 608348 465693 466398 

1439 7A 37531 8 607642 608344 465693 466395 
459 7A 36913 35 607640 608330 465691 466381 

1854 7A 33127 2197 607626 608245 46S6n 466296 
222 TA 32167 7 607623 608224 465673 466274 
111 7A 32099 7 607622 608222 465673 466273 
541 7A 31294 39 607619 608204 465670 466255 
384 7A 31029 374 607618 608198 465669 466249 
520 7A 30861 9 607618 608195 465668 466245 
436 TA 27652 8 607606 608123 465656 t.66173 
860 7A 27351 222 607605 608116 465655 466166 

1890 7A 26825 9 607603 608104 465653 466154 
97 7A 26502 1832 607602 608097 465652 466147 

1901 7A 25995 6 607600 608086 465650 466136 
1812 7A 25847 5 607599 608082 465650 466133 
349 7A 25580 9 607598 608076 465649 466127 

1584 7A 25385 5 607597 608on 465648 466123 
569 7A 25383 401 607597 6oaon 465648 466123 
345 7A 25353 5' 607597 608071 465648 466122 

1279 7A 25268 5 607597 608069 465647 466119 
95 7A 24861 1879 607595 608060 465646 466111 

1514 7A 24823 95 607595 608059 465646 466110 
396 7A 24321 12 607593 608048 465644 466099 
793 7A 24038 10 607592 608041 465643 466092 
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FID HOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
(S/yrl vessels CS/yr) ($/yr) vessels (S/yr) 

1898 7A 23639 496 607591 608033 465641 466083 
1138 7A 23428 492 607590 608028 465641 466079 
1808 7A 22571 5 607587 608009 465637 466059 
664 7A 22145 140 607585 607999 465636 466050 
460 7A 21932 50 607585 607995 465635 466045 
358 7A 21012 10 607581 607974 465632 466025 
4n 7A 20497 4 607579 607962 465630 466013 

1633 7A 20282 4 607578 607957 465629 466008 
138 7A 18563 4 607572 607919 465622 465969 

12n 7A 18082 404 607570 607908 465621 465959 
365 7A 17942 4 607570 607905 465620 465955 

1391 7A 16646 3 607565 607876 465615 465926 
7 7A 16572 202 607565 607875 465615 465925 

175 7A 16371 21 607564 607870 465614 465920 
1585 7A 15268 578 607560 607845 465610 465895 
691 7A 14884 313 607558 607836 465609 465887 
149 7A 14745 3 607558 607834 465608 465884 
586 7A 14468 3 607557 607827 465607 465en 

1935 7A 14438 3 607557 607827 465607 465877 
206 7A 14403 3 607557 607826 465607 465876 

1739 7A 14132 237 607556 607820 465606 465870 
1701 7A 12621 3 607550 6on86 465600 465836 
563 7A 12433 3 607549 607781 465600 465832 

1850 7A 12216 3 607549 607777 465599 465827 
1436 7A 11930 3 607547 6omo 465598 46582~ 

1738 7A 11245 2 607545 607755 465595 465805 
872 7A 11242 466 607545 607755 465595 465805 

1847 7A 10984 2 607544 60n49 465594 465799 
807 7A 10845 2 607543 60n46 465594 465797 

1718 7A 10711 2 607543 60n43 465593 465793 
1897 7A 10625 5 607543 60n42 465593 465792 
453 7A 10194 3 607541 60m2 465591 465782 
370 7A 9893 3 607540 6om5 465590 465775 

1472 7A 9849 336 607540 6on24 465590 465n4 
1365 7A 9474 2 607538 6on1s 465589 465766 

64 7A 9341 706 607538 607713 465588 465763 
549 7A 9043 4 607537 6ono6 465587 465756 
546 7A 8497 237 607535 607694 465585 465744 

1504 7A 8095 2 607533 607684 465584 465735 
1540 7A 7802 590 607532 607678 465583 465729 
1862 7A 7663 2 607532 607675 465582 465725 
1435 7A 7532 3 607531 607672 465582 465723 

113 7A 7078 535 607529 607661 465580 465712 
2042 7A 6990 1 607529 607660 465580 465711 

421 7A 6971 , 607529 607659 465579 465709 
1505 7A 6n1 30 607528 607655 465579 465706 
1442 7A 6598 1 607528 607651 465578 465701 
196 7A 6507 1 607527 607649 465578 465700 

1502 7A 6353 1 607527 607646 465577 465696 
79 7A 6336 2 607527 607645 

' 
465577 465695 
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F 10 MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
(bbl/yr> (lb/yr> to retrofit retrofit retroHt retrofit 

terminals terminal & terminal ~er'!linal & 
($/yr) vessels CS/yr) (S/yr) vessels (S/yr) 

1954 7A 5883 1 607525 607635 465575 465685 
204 7A 5812 1 607525 607634 465575 465684 
220 7A sn2 1 607524 607631 465575 465682 
152 7A 5656 1 607524 607630 465575 465681 

1438 7A 5225 1 607523 607621 465573 465671 
1627 7A 5206 6 607523 607620 465573 46567:'.l 
476 7A 4900 1 607521 607613 465Sn 465664 
323 7A 4888 82 607521 607612 46ssn 465663 
482 7A 4690 1 607521 607609 465571 465659 

1280 7A 4673 1 607521 607608 465571 465658 
264 7A 4397 7 607520 607602 465570 465652 

1646 7A 4274 0 607519 607599 465569 465649 
1317 7A 4235 148 607519 607598 465569 465648 
1448 7A 4196 1 607519 607597 465569 465647 
1513 7A 3895 52 607518 607591 465568 465641 
1191 7A 3591 3 607517 607584 465567 465634 
1908 7A 3496 1 607516 607581 465567 465632 
1551 7A 3302 1 607515 6075n 465566 465628 
1444 7A 3275 1 607515 607576 465566 465627 
1589 7A 3249 66 607515 607576 465566 465627 
346 7A 3147 1 607515 607574 465565 465624 

1372 7A 3096 1 607515 607573 465565 465623 
354 7A 3035 1 607514 607571 465565 465622 
574 7A 3010 1 607514 607570 465565 465621 

1453 7A 3010 1 607514 607570 465565 465621 
228 7A 3007 3 607514 607570 465565 465621 
472 7A 2958 0 607514 607569 465565 465620 

1692 7A 2736 1 607513 607564 465564 465615 
1370 7A zno 1 607513 607564 465564 465615 
375 7A 2661 1 607513 607563 465563 465613 

1807 7A 2578 1 607513 607561 465563 46561" 
394 7A 2575 1 607513 607561 465563 465611 
647 7A 2571 1 607513 607561 465563 465611 

1587 7A 2474 6 607512 607558 465563 465609 
1503 7A 2311 0 607512 607555 465562 465605 
342 7A 2158 0 607511 607551 465562 465602 

1595 7A 2152 0 607511 607551 465562 465602 
499 7A 2021 0 607511 607549 465561 465599 

1396 7A 2013 0 607511 607549 465561 465599 
1708 7A 1962 0 607510 607547 465561 465598 

8 7A 1802 0 607510 607544 465560 465594 
1948 7A 1688 0 607509 607541 465560 465592 
1398 7A 1579 a 607509 607539 465559 465589 
1393 7A 1578 0 607509 607538 465559 465588 
892 7A 1567 0 607509 607538 465559 465588 

1895 7A 1458 0 607509 607536 465559 465586 
1712 7A 1422 0 607508 607535 465559 465586 
387 7A 1364 a 607508 607533 465559 465584 

1499 7A 1359 0 607508 607533 465559 465584 
1474 7A 1346 0 607508 

' 
607533 465559 465584 
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FIO MOO EL Throughput Emissions Hign Cost High cost to Low cost to Low cost to 
(bbl/yr) (lb/yr) to retrofit retrofit retrofit retrofit 

terminals temlnal & terminal · terminal & 
($/yr) vessels ($/yr> ($/yr) vessels ($/yr) 

385 7A 1288 0 607'508 607532 465558 465582 
510 7A 1238 0 607'508 607531 465558 465581 
344 7A 1237 0 607'508 607531 465558 465581 

1734 7A 1194 0 607'508 607530 465558 465580 
101 7A 11n 0 607508 607'530 465558 465580 
767 7A 1160 0 607508 607'530 465558 465580 
117 7A 1136 0 607507 607'528 465558 465579 
257 7A 1111 0 607'507 607528 465558 465579 
400 7A 1060 0 607'507 607527 465558 465578 
333 7A 1041 0 607'507 607526 465557 465576 

1882 7A 1031 19 607'507 607'526 465557 465576 
467 7A 978 0 607'507 607'525 465557 46557'5 

1397 7A 945 0 607507 607525 465557 46557'5 
231 7A 914 0 607507 607524 465557 465574 

1925 7A 895 0 607'507 607524 465557 4655,74 
203 7A 844 3 607'506 607522 465557 465573 

1591 7A 819 0 607'506 607'521 465557 465572 
1392 7A 812 0 607'506 607'521 465557 465572 
1644 7A 781 0 607'506 607'521 465556 465571 
391 7A 733 0 607506 607520 465556 465570 
259 7A 698 0 607'506 607519 465556 465569 

1395 7A 648 0 607'506 607518 465556 465568 
108 7A 619 0 607'505 607'517 465556 465568 

1974 7A 601 0 607505 607516 465556 465567 
806 7A 597 0 607'505 607'516 465556 465567 

1962 7A 585 0 607'505 607'516 465556 465567 
1923 7A 571 0 607505 607516 465556 465567 
233 7A 520 0 607505 607515 465556 465566 

1880 7A 502 0 607505 607514 465555 465564 
112 7A 457 35 607505 607'514 465555 465564 
292 7A 438 0 607'505 607513 465555 465563 

1719 7A 438 0 607'505 607513 465555 465563 
818 7A 435 0 607505 607513 465555 465563 

1706 7A 425 0 607505 607513 465555 465563 
587 7A 400 0 607505 607512 465555 465562 
103 7A 387 0 607'505 607'512 465555 465562 

2018 7A 368 0 607505 607512 465555 465562 
545 7A 359 0 607'505 607'512 465555 465562 
116 7A 333 7 607'504 607'510 465555 465561 

1902 7A 298 0 607504 607510 465555 465561 
1946 7A 292 0 607504 607509 465555 465560 
1257 7A 290 0 607504 607509 465555 465560 

17 7A 264 0 607504 - - -607509 - -~5555 - -· ----"65560 
1278 7A 256 0 607'504 607509 465555 465560 
841 7A 254 0 607504 607509 465555 465560 

1261 7A 254 0 607'504 607509 - 465555 465560 
1876 7A 247 0 607504 607509 . 465555 465560 
1842 7A 213 3 607504 607508 465554 465558 

14 7A 210 0 607504 607508 465554 465558 
1361 7A 210 0 607504 607'508 465554 465558 
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FID MOO EL Throughput Emissions High Cost High cost to Low cost to Low cost to 
Cbbl/yr> C lb/yr) to retrofit retrofit retrofit retrofit 

terminals terminal & terminal terminal & 
($/yr) vessels ($/yr) ($/yr) v!!ssels ($/yr) 

Z24 7A 203 0 607504 607508 465554 465558 
1736 7A 203 0 607504 607508 465554 465558 
1607 7A 1n 0 607504 607507 465554 465557 
1951 7A 165 0 607504 607507 465554 465557 
1945 7A 165 0 607504 607507 465554 465557 
1947 7A 162 0 607504 607507 465554 465557 
480 7A 158 0 607504 607507 465554 465557 

1903 7A 153 0 607504 607507 465554 465557 
1554 7A 152 0 607504 607507 465554 465557 
1465 7A 140 0 607504 607507 465554 465557 
1721 7A 127 0 607504 607506 465554 465556 
1796 7A 127 0 607504 607506 465554 465556 
1477 7A 121 0 607504 607506 465554 465556 
218 7A 114 0 607504 607506 465554 465556 
656 7A 114 0 607504 607506 465554 465556 
160 7A 113 0 607504 607506 465554 465556 

1835 7A 108 0 607504 607506 465554 465556 
310 7A 102 0 607504 607506 465554 465556 
567 7A 95 0 607504 607506 465554 465556 

1704 7A 63 o 607503 607504 465554 465555 
1500 7A 63 0 607503 607504 465554 465555 
1n1 7A 63 0 607503 607504 465554 465555 
1581 7A 57 0 607503 607504 465554 465555 
290 7A 51 0 607503 607504 465554 465555 
359 7A 51 0 607503 607504 465554 465555 
885 7A 51 0 607503 607504 465554 465555 

1960 7A 51 0 607503 607504 465554 465555 
538 7A t.5 0 607503 607504 465554 465555 
126 7A 38 0 607503 607504 465554 465555 

1833 7A 38 0 607503 607504 t.65554 465555 
432 7A 32 0 607503 607504 465554 465555 

1263 7A 32 0 607503 607504 465554 465555 
1702 7A 26 0 607503 607503 465554 465554 
1848 7A 25 0 607503 607503 465554 . 465554 
1593 7A 21 1 607503 607503 465554 465554 

711 7A 19 0 607503 607503 t.65554 465554 
568 7A 14 0 607503 607503 465554 465554 

1703 7A 13 0 607503 607503 465554 465554 
261 7A 6 0 607503 607503 465554 465554 
339 7A 6 0 607503 607503 465554 465554 

1768 7A 6 0 607503 607503 465554 465554 
1542 7A 6 0 607503 607503 465554 465554 
831 7A 6 0 - - 607503 __ ··-- - 6.07503 __ 465554 465554 
522 78 56400943 4674898 10692n 2545256 870341 2346325 
571 78 52989912 1284498 1056680 2443399 857750 2244469 

1193 78 40963480 371377 1012304 2084428 813373 1885497 
744 7B 37321375 2162549 998840 1975521 799910 1776591 
170 7B 33644250 4141Sn 985267 186sno 786336 1666789 
156 7B 29657459 2459738 970549 1746670 n1619 1547740 

·--- .. 1r------- n1------
, ___ 

/-AAA a ~'"""""'"""-"' 
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