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PROCESS ENERGY RELIABILITY REQUIREMENTS
FOR SELECTED INDUSTRIES

William G. Sullivan*
Thomas M. West¥#¥

ABSTRACT

The purpose of this study was to obtain estimates of pro-
cess energy reliability experience for selected plants in these
industries: chemicals and allied products, petroleum refining
and primary metals. Twenty-nine responses to the mail-out ques-
tionnaire were returned, and data for 1973-Thk were analyzed
with respect to steam generator characteristics, types of fuels
used, amounts of electrical energy purchased or sold, and re-
liabilities of the steam-supply system. Reliability referred
to the percentage of clock time that sufficient amounts of
steam energy were available to permit desired production quotas
to be met at a particular plant. For the 1T chemiecal indus-
tries, study results showed that reliasbilities ranged from 100
to 897%, and the average value was 98%. The nine petroleum re-
fineries experienced an average steam-supply system reliability
of 92%, with individual refinery reliabilities ranging from 100
to 70%. Finally, there were only three primary metals companies
represented in the study, and their process energy reliabilities
were 100%.

INTRODUCTION

Industry consumes a large share of the total primary energy used in
the United States. Natural gas and oil, the major industrial fuels, are
becoming scarce and expensive. Therefore, there is a critical national
need to develop alternative sources of industrial energy based on the more
plentiful domestic fuels — coal and nuclear. An important aspect of any
alternative industrial energy system is the reliability required during
long~term operation, such that the expected service continuity would meet
industrial needs.

The aim of this study was to quantify the reliability requirements
of process energy systems in selected energy-intensive industries, This

was accomplished by developing a questionnaire (see Appendix A) and sending

¥University of Tennessee, Knoxville, Tennessee,
¥*¥Presently located at Oregon State University, Corvallis, Oregon.




it to 65 companies in the following major industries: chemicals and
allied products (S.I1.C.28), petroleum refining and related industries
(S.1.C.29), and primary metals industries (S.I.C.33). A detailed anal-
ysis of 29 responses to the gquestionnalre was performed and is reported
in subsequent sections.

The combined energy consumption of these three industries accounts
for approximately 50% of total industrial energy usage.l Because roughly
40% of all energy in the United States is consumed each year by industrial
processes, the chemical, petroleum refining, and primary metals industries
represent 20% of this nation's total energy requirements.2

Analysis of questionnaire responses was focused on quantifying the
reliability of process steam systems in these three industries since clas-
sification of primary end-uses of fuels in industry indicates that a major
fraction of industrial fuel is used to raise process steam. From Table 1
it can be seen that 67% of all fuels consumed by the chemical industry are
used to generate steam, while for the petroleum and primary metals indus-
tries the percentages are 36 and 21 respectively. Petroleum products
represent over one half of industrial fuels; thus, substitution of alter-
native energy sources could save appreciable quantities of rapidly dimin-
ishing supplies of oil and natural gas.

For purposes of this study, reliability is defined to be the fraction
of scheduled production time at a company that the production facility is
in an "up" condition. This condition exists when the available capacity
of the steam supply system equals or exceeds process energy requirements
at the planned production level (i.e., "desired production level") that
has been established independent of energy availability.

Reliability, as defined above, is a term that reflects the "consumer's"
viewpoint in a corporate energy supply-demand relationship. From the "pro-
ducer's" viewpoint (i.e., the power and steam generation group), the term

availability is used to represent the percent of clock time in a continuous

operation that individual boilers and/or reactors produce steam. Thus when
reliability requirements of a company can be met or exceeded by the overall
availability of its energy system, scheduled production levels are unaf-

fected, and the facility is in an "up" condition.



Table 1.

Fuel distribution to combustion process (1971 data)

Steam generation
Under 1379 kPa Over 1379 kPsa Process heater Total energy
Industry/fuel (200 psia) (200 psia) or furnace Other kT x lolg/year
(%) (%) (%) ) (3en x 102 /yenr)

Chemicals:

All fuels T 60 15 18 2279
(2160)

0il and gas only 8 6L 7 21 1720
(1630)

Petroleum:

A1Y fuels 1 35 57 7 l2870)
{2720

0il and gas only 1 38 53 8 1488
(1hk10)

Primary metals:

A1l fuels - 21 3 76 3661
(3470)

0il and gas only - 35 6 59 (1303}
1330

Source:

(Midland, Michigan), September 1975, p. 39.

Evaluation of New Energy Sources for Process Heat, Final Report of
¥.S.F. Grant No. OFEP Th-18055, Prepared by the Dow Chemical Company



Tt is believed that realistic industrial energy reliability require-
ments can be derived from industry operating experience that is acquired
in the present survey. A follow-on study will then utilize these reli-
ability estimates in determining feasible combinations of nuclear and/or
nuclear-~fossil systems capable of meeting current reliability levels in

the three industries being considered.

SOURCES AND COSTS OF INDUSTRIAL PROCESS ENERGY

In the past, high steam supply availability has been relatively easy to
obtain through the installation of multiple gas- and/or oil-fired boilers.
Such installations were relatively inexpensive because the cost of providing
high availability through excess capacity was considerably less than the
cost of curtailed production resulting from insufficient steam. However,
with increasing economies of scale, larger boiler installations and un-~
certainties concerning the availability of gas and oil, costs of provid-
ing high availability steam through the use of multiple (and redundant)
boilers is becoming a point of concern.

Some idea of the economic attractiveness of nuclear-fueled steam
generators can be obtained when their steam costs are compared with those
of conventional fossil processes. A generalized comparison of costs shows
that current coal-fired systems provide steam in the neighborhood of $1.61
to $1.94 per million kilojoules ($1.53 to $1.84 per million Btu).3 Steam
production with residual oil as fuel (at a conservative $57/m3, or $9/vb1)
costs approximately $2.37 per million kilojoules ($2.25 per million Btu)
based on standard assumptions concerning industrial financing, plant life,
taxes, etc.h These costs of generating steam can be compared with those
for various nuclear units shown in Table 2. While these data are based
on 1974 economic parameters, they still provide a valid basis for purposes
of comparison. For each of these basic types of nuclear steam generators,
representative operating characteristics are summarized in Table 3. In
view of current projections concerning price escalations of fossil fuels,
the economics of nuclear steam generators have tended to become more fa-
vorable relative to conventional systems. In this regard, estimates of

future fuel costs are shown in Fig. 1.



Table 2. Estimated cost of brocess steam from different
size nuclear units {1974 cost basis)

CNSG
(Small PWR) PWR HTGR
Unit size, MW(t) 313 1875 3750 1000 3140
Capital cost
Millions of dollars 63 174 268 148 287
Dollars/kwW(t) 201 93 72 148 91
Levelized steam production
cost,* cents/million kJ
(cents/million Btu)
Fixed charges 199(189) 91(86) 70(66) 146(138) 90 (85)
O&M costs 24(23) 6(6) 4(4) 13(12) 5(5)
Fuel costs 57(54) 38(36) 36(34) 49 {46) 42 (40)
Subtotal 281 (266) 135(128) 110(104) 207(196) 137(130)
Isolation loop 5(5) 5(5) 5(5) 5(5) 5(5)
Transportation 37(35) 37(35) 37(35) 37(35) 37(35)
TOTAL 323(306) 177¢168) 152(144) 249(236) 179(170)

*Based on 80% plant factor and industrial ownership with a fixed charge
rate of 22,2%, :

Source: D. B. Trauger, L. L. Bennett, and H. I. Bowers, "Nuclear Reactor
Process Heat Capabilities, Potential and Economics, " Proceedings
of the First National Topical Meeting on Nuclear Process Heat
Applications, Los Alamos, New Mexico, October 1974, p. 27.




Table 3.

of typical reactors

Representative operating characteristics

CNSG PWR BWR HTGR*
Vendors Babcock & estinghouse General General Atomic
Wilcox Electric
Reactor output,
MW (L) 313 3817 3833 4000
Steam production,
kyg/s 157.5 6 2129.4 6 2079.0 6 1348.2
1b/hr 1.25 x 10 16.9 x 10 16.5 x 10 10.7 x 10
Steam pressure,
kPa 4826.5 7584.5 6791.6 17,340.9
psia 700 1100 985 2515
Steam temperature,
°C 287 293 284 513
°F 548 559 543 955
*Proposed.
Source: E. L. Cox, "Design and Operation of Nuclear Power Plants for Process

Heat Application,”
on Nuclear Process

Proceedings of the First National Topical Meeting

1974, p. 90.

Heat Applications, Los Alamos, New Mexico, October
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Development Administration, Washington, D. C. (June 1975).

Fig. 1. Average amnual cost of fuels burned for electrical generation
in the United States 1952-1984 (constant 1975 dollars).



STUDY RESULTS FOR THE CHEMICAL TINDUSTRY

A large percentage of responses to the questionnaire (17 out of 29,
or 59%) came from the chemical industry. These 17 plants represented a
total steam consumption of 1TWl kg/s (13.819 x 106 1b/hr), or an equiv-
alent of 127.71 x 1072 kJ/year (121.05 x 1012 Btu/year).W By utilizing
1971 data as a basis of comparison, it is possible to determine the ex-
tent to which the 17 plants in the survey represent total chemical in-
dustry steamn consumption:5

Total average hourly steam consumption by the 17 plants = 1741 kg/s

(13.819 x 106 1b/hr).

Total average kJ equivalent = (1741 kg/s) x (3.1536 x 10( s/year)
12

x (2326.23 kdJ/kg) = 127.71 x 107 kJ/year
6 1b . hr Btu _ 12 Btu
[or (13.819 x 10" ) x 8760 ear X 1000 7= 121,05 x 1077 So 1.

Estimated industry-wide equivalent fuel consumption for steam
production in 1971 (see Table 1 and ref. 5) is 75% of all fuel
energy:

0.75 (2279 x lO12 kJ/year) = 1709 x lO']'2 kJ/year [1620 x 1012 Btu/year].

Sample size, or representativeness, of the 17 plants in the survey =
127.71 x lO12

1709 x 102

(100) = 7.5%.

Respondents to the questionnaire were requested to provide data from
plants that consumed large amounts of process steam. For this reason the
17 chemical plants represent approximately 7.5% of total industry steam
production, which is believed to be a "good" sample for purposes of this
study. While a comparison of 1973 to 1974k sample data with 1971 industry-
wide data does not provide a highly accurate measure of how well the 17
plants represent the chemical industry, it does, nevertheless, give a rough
indication of the "cross-section" of steam production and consumption pat-

terns reported here.

*
A conservative conversion factor of 2326.23 kJ/kg (1000 Btu/lb of
steam) was used because of considerable variation in steam temperatures
and pressures.



Energy consumption data for the 17 plants are shown in Table 4. Be-
cause this study is centered on various aspects of industrial steam require-
ments, chemical plants have been numbered in order of decreasing total steam
production in Table 4. This identification number is used throughout this
section to ensure the anonymity of the respondent. From Table L it can be
seen that the 17 plants produced steam in amounts ranging from a high of
L24.6 kg/s to a low of 8.2 kg/s (3,370,000 to 65,000 1b of steam/hr). The
average steam consumption at a "typical" plant was 102.4 kg/s (812,880 1b/hr).

The second column of Table 4 indicates the total rate of energy con-
sumption, including purchased electrical energy and/or steam energy. To
maintain a single basis of comparison throughout the study, electrical
energy expressed in kilowatts (kW) was converted to a rate of steam flow

by this relationship:

1 kW = 0.000428 kg/s (1 kW = 3.4 1b of steam/hr and
294 kW = 1000 1b of steam/hr)

‘Total consumption of steam, in pounds per hour, is given in the third
column of Table 4. (See footnote at bottom of Table 4 to convert pounds of
steam per hour to kg/s.) Numbers of this column include steam produced at
a central boiler station, at waste heat recovery boilers and by exothermic
reactors. It is interesting to note that even though most of the chemical
plants in the sample are relastively large in terms of their steam consump-
tion, a sizable fraction of thelr steam-supply systems is located at one
éentral boiler station. This is apparent from the fourth column of Table k.
In fact, only four chemical plants have more than 15% of their steam re-
gquirements provided from noncentralized facilities. As seen in the last
column of this table, steam used for process heat applications accounts
for at least half of all steam consumption at 10 of the 17 plants.

A general summary of the types of fuel utilized and boiler capacities
at each plant is provided in Table 5. The number of coal-burning boilers,
for example, at plant 9 is seven, and their combined nameplats capacity
(shown in parentheses) is 140 kg/s (1,117,000 1b of steam per hour). Total
breakout of fuel by type for the 17 plants, according to nameplate capac-
ities, is: natural gas, 30.4%; coal, 38.5%; oil, 20.7%, and other, 10.4%.
The "other" category includes process heat recovery units, and larger chem-

ical plants tend to produce appreciable amounts of steam by this means.



Table 4. Energy production and consumption data for seventeen chemical plants in the survey
(Most data for the period, July 1, 1973—June 30, 1974)

Total . Steam ener on- Steam energy Steam energy
tOta Venergy ;ons:mptlond Total steam iA gZ < generated at for direct
Plant ra et;e;ecfrlca . slea: an production sumptloz tstal central plant as process heat
other) 42\equ1¥2 en rate, 1lb/hr percent o © a( percent of total as percent of
steam fiow, /hr energy consumption steam energy total steam ener
1 3.370 x 106 (40 kW purchased, 6
93,000 kW self-generated) 3.37 x 10 100.0 99.2 86.5
2 2.089 x 106 (55,555 kW purchased, 6
O kW self-generated) 1.20 x 10 90.1 73.4 50.0
3 1.412 x 106 (24,000 kW purchased, 6
0 XW self-generated) 1.33 x 10 94.2 30.0 22.6
4 2.203 x 106 {39,040 kW purchased, 6
O kW self-generated) 1.17 x 10 53.1 80.3 96.6
5 1.525 x 106 {64,600 kW purchased, 6
0 kW self-generated) 1.16 x 10 76.1 89.2 31.0
6 1.009 x 106 {14,000 kW purchased, 5
0 kW self-generated) 9.61 x 10 95.2 97.9 18.7
7 1.009 x 106 {5000 k¥ purchased, 5
25,500 kW seli-generated) 9.17 x 10 90.9 100.0 86.0
8 1.291 x 106 (7700 kW purchased, 5
0 kW seif-generated) 5.65 x 10 43.8 58.4 0.0
9 7.892 x 105 (2700 kW purchased, 5
14,000 kW self-generated) 5.50 x 10 67.7 100.0 83.0
10 5.610 x 105 (12,000 kW purchased, 5
10,500 kW self-generated) 5.20 x 10 92.7 100.0 Not available
11 9.043 x lO5 (79,500 kW purchased, 5
21,100 kW seif-generated) 4.80 x 10 53.1 100.0 22.9
12 4.020 x 105 {30,000 XW purchaseqd, 5
O kW self-generated) 2.70 x 10 67.2 100.0 88.9
i3 2.237 x 105 {14,300 kW purchased, 5
O kW self-generated) 1.75 x 10 78.2 91.4 68.6
14 1.749 x 105 {2630 kW purchased, 5
2700 kW self-generated 1.66 x 10 94.9 100.0 60.2
15 1.542 x 105 {13,000 kW purchased, 5
0 kW seif-generated) 1.20 x 10 73.1 100.0 62.5
6 1.114 x 10° {3350 kW purchased, s
0 kW self-generated) 1.00 x 10 89.8 100.0 15.0
17 1.373 x 105 (21,250 kW purchased, 4
0 kW seif-generated) 6.5 x 10 47.3 100.0 67.7

Note: To convert to SI units, multiply steam flow in ib/hr by 1.26 x 10_4 to get kg/s.

ot



Table 5. Summary of numbers of boilers and their associated nameplate capacities
(103 1b of steam/hr) for seventeen chemical plants in the survey

Plant and location Primary fuel source
: Natural gas Coal 0il Other
1 (Southeast) - 19 (4360) - -
2 (Gulf Coast) 5 (1790) - - 5 (650)
3 {Wortheast) - - 3 (800)7 -
b {(Southesnst) - - 5 (940) 23 (835)
5 {Gulf Coast) 7 {1700) - - 1 (koo)
6 (Gulf Coast) : 5 {1200) - - 1 (20}
7 (Wortheast) - 7 (1117) 1 (100) -
8 (Gulf Coast) 3 (690) - - -
9 (Hortheast) 1 {50) 7 {660) 3 (300) -
10 (Northeast) - 4 (80s) - -
11 (Northeast) - - 3 {525) -
12 (Northeast) - - L (360) -
13 (Northeast) - - 2 (200) 1 (20)
1h (Hortheast) - 1 {65)% 3 {320) -
15 (Hortheast) - 1 (L5} b {300) =
16 {Midwest) 1 (72) 2 {120) - 1 (15}
17 {Northeast) 3 fahky - - o
TOTAL Numbers 25 (56L6) b1 (7172) 28 (38ks5) 32 (19k0)
Percentages  19.8 (30.4) 32.6 (38.5) 22.2 (20.7) 25.4 (10.4)

1T

*These boilers were on standby and not used during the survey period.

NOTE: To convert to SI units, multiply steam flow in 1b/hr by 1.26 x 3.0—h to get kg/s.
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When these results are compared with those of a nationwide study
6 .. . .
conducted by the Stanford Research Institute (SRI), it is discovered

that there are appreciable differences in fuel consumption patterns:

SRI study (1971)7 Present survey (1975)
(%) (%)
Natural gas 68 30.4
Coal and coke 22 38.5
0il 10 20.7
Other - 10.4

While these differences are possibly due to sampling error, they are
most likely caused by the fact that 12 of the 17 plants are located in
the Northeast and Southeast (see Table 5) and therefore have relatively
easy access to Appalachian coal sources. Furthermore, differences may
be partly due to recent federal efforts at limiting the use of natural
gas and imported fuel oil.

Summaries of detailed steam boiler data are given in Tables 6 and 7.
Of the steam-generation units included in the survey, a significant number
of them appear to be likely candidates for replacement in the near future.
Over 60% of the units have been in use for at least 10 years, and more
than 40% have been in use for over 20 years. However, further analysis
reveals that most of the larger boilers (i.e., at least 31.5 kg/s or
250,000 1b of steam per hour) operating at temperatures and pressures in
excess of 288°C (550°F) and 4137 kPa (600 psig) have been in service for
10 years or less. These data support the general observation made earlier
that many companies believe that for a given level of steam requirement
the economic advantages obtained through installation of larger steam-
generating systems outweigh the higher reliability obtained through uti-
lization of many smaller boilers with equivalent capacity. While a study
of forced outage rate as a function of unit size was not included as part
of this survey, the interested reader can find additional information in
publication number T75-50 of the Edison Electric Institute.8

The prospects of using light water reactors (ILWRs) to replace existing

steam supply systems at chemical plants included in this survey appear good.



Table 6. Boiler pressure breakouts for seventeen chemical planis in survey

3 Capacity Pressure, psig
{107 1b of steam/hr) Under 250 251-600 601-1000 Over 1000 Totals
1 {1 yr) 1 (3 yr) 3 {1k yr) 2 {35 yr) 27 (21.1 yr)
1 {28 yr) 8 {3k yr) 5 {~ yr)
Under 100 3 {1k yr) 2 {11 yr) 1 {1k yr) 5 {- yr)
1 {8 yr} 2 {30 yr}
2 {k yr}
1 {37 nr)
1 {23 yr) 1 {3 yr) b {35 yr) & (38 yr) 2 {23 yr)
1 (18 yr) 1 {37 yr) 5 (& yr) 2 {3k yr) 5 (Tyr) 45 (20,0 yr)
100250 1 {12 yr) 2 {2k yr) 2 {22 yr) 1 (30 yr) b {1 yr)
2 {5 yr) 2 (47 yr) 3427 yr) 1 {-yr) 1 {~yr)
1 {10 yr) 2 {1k yr) 4 {~yr) 3 {1k yr) 18(9.3 yr)
251-500 1 (15 yr) 5 (6 yr} 1 {131 yr) 1 (5 yr) b (-yr)
3 (9 yr}
Over 500 {7 yr) {7 yr)
TOTALS 11 (12.7 yr) 38 (22.6 yr) 36 {16.8 yr) L (11.8 yr) 89 {18.5 yr)

10 {- yr)

16 {- yr)

Note 1t  Average age of boilers in parentheses, where {-) indicates
that datas were not:available.

Hote 2: To convert to ST units; multiply steam fiow in Ib/hr Yy 1.26-x 1o‘h
maitiply pressure iz 1b/in.?

by 6.895 to zet kPa.

to get kgfs and

€T



Table 7. Boiler temperature dbreakouts for seventeen chemical plants in survey

Temperature {°F)

Capacity
(10% 1v of steam/hr) Under 400 401~550 5511700 Over 700
1 {1 yr) 4 {35 yr) 1 {3 yr) 1 (14 yr) 3 {33 yr)
Under 100 1 (28 yr) 3 (14 yr) 2 (11 yr) 1 {8 yr) 2 (35 yr)
3 (14 yr) 2 (30 yr) 2 (4 yr} 1 (- yr)
1 (23 yr) 3 {6 yr) 2 (1 yr) 2 (34 yr) 3 (35 yr) 2 (24 yr)
100 = 250 1 (18 yr) 1 {17 yr) 1 {3 yr) 1 {30 yr) 2 (8yr) 9 (- yr)
1 {12 yr) 2 (35 yr) 2 (5 yr) 3 (27 yr) 2 (22 yr) 5 {8 yr)
2 {47 yr) 4 (38 yr) 2 (23 yr) 1 (37 yr) 2 (1 yr)
5 {14 yr} 1 {11 yr)
1 {10 yr) 5 (6 yr)
251 = 500 1 (15 yr) 3 (9 yr)
1 (5 yr)
Over 500 1 (7 yr)
Total 8 (15.5 yr) 15 {25.4 yr) 36 (20.4 yr) 40 {10.2 yr)
Note 1: Average age of boilers in parentheses, where {-) indicates thet

data were not available.

Note 2:

determine temperature in degrees Celsius as follows,

To convert to SI units, multiply steam flow in 1b/hr by 1.26 x lO_4 0 get kg/s and

tc = (tF - 32) +1.8.

71
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This statement is based on the findings of a Dow Chemical Company studyg
of five major industries representing 75% of the total industrial steam
consumption in the United States: Paper (8.I.C.26), Chemicals (S.I.C.28),
Petroleum (S.I.C.29), Rubber (S.I1.C.30), and Primary Metals (S.T.C.33).

In the Dow report this conclusion was drawn relative to steam tem-
perature requirements for industrial processes:

"Process steam applications within the industries studied
involve temperatures from about 100°F up to about L450°F, Al-
though steam is often produced at temperatures above 450°F,
the high temperature/high pressure steam is first used for
electrical power generation and then extracted at lower pres-
sures for process heat. Also, much of the steam use in the
450°F temperature range is in turbines or reciprocating engines,
driving pumps, compressors, ete. These applications can and
often will be converted to electrical drive as steam costs
increase. Thus, we estimate that at least 85% of the industrial
steam heat requirement is below U00°F and within the range avail-
able from conventional nuclear light water reactors.”

A means of producing process steam in quantities that mateh the needs
of several of the larger chemical plants listed in Table 4 is with the Con-

solidated Nuclear Steam Generator (CNSG). The CNSG is a special~purpose
pressurized water reactor rated at 313 MW(t) that has been developed by
the Babcock and Wilcox Company. Major reactor parameters of interest
were shown earlier in Table 3.

Many of the chemical plants use steam in a number of sequential steps,
each of which removes a portion of the thermal energy available. As noted
above in the Dow study, the first step in some of these operations is fre-
quently the generation of electrical power. This could also be accomplished
by utilizing lower-pressure turbines as is done in commercial LWR power
stations. Additionally, if high temperature steam is required for a limited
number of applications, a fossil or by-product fueled superheat boiler could
be inciuded as part of the CNSG steam-generation system.

From Table 4 it can be seen that six of the 17 chemical plants gener—
ate a large fraction of their electrical power requirements. This may par~
tially explain the preponderance of high boiler temperatures shown in Table
T and the difference between results of the present study and the Dow state-
ment above.

The most important information from questionnaire responses concerned

the overall reliability of steam-supply systems at the 17 chemical plants.
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In view of the definition of reliability given earlier (page 2), an anal-
ysis was made of safety margins (on-line steam-generating capacity less
actual steam production) and percent of clock time that each plant was
unable to meet scheduled steam production. Information regarding these
two indicators of reliability was taken directly from questionnaire re-
sponses.

Results of analyzing data in Sections 1 and 2 of the questionnaire
are presented in Table 8. Safety margins at each plant were determined
by subtracting line D of Table 8 from line B. A more realistic evaluation
of the safety margin is (B-E), but in most responses to the questionnaire
no distinction was made between lines D and E.

Interesting characteristics of the safety margin are calculated in
lines H and J of Table 8. Line H indicates that margins of safety, ex-
pressed as percentages of actual steam usage, are on the average about
44%. They range from 4.2 to 141.0%. From line J it can be seen that
safety margins as a percentage of the largest on-line steam-generator
range from 11.L4 to 140.0%. Eleven out of 17 plants had safety margins
that were 80% or more of the largest on-line unit. This indicates that
high reliability has been sought at the expense of having considerable
amounts of excess capacity available.*

The "unreliabilities'" of steam-supply systems were computed in two
parts: (1) as a percent of clock time that the system was unable to meet
scheduled steam production because of equipment outages, and (2) as a per-
cent of clock time that scheduled steam production was curtailed due to
nonequipment related outages (planned and unplanned). As can be seen
from line N of Table 8, the overall relisbility of steam-supply systems
(one minus the unreliability shown in line N) ranges from 100 to 89%.
Notice that downtime caused by vacation and/or turnaround is excluded
from the unreliability in line N.

To highlight pertinent information regarding unreliabilities of steam-

supply systems now in operation, a summary of Table 8 has been prepared

*Plant No. 11 has a small safety margin and a highly reliable steam-
supply system because a sizable fraction of its capacity is operated in
parallel with a nearby electrical utility company. This arrangement
works to the advantage of both companies.



Teble 8.

Process steam system capacity, consumption rate and reliability

for chemical plants in the survey

Item of date

Plant

10

11

1z

«

=3

Average installed capacity,
103 1b of steam/nr

Average on-line capacity,
103 b of steam/hr

hAverage on-lime capacity,
as percentage of A.

Avernge actual steam usage,
103 1b of steam/nr

Average scheduled stesam
usage, 10° 1b/hr

Average metusl ‘steam usage,
as. percentage ¢f B

Average safety margin,
Tten B -~ Item I

Average safety margin,
as’ percentage of D

Largest unit on-line
(1) 107 1b of steam/ar
{11) avg. perceéntage of B

Safety margin as percentage
of largest unit on-line {I)

Percent of time steam supply
unsble to meet scheduled re-
quirements (E) due to random
equipment cutages

Percent of time scheduled
steam production (E) was cur-
tailed due to nopequipment
related outages

Percent of time.plant was
coupletely shut down. for
scheduled vacation or plant
turnaround

Total percent of time sched-
uled stesm production was cur-
tailed {item K + item L)

0.8

400
i7.2

105.0

<
\n

800
758

94.8

Q
52.8

92.5

™
=

<

1170

1203

8o.7

200

13.8

140.0

2.4

1700

1475

86.8

1160

1230

1.0

1200

1190

100.0

1220

0.8

0.8

€90

659

95.5

580

85.7

230
3419

4.9

N
n

85.9

550

600

82.1

120

21.8

125
18.7

96.0

5.8

520

(%
w
]

o
&
e

oigk

6.8

525

175
35.0

ot
e
e

[
)
&1

280

34.8

50

18.5

100
30.3

*Stean date syvailable only for central power plant,

i as -l
Note: To comvert to S5I unlts, multiply steam fiow in 1b/nr by 1.26 x 107 to get kg/s.

LT



Table 8.

{continued)

Item of data

Plant

13

1k 15

18

17

AV§rage installed capacity,
107 1p of steam/hr

Avgrage on-line capacity,
107 1b of steam/hr

Average on-line capacity,
as percentage of A

Avgrage actual steam usage,
107 1b of steam/hr

Average sgheduled steam
usage, 10~ 1b/hr

Average actual steam usage,
as percentage of B

Average safety margin,
Item B - Item D

Average safety margin,
as percentage of D

Largest, unit on-line
{i) 10° 1b of steam/hr
(ii) avg. percentage of B

Safety margin as percentage
of largest unit on-line (I)

Percent of time steam supply
unable to meet scheduled re-
quirements {E) due to random
equipment outages

Percent of time scheduled
steam production (E) was cur-
tailed due to nonequipuent
related outages

Percent of time plant was
completely shut down for
scheduled vacation or plant
turnaround

Total percent of time sched-
uled steam production was cur-
tailed (item K + item L)

220

212

96.2

175

100
i7.2

3.8

320%% 300888

265 280

82.8 93.3

164 116

164 116

61.9 b1k

101 16k

61.6 ' 141.0

125 150
47.2 53.6

80.8 109.0

3.8 3.8

192

175

91.1

100

100

57.1

75

0.8

14k

136

9k. k4

65

47.8

T

109.2

8T

60
Lh.3

118.3

##Does not include 65,000 ib/hr standby boiler.
*##00es.not incluge 45,000 ib/hr standdy doiler.

Note: To convert to SI units, muitipiy steam flow in lo/nr by 1.26 x lO—L

to get kg/s.
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and is included as Table 9. Here there are four parameters of the un-
relisbility of a plant: two are related to the safety margin-and the
others are related to failure of the steam source in meeting scheduled
requirements for steam. On the average the unreliability was about 2.0%,
but 9 of the 17 plants were able to meet scheduled demand for steam better
than 99% of the time (unreliambilities less than 1.0%). On the other hand,
three plants were not able to meet scheduled steam requirements better
than 95% of the time. Thus plants in the survey tended to be divided into
two groups; namely, highly reliable and "medium" reliable.

Reasons for these two groupings can be clearly seen by referring to
Table 10. In this table the magnitude and duration of loss in capacity
are described for the 17 plants. “A gqualitative rating of the severity
of the outage is given in column 3. Here a "1" represents the ideal con-
dition of no production curtailment due to boiler outages and a "0" indi-
cates a total plant shutdown.

The smaller plants (12, 13, 1k, 15, and 16) have a policy of complete
shutdown during vacatlon periods, whereas the larger plants do not. From
lines ¢ and J of Table 9, it could not be concluded that smaller steam
users had less reliable: steam—supply systems than the larger plants be=~
cause of the fact that their safety margins were proportionately less.

If vacation periods had been inecluded as "planned, nonequipment related
oubages' "in computing line § of Table 9, the average reliability of s&ll
plants would have been 96.7%. However, if vacation time is neglected

Table 9 shows that sources of process steam are on the average 98% reliable

basgsed on results of the present survey. This translates into the following
statement: "On the average, product losses (production curtailments) due
to steam outages occur for 7 days each year.'" From another viewpoint it
might be said that all produets met their sales plans except for T days
production because of interruptioné in a continuous supply of steam energy.
Judging from Tables 8 and 9, an economic target level of 2 days {or less)
of curtailed production per year could be viewed as an "ideal" eriterion

to be met by steam supply systems in large chemical plants. This corre-~

sponds to a 99.5% reliable supply of steam.



Table 9. Summary of reliability measures for seventeen chemical plants in survey

Reliability measure

Plant

-~

Line

Line

Line

Line

Percent of time steam-supply
system unable to meet scheduled
production due to random equip-
ment failures

Percent of time steam-supply
system unabie to meet scheduled
production due to noneguipment
related outages (planned and
unplanned) not including vacation

Total time (percent) steam-supply
system unable to meet scheduled
production

Average safety wmargin (103 ib
steam/hr )--average on-line ca-
pacity minus average steam demand

Average safety margin as percent
of largest boiler on-line

0.8

400

93.0

0.5

420

105.0

368

92.0

280 315 230

1ko.0 57.3 100.0

0.8

238

89.0

9k

%0.9

3.8

5.8

120

96.0

0t



Table G.

{continued)

Reliability measure

Plant

10

11

12

13

14

15

Average for
17 plants

Line

Line

Line

>y

Percent of time steam-supply
system unable to meet scheduled
production due to random eguip-
ment failures

Percent of time steam—-supply
system unable to-meet scheduled
production due to noneguipment
related outages {planned and
ynplanned) not including vacation

Total time (percent) steam-supply
system unable to meet scheduled
production

Average safety margin (103 1b
steam/hr)--average on-line ca-
pacity minus average steam demand

Average safety margin as percent
of largest boiler on-line

6.8

6.8

2Lk

£9.7

<

101

80.8

16k

109.0

1.C

75

10k.2

Q

(]

1

118.3

1.40%

0.56%

1.96%

189.8 x 103

82.0

12
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Teble 10. Number and severity of outages represented
by lines K, L, and M of Table 8

. Severity of outage
Magnitude of capacity loss (Availsble Zapacity on{i ne

Plant (1b steam/br) and durin; the outage

ge

duration of the loss 4+ line E)

1 Loss of approximately 8% of rated capacity due to boiler failures. ~0.95

Occurs 2-3 times/yr for 1 day each.
2 Complete shutdown due to violent storms (averages 2 days/yr). 0
3 Down completely an average of 5 days/yr because of electrical

failures. 0
L Down 16 hr to zero capacity, down 40 hr to 1/3 of rated

capacity and down 156 hr to 3/5 of rated capacity. ~0.50
5 Fourteen outages reported that resulted in curtailed, scheduled

steam production. They range from 2% loss of rated capacity

for a few hours to 100% loss for 8-9 days. ~0.60
[ Complete shutdown due to violent storms (average 2 days/yr). 0
T Complete shutdowns due to random outages, operator mistakes

(average 3 days/yr). 0
8 ’ Nine day turnaround for entire plant once per year. Power

losses and violent storms shut plant down an average of 4.5

days per year, ~0.05
9 Complete shutdowns for maintenance and labor dispute. Down

2 weeks to T0% of rated capacity due to accident. ~0.35
10 Complete shutdown for maintenance on 2 occasions per year

(48 hours each). Down 5% or less of rated capacity for 25

days during the year surveyed (4 curtailments). ~0.9
11 No outages reported that curtailed scheduled steam production. N/A
12 Complete shutdowns for two-week vacation (once/yr) and for

random interruptions that average L days/yr). 0
13 Complete shutdown for two-week vacation (once/yr). o]
14 Complete shutdown for two-week vacation, once per year. 0
15 Complete shutdown for two-week vacation, once per year. 0
16 Complete shutdown for 8 days of vacation (2 separate occasions).

An average of 3 days/yr curtailed production due to power

failures and strikes. ~0.2

17 No outages reported that curtailed scheduled steam production. N/A
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STUDY RESULTS-FOR PETROLEUM REFINERIES

Data were cobtained for nine refineries (seven different petroleum
companies) that in 1973 to 19Tk had a total steam consumption of 1675 kg/s
(13.293 x 106 1b/hr), which is equivalent to 122.85 x 1012 kJ/year (116.L45
b4 1012 Btu/year).* To determine what percentage of total refinery steam
consumption these nine refineries represent, data from the study were used

in making the following estimate:
Total average kJ equivalent = (1675 kg/s) x (3.1536 x 107 s/year)
x (2326.23 kJ/kg) = 122.87 x 1012 kJ/year [(13.293 x 106 1b/year)

2
x 8760 hr/year x 1000 Btu/lb = 116.45 x 101° Btu/year].

Estimated industry~-wide fuel consumption for steam production
in 1971 (ref. 5) = 1119 x 1012 kJ/year (1061 x 101° Btu/year).

Projected increase for total use of heat and power by the industry
is 1.8%/year over the 1971 to 1980 period (ref. 10), so estimated
fuel consumption for steam production in 1973 to 197k = (1119 x 10
kJ/year) x (1.018)° = 1180 x 10%°

12

kJ/year.

Percent representation of the nine refineries in the survey =
12

122.87 x 107" kJ/year (

1o 100) = 10.4% .
1180 x 107° kJ/year

A 10.L4% sampling of refinery steam consumption in the present study
is regarded as an excellent cross-section of the petroleum refining in-
dustry. Accordingly, credible conclusions concerning steam system reli-
abilities at refineries can be drawn from data submitted by the nine re-
fineries. This energy-intensive industry accounts for approximately 9.4%
of energy purchased by all manufacturing industries, so energy character-
istics reported in this section represent around 1% of total manufacturing

10
energy purchases.

*Again, a conservative conversion factor of 2326.23 kJ/kg (1000 Btu/lb
of steam) was utilized because of considerable variation in refinery steam
pressures and temperatures.
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Energy consumption data for the refineries are included in Table 11.
Here it can be seen that the total steam consumption rate varied from a
high of 551.3 kg/s (4,375,000 1b/hr) to a low of 39.2 kg/s (311,000 1b/hr).
The "average" refinery used 186.1 kg/s (1,477,000 1b of steam/hr). Because
this study is primarily concerned with reliability aspects of steam produc-
tion systems, refineries have been numbered in Table 11 in order of deereas-
ing total steam usage rates.

The second column of Table 11 shows the rates of energy consumption
at each refinery, including electrical and steam energy purchased or sold.*
In addition, kilowatts of self-generated electrical power is listed. Four
of the nine refineries generate substantial amounts of electricity. As in
the case of the chemical companies, electrical energy expressed in kilowatts
(kW) has been converted to an equivalent rate of steam flow by this rela-

tionship:
1 kW = 0.000428 kg/s (1 kW = 3.4 1b of steam/hr

and 294 kW = 1000 1b of steam/hr).

This was done to provide a common base for comparing energy consumption
patterns at the nine refineries.

Average total steam production rates are given in column 3 and cal-
culated as a percentage of total energy consumed in columm 4. Entries in
columns 2 and 3 are averages for 1973 to 1974 and thus ineclude periods of
time when energy usage was curtalled for reasons that are identified later.
Moreover, steam data in columns 2 to 4 include steam obtained from one or
more central boiler stations and from waste heat recovery units. Column 5
lists the percentage of steam raised at the central boiler station(s). The
percentage of steam energy used for process heating is shown in column 6.

A summary of types of fuel utilized and primary boiler capacities at
each refinery is provided in Table 12. Also indicated is the general lo-
cation of the refinery — most are situated east of the Mississippi River.
The numbers in parentheses represent the nameplate capacities of boillers
by fuel source. It can be seen that 25% of all boilers utilize fuel gas
or natural gas, and these boilers burn 25% of all fuel based on nameplate
capacities. On the other hand, L0% of the boilers use fuel oil and these

boilers consume better than two-thirds of all fuel. None of the refineries
¥See footnote, Table 11.




Table 1l. Energy production and consumption data for nine refineries in the survey
(Most data for the period, July 1, 1973 - June 30, 1974)

Total energy consumption Total st Steam snergy con- Ste‘?'m fe:nsrg:f S*iei,md.e-n?r'%y
Refine rate {electrical, steam and ‘;rod ct‘ia’m sumption as a %?r’cfa ima“ »:f:N:r:Cf‘_
e R other) in equivalent ;éteu l‘;/?r percent of total ;21;;15‘:_; §~ ézt:ls Z‘W;;;e;‘e'cvgf
£ w e, 1 o CORSEIDL L on® ent of s percent
steanm flow, lb/hr energy consumption steam energy total steam energy
1 4.893 x 10° (145,000 KW purchased) 4,375 x 10° 9.4 84.6 66.3
‘ {35,000 kW self-generated)
2 2.824 x 10° {7,000 kW purchased) 2.800 x 10° 9.2 77.0 50.0
{54,000 kW self-generated)
3 2.600 x 10% (800 k¥ scld) 1.870 x 10° 71.9 64,2 89.6
(48,800 k¥ self-generated)
4 4.355 x 10% (30,280 kW purchased) 1.012 x 108 23.2 42,4 5.0
{24,500 ki self-penerated)
5 1.207 x 10° {31,300 k¥ purchased) 1.100 x 10° 91.1 62.7 £1.8
(O kW self-generated) '
[ 0.886 x 10° (31,100 k¥ purchased) 0.780 x 108 88.0 73.1 57.7
{0 kW self-generated)
7 0.919 x 10° (50,000 kW purchased) 0.749 x 106 81.5 ' 60.6 68.8
(0 xW self-genierated)
8 0.554 x 10% (16,985 kW purchased) 0.4% x 10° 89.5 75.0 6C.G
(0 kW self-generated)
9 1.034 x 10° (4,800 kW purchased) 0.311 x 10% 30.1 ©78.8 50.2

{0 kW self-generated)

* s o . . s . N .

According to ref. 11 {p. 56}, approximately 668 of &1l fuel consumed by a petroleum refinery is for direct heating and
26% of 81} fuel is consumed in ralsing process .steam, Only refineries Nos. 4-and 9 included fuels for direct firing in
guestionnaire responses, and their percentages in this column are close to those cited in ref. 11, Numbers in column 3 of
Table 1I for the other T refineries represent the percentage of electrical plus”steam energy thaet is consumed as process steam.
i

Bote: To comvert to SI units, multiply steam flow in 1b/hr by 1.26 x 107 to get ka/s.
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Tgble 12. Summary of numbers of boilers and their associated nameplate capacities
(103 1b of steam/hr) for nine refineries in the survey

Fuel gas*

9¢

Refinery and location (and natural gas) Fuel oil¥ Waste heat recovery Total
1 (Gulf Coast) L (360) 1L (L900) ‘ 12 (560) 30 (5820)
2 (Midwest) ——- 13 (3065) 5 (650) 18 (3715)
3 (Northeast) 2 (876) 3 (1500) Data not available 5 (2376)
L (Gulf Coast) 3 (600) -— 2 (360) 5 (960)
5 (Northeast) L (927) or 4 (927) 7 (2) L (927}
6 (Northeast) 1 (175) 2 (720) 5 (7) 3 (895)
7 {Northeast) 2 (L430) 10 (350) 8 (2) 12 (780)
8 (Midwest) 7 (125) --- Data not available 7 (T15)
9 (Northeast) 7 (443) — Data not available 7 (443)
TOTAL Numbers 28 (4063) 4y (10,998) 39 (1570) 111 {16,631)
Percentages  25% (25%) Lo% (66%) 35% (9%)

#These are by-product fuels that are utilized to fire conventional boilers.

NOTE: To convert to SI units, multiply steam flow in 1b/hr by 1.26 x ZLO_h to get kg/s.
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now burn fuels more plentiful than fuel gas and fuel oil, although one
of the refineries plans to add two large coal-fired boilers by 1980.

A detailed summary of boiler data for each refinery is provided in
Tables 13 and 14. Boiler pressure and temperature data for refinery No.

8 were not available, so the totals in these two tables do not correspond
to totals in Table 12. From Table 13 it can be seen that the majority of
all boilers operate at pressures of U137 kPa (600 psig) or less (52 out

of 84 units, or 61.9%). Furthermore, the average age of all boilers is
almost 25 years, with the highest average age being associated with boilers
operating under 1723.8 kPa (250 psig).

In general, boilers at refineries are older than those at chemical
plants included in this study. A large number of refinery boilers are
candidates for replacement/retirement as petroleum companies attempt to
improve fuel consumption efficiencies and reduce unit operating costs.

In fact, one of the six major recommendations of the Energy Policy Proj-
ect of the Ford Foundation, regarding refinery fuel savings, was to "im-
prove efficiency of steam boilers and reduce steam losses in.standby equip-
t."ll At refineries in-the survey, this statement appears to be par-
ticularly appropriate because 37 of the 84 boilers (Lh%) are older than
20 years and 26 (30%) are older than 30 years. It is interesting to ob-
serve that almost all of the newer and larger boilers (nameplate capac-
ies over 31.5 kg/s, or 250,000 1b of steam/hr) are not yet 20 years old.

From Table 14 it can be seen that L2 of the 84 boilers (50%) gener-
ate steam in excess of 371°C (700°F), and 63 boilers (75%) produce steam
at temperatures above 288°C (550°F). Another recommendstion given in
ref. 11 concerns use of high-temperature steam to generate by-product
electricity in conjunction with production of process steam regardless
of the electrical needs of the refinery. One of the refineries in the
survey (No. 4) has an arrangement with a nearby power company in which
a large fraction of its steam requirements is provided by the utility.
However, no sales of by-product electricity to the utility were reported.

The applicability of light water reactors as replacements for exist-
ing steam generators at petroleum refineries appears promising for the
reasons discussed on page 15. If-a large fraction of steam requirements

at UOO®F and below could be met with an LWR, high-temperature steam



Table 13. Boiler pressure breakouts for nine refineries in the survey

Capacity Pressure, psig
3
(10% 1b of steam/hr) Under 250 251-600 601-1000 Over 1000 Totals
5 (15 yrs) 4 (39 yrs) 5 (10 yrs) 2 (5 yrs)
Under 100 10 {55 yrs) 2 {15 yrs) 2 (26 yrs) 34 {32.3 yrs)
4 {44 yrs)
100 - 250 2 {28 yrs) 7 {46 yrs) 1 (19 yrs) 8 {16 yrs)
3 (12 yrs) 1 (6 yrs) 1 {12 yrs) 29 {23.2 yrs)
2 {4 yrs) 1 (5 yrs)
2 (25 yrs)
1 (32 yrs)
251 - 500 1 (4 yrs) 1 (15 yrs) 1 (10 yrs) 4 {5 yrs)
1 {16 yrs) 5 {26 yrs} 20 {15.1 yrs)
1 {2 yrs) 3 (39 yrs)
2 {19 yrs)
1 (30 yrs)
Over 500 1 {5 yrs) 1 {5 yrs)
TOTALS 21 {40.8 yrs) " 31 {24.2 yrs) 18 {34.3 yrs} 14 (15.5 yrs) 84 {24.8 yrs)
Note 1: Average age of boilers in parentheses.
Note 2: To convert to SI units, multiply steam flow in 1b/hr by 1.26 x 10_h to get kg/s

and multiply

pressure in 1b/in.2 by 6.895 o get kPa.

8¢



Tsble 14. Boiler temperature breakouts for nine refineries in the survey

Temperature, °F

Capacity
(16% 1o of steam/hr) Under 400 401-550 551-700 Over 700 Totals
10 (55 yrs) 5 (15 yrs) 4 {39 yrs) 2 {5 yrs)
Under 100 4 (44 yrs) 2 (15 yrs) 5 {10 yrs) 34
2 {26 yrs)
2 (28 yrs) 7 (46 yrs) 8 (16 yrs)
100 - 2580 3 (12 yrs) 2 {4 yrs)
1 {12 yrs) 2 (25 yrs)
1.(32 yrs) 29
119 yrs)
1 (6 yrs)
1 (5 yre)
1 (4 yrs) 4 (5 yrs)
251 - 500 1 (16 yrs) 2 (10 yrs)
5 {26 yrs) 20
5 (19 yrs)
1 {2 yrs)
1 (15 yrs)
Over 500 1 {5 yrs) 1
TOTALS 14 7 21 42 84

Note 1:  Avcrage age of boilere in parentheses.
Note 2: To eonvert to SI units, multiply steam flow in 1b/hr by -1.26 x 13’“ to zet kgfs and
determine temperature in degreés Celsius as follows, t: = (t2 - 32) +1.8.

62
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requirements could perhaps be satisfied with fossil or by-product fueled
superheat boilers.

Turning now to reliability considerations, much information was ob-
tained from questionnaire responses regarding the reliability of steam-
supply systems at the nine refineries. The definition of reliability
given on page 2 was utilized to quantify (1) average safety margins as
a percent of average steam usage, (2) safety margins as a percent of the
largest on-line boiler, (3) percent of clock time that desired throughput
was curtailed because of equipment-related outages (unplanned) of the steam-
supply system, and (4) percent of clock time that desired throughput was
reduced due to nonequipment related outages of the steam~supply system.

Results of analyzing data in Sections 1 and 2 of the questionnaire
are given in Table 15. Safety margins at each refinery were found by
subtracting line D of Table 15 from line B. It would have been better
to have used scheduled (desired) steam demand in determining the safety
margin, but none of the refinery respondents distinguished between actual
steam consumption versus forecasted, or desired, steam consumption on the
questionnaire.

Two interesting characteristics of the safety margin are computed in
lines H and J of Table 15. Average margins (line H) ranged from 3.8% of
steam consumption to 60.8%, with an average of around 29%. Expressed as
a percent of the largest on-line boiler, safety margins ranged from 19.0
to 200% (line J). From line J it is seen that four of the nine refineries
had safety margins that were 100% or better of the largest boiler. How-
ever, there is a large amount of excess capacity at all refineries because
in most cases the largest unit on~line has a nameplate capacity of at least
31.5 keg/s, or 250,000 1b of steam/hr (seven of the nine refineries).

The "unreliabilities" of steam supply systems are calculated in lines
K, L, and N of Table 15. The overall reliability of refinery steam-supply
systems (100 minus the unreliability in line N) ranges from 100 to 69.9%,
with an average value of 92.1% for all nine refineries.

From line N of Table 15, it cén be seen that five refineries had
steam-supply systems that were unreliable 5% or less of all clock time,
and the other four refineries were unreliable 5% or more of the time.

There appears to be little connection (i.e., low correlation) between



Teble 15. Process steam systein capacity, consumption rate and
relisbility for petroleum refineries in the survey

Befinery
Item of data 1 2 3 Ll Ed 6 7 8 9

A. Average installed capacity 5820 3715 2376 1340 k2t 11hs 1130 715 509
10% 1bs of steam per hr

B. Average on-line capacity, 5450 3500 2250 1050 1250 1071 1070 646 500
10? 1bs steam per hr

€. Average on-line capacity, 93.6 .2 94.7 92.1 87.6 93.5 k.7 90.4 8.2
as percentage of A

D. Average actual steam usage, 4375 2800 1870 1012 1100 780 749 496 311
10% 1bs of steam per hr

E. Aversge scheduled steam 4375 2800 1870 101z 1100 T80 759 496 311
usage, 10% 1bs per hr

F. Average actual steam usage, 80.3 B80.0 83.1 %.4 88.0 72.8 0.6 76.8 62.2
as percentage Vof B

6. Average safety margin, 175 . 700 380 38 150 291 321 150 189
Item B-Ttem D

H. -Average safety margin 24.5 25.0 20.3 3.8 136 37.3 b2.9 3042 60.8
&s percentage ¢f D

I. :Largest unit on-line
{1} 210° iv of steam per hr 550 350 500 200 287 470 284 440 135
{11} avg. percentage of B 10.1 10.0 22.2 19.1 23.0 43,9 26.2 68.1 27.0

J. Bafely margin as percentage 195.5 200.0 76.0 13.0 52.3 61.9 1i%.8 34.1 140.C
of largest unit on-line{I)

K. Percent of time steam supply 5.8 ¢.8 8.3 0 30.1 7.3 3.8 1.4 0
system unable to meet sched-
uled reguirements (E) due to
random equipment outages

L. Percent of time scheduled o] s} 0.8 1.9 0 0.3 0.3 o] s}
steam production (E) was
curteiled due to non-equip-
ment related outages

M. [Percent of time refinery Q 0 Q9 ¢} 9 G 0 o &
was completely shut down
for scheduled ‘vacation or
plant turnaround

K. ‘Total percemt of time sched- 5.8 0.8 9.1 19 30.1 17.6 4.1 1.4 o

uled steam production wis
curtailed {Item X + Ttem 1)

*172,000 1b/hr purchased steam
*¥10,000 1b/hr purchased steam

Note: To convert to SI units, multiply steam flow in lo/nr by 1.26 x 10-4 to get kg/is.

(nameplate capacity equals 18C,000 1b steam/hr)

113
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large unreliabilities and low safety margins (lines N and J). Tt is
suspected that the high age of standby boilers tends to obfuscate the
notion that high safety margins lead to low unreliabilities. In general,
the larger and newer refineries tend to have more reliable steam-supply
systems. It can also be observed in line K that unscheduled boiler fail-
ures accounted for the majority of all curtailments in refinery through-
put. Finally, to highlight information from Table 15 relevant to steamn-
supply system unreliability, a summary of this aspect of the survey is
provided in Table 16.

Reasons for outages of any type are listed in Table 17. Here the
magnitude of the loss and its approximate duration are indicated. Also
the severity of outages, as an average, is shown for each refinery, where
0 represents total refinery shutdown given that there was an outage and
1 represents the ideal condition of no production curtailments due to
equipment outages during the year survey (1973 to 197h).

Results of this study of steam-supply systems at petroleum refineries
indicate that sources of steam ought to be at least 92% reliable based on

an arithmetic average of individual reliabilities. Because there were two

major groupings of refinery steam-supply system reliabilities (greater than
98% and less than 98%), another more representative figure such as the
median reliability should be considered. The median is the point that

divides responses into two halves, so the median unreliability here would

be about 4.0%. That is, there are four unreliabilities smaller than L%

and four that are larger. Based on the median, steam-supply systems are

about 96% reliable.

STUDY RESULTS FOR PRIMARY METALS INDUSTRIES

Only three responses to the questionnaire were received from companies
in this industry. Two were from aluminum companies and one was from a steel
company. The total rate of energy consumption for the three companies was
91.40 x 102 kJ/year (86.63 x 1o12 Btu/year) which is roughly equivalent to
12h6.1 kg/s (9.89 x 106 1b steam/hr). According to ref. 5, the total energy
in fuels used by primary metals industries in 1971 was 3661 x 1012 kJ (3470
X lO12 Btu). Thus the three companies in the survey comprised roughly 2.5%

of total energy consumed in the primary metals industry.




Table 16. Summary of reliability measures f

or nine refineries in the survey

Reliability measure

Refinery

5

Averages for

9 refineries

Line

Line

Line

Line

[0}

Percent of time steam-supply
system unable to meet scheduled
production due to random equip~
ment fajlures

Percent of time steam~-supply
system unable to meet scheduled
production due to noneguipment
related outages {planned and
unplanned) not including vacation

Total time (percent) steam-supply
system unable to meet scheduled
production

Average safety margin (103 1b
steam/hr)——average on~-line ca-
pacity minus average steam demand

Average safety margin as percent
of largest boiler on-line

5.8

5.8

1075

0.8

0.8

700

200.0

8.3

<
[oa]

9.1

380

76.0

1.9

38

19.0

30.1

30.1

10.5

[o5Y

17.

17.2

26

9.3

)
=

150

34

189

140.0

7.50%

0.37%

7.87%

296.6 x 105

78%

139
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Number and severity of outages represented

by lines K, L, and M of Table 15

Refinery

Magnitude of capacity

loss (1b steam/hr) and
duration of the loss

Severity of outage,
(Available capacity on-
line during the outage

+ line E)

Loss of approximately 17% of total name~
plate capacity for 3 weeks. The boiler
outage (3 weeks) was a random outage.

Random boiler malfunctions resulted in
loss of around 20% of total nameplate

capacity for 3 1-day outages per year

(average)

Loss of 33% of nameplate capacity for
1 month (scheduled boiler outage). A fire
caused a total shutdown for 3 days.

Total shutdown for 2 days because of storm,
random boiler malfunctions caused a loss of
roughly 1/3 of rated capacity for 5 days
(average)

Forced boiler outages (3) caused 1/3 loss
in total capacity for 110 days

Forced boiler outages (2) caused loss of
about 50% of total capacity for 10 days
equivalent

Forced boiler outages (5) resulted in loss
of 40% of total capacity for 13 days
duration

Two separate random boiler outages each
resulted in a 33% loss of total capacity
for 5 days (total) during the year

One scheduled outage reported, no curtail-
ment of scheduled production

~0.99

~0.99

~0.80

~0.75

~0.75
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Table 18 shows the breakout of total energy for production of steam.
It is apparent that only a small fraction of total energy in these companies
is consumed for purposes of generating steam. Two of the companies used a
large amount of the steam that they did produce for process heat applica-
tions. The steel company required no steam for such uses but did use 50%
of its steam for mechanical drivers.

Data included in Table 19 indicate that average boller ages are fairly
high and that most of the steam-generating capacity (about T4%) was rated
in the 288 to 371°C (550 to TOOC°F) range. This tends to confirm the fact
that process steam temperatures in primary metals companies are generally
too high for light-water reactors (BWRs or PWRs) to produce. It is likely
that high-temperature gas-cooled reactors and/or fossil-fueled steam gen-
erators could satisfy future process energy needs of a consortium of pri-
mary metal companies. However, lower temperature steam could be utilized
by mechanical drivers With s corresponding loss in thermal efficiency.

Additional information regarding the production and consumption of
steam at the three companies is provided in Table 20. Here it 1s observed
that all steam-supply systems were 100% reliable during the survey period.
This reflects conditions under-which primary metals companies operate:
they are not heavily dependent on steam to maintain their processes, and
they cannot tolerate shutdowns or significant losses of electrical power.

With a sample size of only 2.5% (based on total energy consumed, not
steam energy consumed) and three plants responding in the primary metals
industry, it is felt that general conclusions about industry-wide steam
consumption patterns and steam-supply system reliabilities would be in-

appropriate.



Table 18. Energy production and consumption data for three primary metals plants in the survey
(Most data for the period July 1, 1973 to June 338, 197hk)

Total ener consumption Steam ener con- Steam energy Steam energy
gy P Total steam . &y generated at for direct pro-
rate {electrical, steam and ; sumption as a
Plant . . production N . central plant as cess heat as
other) in equivalent percent of total
rate, 1b/hr . percent of total percent of to-
steam flow, 1b/hr energy consumption . .
sieam energy tal steam energy
1 5.901 x 106 (77,000 kW purchased, 8.7 x 105 12.6 87.4 o}
0 XW self-generated)
z
2 1.57h x 10° (278,188 kW purchased, 9.76 x th 6.2 100.0 89.4
153,307 kW self-generated by
hydroelectric generators)
3 1.51% x 10° (415,000 kW purchased, 3.0 x 103 0.2 100.0 100.0

0 kW self-generated)

9¢

Note: To convert to SI units, multiply steam flow in 1b/hr by 1.26 x lO_La to get kg/s.



Table 19. Boiler temperature breakouts for three primary metals plants in the survey

Capacity Temperature, °F
(103 1b steam/hr) Under L0O 400-550 551-770 Over 700
Under 100 14(avg. age =
20 yrs)
100 - 250 5(avg. age =
28 yrs)
251 - 500 2{avg. age =
T yrs)
Over 500
TOTAL 14 boilers 7 boilers
with name- with name-
plate capa- plate capa-
city of 461,700 city of 1,345,000
1b/hr 1b/hr

Note: To convert to SI units, multiply steam flow in 1b/hr by 1.26 x 3_0-h
to get kg/s and determine temperature in degrees Celsius as follows,
ty = (tg - 32) + 1.8.

LE



Table 20. Process steam system capacity, consumption rate and
reliability for primary metal companies in the survey

38

Item of data Plant
1 2 3

A. Average installed capacity, 103 11 13k5 458 3.4
of steam per hr

B. Average on-line capacity, 103 1b of 1130 383 3.4
steam per hr

C. Average on-line capacity, as per- 84.0 83.6 100.0
centage of A

D. Average actual steam usage, 103 870 97.6 3.4
1b of steam per hr

E. Average scheduled steam usage, lO3 870 97.6 3.k
1b per hr

F. Average actual steam usage, as 77.0 25.5 100.0
percentage of B

G. Average safety margin, Item B - 260.0 285,14 0
Item D

H. Average safety margin, as per- 29.9 292.h 0
centage of D

I. Largest3unit on~line
(i) 10° 1b of steam per hr 300 Lo 3.k
(ii) avg. percentage of B 26.5 10.4 100.0

J. Safety margin as percentage of 86.7 T13.5 0
largest unit on-line (I)

K. Percent of time steam supply system 0 0 0
unable to meet scheduled require-
ments (E) due to random equipment
outages

I.. Percent of time scheduled stean 0] 0 0
production (E) was curtailed due
to nonequipment related outages

M. Total percent of time scheduled 0 0 0

steam production was curtailed
(Item K + Ttem L)
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CONCLUSIONS OF -THE STUDY

In studies of alternative industrial process energy systems that may
be feasible in the near future, the question is often raised about how re-
liable the energy source must be to satisfy industry's requirements. This
study was initiated to gather information from three industries regarding

process energy system religbilities that were actually experienced during

1973 to 197k. Some basis for distinguishing between what companies stated
that they would like to have concerning their "economic target levels"
versus what they experienced during the survey period could then be estab-
lished. It is believed the estimated reliability of the steam-supply sys-
tem at companies studied represents a parameter in their operation that is
at least minimally acceptable to them.® Thus results reported in previous
sections should be viewed as "what actually happened" rather than "what
should have happened" under ideal economic conditions. Furthermore, these
results were obtained from some of the largest plants within the industries
studied.

Based on process steam-system reliabilities obtained from data reported
in the questionnaire, it is concluded that sources of process steam in the
chemical industry are presently 98% reliable. That is, they are capable
of meeting or exceeding forecasted steam production requirements on a con-
tinuous basis except for 7 days per year on the average. Individual plant
reliabilities ranged from 100 to 89%, so there is considerable variation
aboﬁt the average reliability of 98%. These relatively high reliabilities
were attained by excess on-line capacity. In fact, 11 of the 1T plants
had excess capacity that was at least 80% of their largest boiler. From
Table 9 (lines L and N) it can be conecluded that about 30% of all steam
curtailments resulted from nonequipment related outages.

Concerning the nine petroleum refineries in the survey, their average

reliability was roughly 92%. This corresponds to 29 days of the year that

*

Because the year studied (1973 to 1974) was only a "snapshot" of
long-term performance, representatives of some companies stated that
this particular year provided a highly favorable picture of their oper-
ations. Others commented that the 1973 to 197h period was the worst

year in their history relative to unscheduled equipment outages, violent
storms, etc.
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scheduled production at an average refinery had to be curtailed because
of random boiler outages, operator errors, violent storms, etc. A very
large fraction (roughly 95%) of steam production curtailments were due

to equipment related outages. Perhaps this can be partially explained

by recalling that the average age of refinery boilers was almost 25 years.

Provably a more representative estimate of actual reliability is
given by the modal response which was 96%. This figure divides responses
into two groups such that one group of refineries experienced reliabilities
higher than 96% and the other group had reliabilities lower than 96%. Be-
cause the nine refineries in this study accounted for better than 10% of all
steam produced at refineries in 1973 to 197hk, it is believed that a 96% re-
liable steam supply system is quite reasonable as a representative industry-
wide operating parameter.

Finally, reliabilities of process energy systems in the primary metals
industry were found to be 100%. This means for the period 1973 to 19Tk
there were no interruptions in process energy that resulted in the curtail-
ment of scheduled production. The sample size was small, and thus general
conclusions appear to be inappropriate.

As a follow-on to this study, various combinations of nuclear steam
systems and nuclear-fossil steam systems will be investigated that are
capable of meeting or exceeding reliability levels required for applica-
tions in candidate industries. "o accomplish this, three fundamental con-
siderations must be taken into account: (1) the total amount of steam
required under normal and maximum operating conditions by individual com-
panies and/or industrial parks, (2) the cost and overall availabilities
of alternative configurations of nuclear and fossil units that would
satisfy stated industrial energy reliability requirements, and (3) the
forced outage characteristics and load-shedding qualities of the nuclear
stean-supply systems being evaluated (i.e., abruptness of load loss, time
available to bring a backup unit on-line, and time needed to bring stand-
by units into operation).

A basic input to the determination of optimum nuclear and/or fossil

steam supply systems is information concerning continuity of the energy
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supply from steam generators being considered for process heat applica-
tions. In the follow-on study, a prineipal concern will center on quan-
tification of steam availability from nuclear steam generators in amounts

necessary to satisfy industrial reliability requirements.
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APPENDIX A

QUESTIONNAIRE ON ENERGY REQUIREMENTS

FOR PROCESS ENERGY INDUSTRIES

The purpose of this questionnaire is to obtain a repre-
sentative sampling of various operating characteristics in
selected energy intensive industries. Of particular impor-
tance is the collection of data concerning operations which
utilize significant amounts of steam-supplied process heat.

In our study "process heat" includes steam-supplied energy
required for chemical reactions, drying operations, mechanical
drivers, etc. Information concerning various operating para-
meters of the steam-supply systems being used in process
energy industries is also of interest.

The questionnaire consists of two interrelated sections:
(1) the formulation of a graphic display of past operating
conditions, and (2) questions concerning various supplementary
details about these conditions. The graphic display technigue
was chosen in the first section to facilitate the presentation
of data in condensed. form. It is realized that this format
may require some rather general assumptions and numerical
approximations, but please attempt to complete the form as
best you can in view of your operating experience from mid-

1973 to mid-1974 (or other convenient survey period).



A A

Section 1 -- Steam~Supplied Process Healt Reguirements

General Information:

Company

Division

Location

Major Products At This Location

Respondent's Name and Position

Phone Number

A Graphical Approach to Data

In order to facilitate a
what information is desired,
on the following page. This

strative purposes and is not

Collection:

more general understanding
an illustrative example is
illustration is simply for

meant to be representative

particular industry's conditions.

Line A - Total Installed Steam Generating Capacity -

of
shown
demon~

of any

This is the total nameplate capacity (in thousands

of pounds per hour) of all currently installed and

operable steam generating equipment operating under

standard load conditions.

Line B - On~Line Steam Generating Capacity -

Amount shown in Line A minus that capacity which is
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currently unavailable (on less than 24~hour notice)
due to breakdown, routine or preventative maintenance,
or fuel usage limitations or shortages.

Line C - Theoretical Steam Level Required to Meet "Most-

Desirable"” Production Level -~

This most desirable level would be dictated by current
marketing considerations and routine plant operating
conditions. It is, in effect, a steam forecast based
on anticipated market factors. Line C would be de-
pendent upon all factors other than availability of
steam supply during the survey period, i.e. raw
material and labor availability, market demand,
inventory levels and general business conditions.

Line D - Actual Level of Steam Used During Survey Period -

This line is a plot of total steam usage during the
survey period from mid-1973 to mid-1974. Weekly
averages are highly desirable, if available. Other-

wise use monthly averages.

For the above items, the effect and duration of operating
anomalies that may have occurred during the study period is of
more importance than detailed characteristics of more or less
sténdard operation. On the: graph that follows, please provide
the information defined as "Lines A - D" on the illustrative
eiample. If you prefer, a tabular presentation of this infor~
mation would be appropriate. Any notes you care to make
regarding additions to capacity, plant shutdowns, reduced plant

output due to lack of process heat, etc. would be quite helpful.
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Section 2 -- Supplementary Information

The purpose of this section is to gather information that will
help us interpret the data plotted on the preceding graph.
Please be as specific as you can when responding to the

following questions.

A. Total Installed Steam Generating Capacity is the total

nameplate capacity of all currently installed and operative

steam generating equipment in your plant.

Please fill in the tables below.

ENERGY SOURCE/UTILIZATION SUMMARY

(Assuming Nominal 100% Operating Conditions)

Electrical
Sources: Purchased kW
Self-Generated _kw
Total _kw
Uses: Heaters — . B
Drivers —_— 3
Utilities . %
Other o %
100 %
Steam
Sources: Purchased lbs/hr.
Self~Generated:
Central Steam Plant 1bs/hr.

Process Heat Recovery
Units . ) lbs/hr.

Other Sources

lbs/hr.
1bs/hr.

Total 1bs/hr.
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Uses: Power Generation lbs/hr.
Drivers lbs/hr.
Direct Process Heat 1lbs/hr.
Other Applications lbs/hr.

Other Energy Sources (list sources and specify units)

(units)
{units)
(units)
Total
SUMMARY OF STEAM GENERATING CAPABILITY
Average Type of
Boiler Size Number Age Fuel Pressure (psig) Temp. (°F)

Do you anticipate replacing some of your existing units?

If yes, what are the operating characteristics of the replacement
(temp., pressure, capacity)?

If yes, what type of fuel will be used?

If yes, when will the new units be on-line?
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B. On-Line Steam Generating Capacity is total installed

capacity minus capacity presently unavailable (e.g. on
less than a 24~hour notice) because of unscheduled
interruptions, routine or preventative maintenance, fuel

shortages, etc.

Please list reasons why various steam supply systems were not

available at times during the 52-week period plotted earlier.

1. Unscheduled (random) outages:

2. Outages known or schedulable 48 hours in advance:

3. List duration of the outage:

What is the minimum level of steam production capacity required
to keep your company's processes in an operative (marginally)

condition?

C. Amount of Steam Required to Meet "Most Desirable Production

and technical production decisions at your plant.

Please indicate on a 1-5 scale the average conditions that

existed at your plant during the 52-week survey period.
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Excellent Good Poor

General Market Conditions 5 4 g 2 i
Market Conditions for your

Primary Product 5 4 3 2 ‘ 1
Market Conditions for Your

Other Products 5 4 3 2 1
Raw Material Availability 5 4 3 2 1
Availability of Skilled Labor 5 4 3 2 1
Availability of Fuel 5 4 3 2 1

Do you think that the most désirable production level {(or
schedule) was limited by the amount of process heat provided
by steam during the survey period? If yes, why?

D. Actual Level of Steam Used for Process Heat is a direct

result of actual production in the 52-week survey period.

Please answer these questions with reference to your overall
plant operation. |
1. If the total available steam supply unexpectedly fell
{(e.g. within a period of five minutes) to a level 10%
below that required for maintaining production at the
scheduled level and remained there for 4 hours, how would
- you classify the resulting condition? (Indicate Item

Number) . .

i. Routine -~ no real problem.
ii. Minor -- some adjustments necessary.

iii. Significant -- product loss and extra maintenance
Crews necessary.
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iv. Major - considerable product loss and some system
rework required.

v. Catastrophic -- very costly system-wide problems exist.

Same as (1) except steam supply was 20% lower. Which

condition would prevail?

Same as (1) except steam supply was 40% lower. Which

condition would prevail?

Same as (1), except a 10% loss within a period of 4-6 hours

for 48 hours. Which condition would prevailz?
Same as (1), except a 40% loss within a period of 4-~6 hours

for 48 hours. Which condition would prevail?

Does your operation have a general policy of (a) plant-wide
or (b) product division-wide annual general shutdown for
maintenance, equipment relocation operations, vacations, or
product change-overs, etc. If so, please explain the degree

of shutdown, length, and frequency of occurence.

Has your operation been forced to completely shut down at
any time in the past five years due to strikes, accidents,
or natural occurences such as floods, earthquakes, etc.?

Yes No

If your answer is yes, please give a brief explanation.
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