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FORWARD 

This study is a continuation of previous investigations into the use of 

liquid hydrogen as a jet aircraft fuel. It is directed toward methods for 

recovery of cold hydrogen vapor which is vented during aircraft refueling 

operations and from losses in the fuel storage and distribution system. A 

preceding study of fueling operations at the San Francisco International 

Airport revealed that these venting losses were quite sizeable and that 

provision should be made for recovery of the vent gas. 

The current study examines several techniques for vent gas recovery, 

selects the optimum method, and determines the economics of the selected 

recovery method. 

The work presented in this report was carried out by members of the . 
Industrial Gas Process Division, Linde Division, Union Carbide Corporation, 

Tonaw~nda, New York, 14150, under the direction of Charles R. Baker, Consultant. 

Mr. Robert D. Witcofski, of the Aeronautical Systems Division of NASA Langley 

Research Center was technical monitor for the contract. 
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UNITS OF MEASURE 

AND 

DOLLAR BASE 

All computations performed under this contract were in U.S. 

Customary engineering units. 

In compliance with Form PROC./P-72 all results are presented 

in the International System of Units (SI) followed in parentheses, 

by the U.S. Customary equivalent from which they were converted. 

Gas volumes are presented in cubic feet (or multiples thereof) 

at NTP conditions for U.S. Customary units and in cubic meters at STP 

conditions for SI units. The conversion factor is 38.044 cubic feet 

per cubic meter. 

To be consistent with the preceding study, "LH2 Airport Requirements 

Study", NASA CR-2700, all economic values are given in terms of mid-1975 

dollars and are based on liquefaction technology for the year 2000 AD. 



" 

1.0 INTRODUCTION 

This study is an outgrowth of previous work(l) in which the necessary 

facilities at a representative major U, S. air terminal to service liquid 

hydrogen-fueled long range commercial aircraft in the 1990 decade were defined. 

The San Francisco International Airport (SFO) was the selected air terminal 

and a projected schedule of flight traffic in the year 2000 AD for liquid 

hydrogen-fueled aircraft was established. This consisted of up to 70 flights 

per day to 9 different domestic and 4 different foreign destinations which 

would have the servicing facilities for return flights. Based on this fore

cast, a liquid hydrogen production facility having a capacity of 10.5 kg/s 

(1000 TPD) was recommended for SFO. This would provide enough capacity to meet 

the 6.681 kg/s (636.3 tons/day) average production rate throughout the year or 

the 8.886 kg/s (846.2 tons/day) peak month rate, plus some overcapacity to 

meet future expansion needs. 

In the liquid hydrogen distribution and fueling system which was devised 

for the San Francisco Airport, there would be a ~ubstantial quantity of liquid 

hydrogen lost due to such factors as heat leak into the liquid hydrogen distri

bution lines, boiloff during cooldown of on-board aircraft fuel':ng lines, vapor 

displacement while filling aircraft fuel tanks, pump work losses, and vapor 

displacement in the liquid hydrogen storage tanks. These losses were shown to 

amount to 15.7~~ of the block fuel requirements, which represents a substantial 

increase in the amount of liquid hydrogen fuel which had to be produced. If the 

hydrogen vapor which is evolved during fueling operations could be recovered and 

recyc1cJ, there would result a reduction in the amount of hydrogen feedstock 
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delivered to the hydrogen liquefaction complex. The hydrogen, moreover, is 

evolved as a cold vapor, very near its saturation temperature, and possesses 

a definite refrigeration value. Recovery of the refrigeration wculd result 

in a reduction in the net energy required for hydrogen liquefaction. 

In the SFO study, the hydrogen distribution system was provided with a 

hydrogen vent return line. Preliminary estimates were also made of the value 

of the recovered hydrogen vent gas. HO\,lever, a detailed study of the optimum 

method for recovering the vent gas and its refrigeration value was considered 

to be outside the scope of that study and was not performed. Because of the 

significant impact of vent gas recovery on total fl.leling requirements and cost, 

the present study was authorized to determine the 1), :' .;uitable method for 

recovering cold hydrogen vent gas and recycling it to the liquefaction complex. 

2.0 OBJECTIVES 

The objectives of this study are to: 

1. Investigate methods of capturing and re1iquefying the cold hydrogen 

vapor produced during the fueling of aircraft designed to utilize 

liquid hydrogen fuel. 

2. Provide an assessment of the most practical, most economic and most 

energy efficient of the hydrogen recovery methods which were investigated. 

3.0 SUMMARY OF ACCOMPLISHMENTS 

As a logical continuation of the study concerning LH2 airport requirements (1), 

the quantity and variability of cold hydrogen vapor produced from the fueling of 

1 iquid hydrogen fueled aircraft were determined based on the projected f1 ight 

schedules at the San Francisco International Airport in the year 2000 AD. There 

was found to be two types of hydrogen vent gas release, categorized by the nature 
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of the release rate. One type had a highly variable release rate caused by 

the intermittent nature of the aircra"\ fueling schedule. Release rates varied 

quite frequently in response to the 70-per-day fueling schedule, varying from 

nQ flJW to peak flow on the average of eight times daily. The other type of 

release resulted from heat leak into the liquid hydrogen distribution and 

fueling lines and from vapor displacement while filling the large liquid hydrogen 

storage tanks; this occurred at a steady rate. The total hydrogen vent gas 

which had to be recovered varied from a minimum rate of 4.085 m3/s (Sb9,SOO r.FH) 

to a maximum of 15.575 m3/s (2,133,500 CFH) and averaged 8.429 m3/s (1,154,500 CFH). 

To achieve a steady flow of hydrogen vent gas return to the liquefier, an 

accumulator capacity of 95,200 m3 (3,622,000 cu ft) was found to be required. A 

3 1/2-fold reduction in accumulator si~e could be achieved, however, by returning 

the vent gas to the hydrogen liquefier at non-steady rates which were adjusted, 

infrequent1y,to minimize gas in storage. Such changes were within the acceptance 

capdbi1ity of the hydrogen liquefier and, although not steady, the return rates 

represented a high degree of smoothing of the original vent gas rates. 

The hydrogen vent gas has economic value, not only the material value as 

feedstock substitute, but also refrigeration value resulting from its low temperature. 

Some of the processing operations which were investigated resulted in a loss of part 

of the refrigeration value. Consequently, for purposes of economic comparisons in 

subsequent studies, the ref~igeration value of the hydrogen as a function of 

temperature was determined, as well as the material value. Hydrogen has a material 

value of $0.3627 per kg (16.45¢/lb) and a refrigeration value which varies from 

$0.2130 per kg (9.66¢/lb) at 25°K to $0.0712 per kg (3.23¢/lb) dt 1000K to 



-4-

SO.0139per kg (0.63ellb) at 300 K. 

Performance of the hydrogen vent gas pipeline collector was determined. 

Over the range of vent gas flows, pressure drop through 3~J3 m (11,000 ft) of 

10-inch p:pe varies from 2.8 kPad (0.4 psid) at minimum flow to 35.0 kPad (5.1 psid) 

at maximum flow and amounts to 9.65 kPad (1.4 psid) at average flow. Heat leak 

into the pipeline will raise the temperature over a range of 0.90 K to 3.45 K 

with an increase of 1.75 K at average flow. 

The following vent gas recovery schemes were investigated and compared 

on an econimic as well as on an ener~y co~servation basis. 

1. Accumulation of hydrogen in a constant pressure cold accumulator 

followed by refrigeration recovery and compression. 

2. Accumulation of hydrogen by cold compression into a constant volume 

cold accumulator followed by refrigeration recovery and further. 

compression. 

3. Accumulation of hydrogen by the preceding scheme (No.2) using thp. 

hydrogen vant gas pipeline a~ ~he constant volume accumulator. 

4. Accumulation of hydrogen by refrigeration r~covery and compression 

into a constant volume warm accumulator. 

5. ~ccumulation of hydrogen by refrigeration recovery and a constant 

pressure warm accumulator followed by compression. 

The use of cold accumulators was found to be unattractive, both economically 

and in terms of energy conservation, because of the loss of a significant fraction 

of the refrigeration content of the cold gas. This loss resulted from both heat 

leak into the accumulator and from temperature rise during compression. The latter 

factor was shown to make cold compression unattractive even with the greatly 
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reduced power requirements associated with compression at cryogenic suction 

temperatures. 

Of the three cold accumulator processes, the constant pressure accumulator 

scheme proved to be the most attractive. Both investment and operating costs 

were less for this than for either of the other two processes; energy consumption 

was also lower. Application of this process, however, would be based on the 

presumption that the cryugenic gasholder, which is a necessary item of process 

equipment, can be developed, engineered and fabricated to perform as assumed 

at the cost which was estimated for it. To our knowledge, such equipment does 

not exist nor has ever been built. 

Such considerations, however, have no great importance in the selection of 

an optimum rrcovery process because both of the process arranyements which use 

warm accumulation of vent gas were found to be preferred over those using cold 

accumulation. Of the two warm accumulator processes, the one which utilizes the 

constant volume accumulator has a lower investment than the one using a constant 

pressure accumulator, providing that the latter operates with a rate of hydrogen 

withdrawa1 from the accumulator to the liquefier wllich remains constant. If the 

withdrawal rate is permitted to vary, and this need be only infrequently, then 

the gas holder becomes smaller and the investment becomes less. In such case, 

both of the warm accumulator proces~e~ become equivalent with respect to cost and 

energy consumption. For practicability of operation, the constant pressure gasholder 

process is to be preferred because of a simpler compressor arrangement and operating 

schedule. The compressors for the constant volume accumulator process must operate 

to accommodate the highly variable vent gas release rate and consequently must 

function on a complex, highly variable schedule. The competing process requires a 
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change 1 operation only three times daily. For these reasons, the process of 

choice in this study is Process No.5, featuring \'/arm compression of accumulated 

gas, withdrawn variably from a warm constant pressure gas holder. 

Examination and study of the placement of hrat exchangers for refrigeration 

recovery indicated that such exchangers should be an integral portion of the 

heat exchange system of the liquefier where the effect of variation in the vent 

gas flow rates could be absorbed by the much greater thermal balhst provided by 

the liquefier streams. Other non-integrated arrangements merely exchanged flow 

variations in the feed stream for temperature variations in the smoothed stream. 

Finally, the hydrogen vent gas recovery system of choice was integrated 

into a hydrogen liquefier of the capacity required for SFO. The recovered vent 

gas <,1,1,)' is returned to the liquefier recycle stream emerges from the liquefier 

as ad1itional liquid hydrogen product, permitting a reductio~ in hydrogen feedstock 

Y'ate. The recovered refrigeration pennits a reduction in the liquefier recycle 

rate and reduc~s the liquefier power requirement. The variation in vent gas 

flow rates produces only ninor pertur~ations in the operating characterist1cs of 

the liquefier and these are easily acco:nmodated. 

Total plant investment for a liquefier with an integrated vent gas system 

and having a capacity of 907 HTO (1000 TPO) is $235,300,000, a reduction of 

$3,700,000 compared with a liquefier without recovery. Red:Jction in total capital 

requirement is $4,710,000. This liquefier, operating at a 577.2 HTO (636.3 TPO) 

average year-round daily capacity, with recovery, has a power requirement of 

241.535 f'wle compared with 248.70 M~/e for operation without recovery. Annual 

operating costs have been reduced by $7,893,000 to $125,668,600. Total unit cost 
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for liquid hydrogen with recovery amounts to $0.9008 per kg ($0.4086/lb) compared 

with $0.9429 per kg ($0.4277/1b), a reduction of $0.0421 per kg (l.9l¢/lb). 

At the total annual production rate of 210690 Mg (232,250 Tons), the total annual 

savings amount to $8,872,000. 

Economics for this analysis are based on a DCF analysis, with hydrogen 

feedstock valued at $0.3627 per kg (SO. l645/lb), e1ectrici~y at $0.02 per kWh, 

with capital investment adjusted to mid-1975 dollars and using 2000 AD technology. 

These assumptions are consistent with those used in the SFO airport facilities 

5tudy(1) . 

4.0 HYDROGEN VENT GAS LOSSES 

The initial task w~s to establish not only the quantity of hydrogen vented 

but also the variation in hydrogen venting rat~s with time. If the hydrogen gas 

were vented at a steady rate, its recovery would be greatly simplified. The 

only requirement would be to re-introduce the cold hydru~en gas stream into the 

hydrogen liquefier at the approximate temperature level ~s part of the low pressure 

hydrogen recycle stream. HowevAY. the hydrogen will not be evolved at a steady 

rate, but rather in a sporadic manner as a result of fueling operations. High 

venting rates would occur with simultaneous fueling of two or more aircraft and, 

as will be shown, the projected flight schedule at San Francisco specifies as many 

as four planes refueling at the same time. In addition, the hydrogen venting rate 

will increase with the amount of fuel loaded aboard the aircraft. The flight 

destination and its distance from the point of departure govern the block fuel 

requirements and the amount of fuel which must be loaded. A great diversity of 

destination cities would further increase the variability in the venting rate. At 

other times of the day there will be no refueling activity at a'1 and, the venting 
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rate will then drop to zero. 

The necessity for establishing the variability of the venting rate with 

time l,es in the nature cf the processing equipment. Such equipment, compressors 

in particular, tend to have steady state operating characteristics. Some 

variations in capacity can be accommodated but l~rge excursions from design 

capacities cannot usually be handled without special consideration. Techniques 

which can be used include multiple compressors which can be turned on or off as 

required, recycle of part of the compressor effluen+ back to suction to maintain 

steady throughput (an inefficient procedure), or the installation of a gas 

accumulator to smooth the flow of gas to the compressor. 

The variability of the venting rate will therefore have an effect upon 

the nature and size of the process recovery equipment which is required as well as 

influencing the complexity of the recovery scheme. A venting schedule must 

therefore be established to form a basis of comparison for the various recovery 

schemes which are to be evaluated. 

4.1 Determination of Venting Losses 

The schedule of venting losses which forms the basis of this study is 

based on refueling ooerations during an average day in the peak month and was 

derived from the projected flight schedule at SFO in the year 2000 AD as given 

in Table VII of Ref. 1 and from the refueling losses as given in Tables 1 and 2, 

Appendix A, of the same reference. Adoption of a venting schedule on this basis 

provides a continuity of information and a consistency which relates back to the 

original study(l). 
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Not all of the hydrogen fuel which is lost is recoverable. For example, 

in-flight boiloff due to heat leak into the fuel tanks is not recoverable, nor is 

ground-time boiloff due to heat leak recoverable unless the aircraft is connected 

to the vent recovery system. For purposes of this study, it was assumed that only 

those venting losses which occurred during refueling would be recovered. These 

include: 

Vapor displacement while filling fuel tanks 
Heat leak boiloff during refueling operations 
Piping system losses 
Pump work 
Saving by warmup of liquid withdrawn from the storage tank 

which, on the average, is not saturated but somewhat subcooled. 

These losses were applied to each flight for all destir.ation cities. The block 

fuel requirement for each city as given in Table V of Ref. 1 formed the basis of 

the variable losses. Displacement, pump work, and saving from liquid warmup 

were taken to be proportional to the block fuel requirement as determined from 

the sample mission in Table 1 of Appendix A(l). Heat leak and piping system 

losses are assumed to remain constant for all refuelings. Not all of the 

potentially recoverable hydrogen vent gas has been included. For example, there 

would be some boiloff from on-board tankage from fueled aircraft parked for 

extended periods of time in maintenance facilities. 

A tabulation of the vent losses from each of the preceding sources and for 

all scheduled flights, both domestic and international is given in Table 1. These 

data were then used to construct a table of daily fuel consumption and the 

corresponding daily venting losses, Table 2. The total daily venting rate for 

59 domestic flights is 24,642 kg (54,327 lb) and for the 11 international flights is 
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9,113 kg (20,090 lb) for an overall total of 33,755 kg (74,417 lb). This 

corresponds to an average volumetric venting rate of 4.344 m3/s (595,000 CFH). 

The average vent rate amounts to 418 kg (921 lb) for the 59 daily 

domestic flights with deviations of +22% for the 10 flights to Honolulu and 

-37% for the 7 flights to Los Angeles. For the 11 daily international flights. 

the average vent rate is 828 kg (1,826 1b) with deviations of +5% for the 

flight to Rome and -6% for the 3 flights to London. For purposes of simplification 

in constructing a schedule of venting rates throughout the day, the assumption 

was made that the venting rates would r~main at a constant average value of 

418 kg (921 1b) for all domestic flights and 828 kg (1,826 1b) for all foreign 

flights. Th'is provides a venting schedule which does not exactly ~epresent the 

release rates from the fueling schedule adopted for SFO. However, it is probably 

sufficiently rea1ist~c in view of the likelihood of changes in flight schedules 

from time to time. 

To establish an hour by hour schedule for hydrogen vent gas release, 

the airline destinations and departure times gIven in Table VII of Ref. 1 were 

adopted along with the preceding values of constant average vent rate per flight. 

This schedule is shown as Figure 1 and also in Tables 3A and 38 with tabulated 

values of vent gas release rates. There is also a column of values (see also 

Figure 2) showing the volume of vent gas in storage based on a constant withdrawal 

rate equal to the daily average vent rate of 4.344 m3/s (595,000 CFH). The 

maximum volume of gas to be stored determines the size of the gas accumulator 

required to store it. This occurs at period No. 31 where the gas storage volume 

is 95.20 x 103 m3 (3,622 MCF). An accumulator having this volume would be 
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completely full at 2215 hours and completely empty at 0600 hours. 

An accumulator large enough to contain 95.20 x 103 m3 (3622 MCF) of 

hydrogen vent gas would be extremely large. The size can be reduced if, instead 

of withdrawing hydrogen for return to the hydrogen liquefaction system at a 

constant rate, it is withdrawn at a number of different rates which are, never

theless, constant over periods of time less than the length of one day. The 

withdrawal rate would be high during periods of high venting rate and low during 

periods of low venting rate. This procedure is applied in Tables 4A and 4B, 

where three different withdrawal rates are used. From 2215 hours to 0420 hours, 

a low withdrawal rate of 1.10 m3/s (150 MCFH) is used, from 0420 hours to 

0720 hours, an intermediate withdrawal rate of 2.97 m3/s (407MCFH) is used 

and for the remaining 14.92 hours of the day, the withdrawal rate is increased 

to a maximum of 5.95 m3/s (814 MCFH). By making use of such a procedure, the 

volume of the vent gas accumulator can be reduced by approximately 73%. The 

disadvantage of the procedure is that the reco .. red hydrogen vent gas is now 

returned to the hydrogen li~uefaction complex at a variable rate rather than at 

a steady rate and the ability of the hydrogen liquefier to accommodate the 

variation must be considered. There is also the need to use multiple compressors 

to accommodate the variable flow with the result that some of the installed 

compressor capacity must stand idle part of the time. These considerations 

will be explored later in this report. 

4.2 Steady Rate Vent Losses 

In addition to the variable hydrogen gas venting rates resulting from 

individual plane refuelings, there will a'iso be recoverable hydrogen vent gas 
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originating from the followinq sources. 

Beat leak into the liquid hydrogen airport supply and distribution 

piping system. 

Vapor displacement while filling liquid hydrogen storage tanks 

These steady venting rates are quantified in Table 5. Of the total of 

0.3674 kg/s (34.99 TPD). about three-fourths is accounted for as storage tank 

vapor displacement. Of the total piping system losses. about 61r had been 

previously accounted for in the variable refueling losses for the individual 

flights and only the difference is included h~re. The average steady venting 

rate of 4.085 m3/s (559,500 CFH) is nearly as great as the 4.344 m3/s (595,000 CFH) 

average of the variable venting rate. The total recoverable hydrogen vent gas 

rate for return to liquefaction is the sum of the variable and steady flow 

rates, making the total ~tream vent rate also variable with a minimum of 

4.08~ m3/s (559,500 CFH), J ma~imum of 15.557 m3/s (2,133,500 CFH), and an average 

of 8.429 m3/s (1,154,500 CFH). Capability must be provided for handling the 

maximum hydrogen vent rate as well as this variability in vent rate. 

The average vent gas recovered. on a weight basis, is 0.758 kg/s (72.21 TPD). 

Total hydrogen losses have been shown(l) to amount to 15.7% of the block fuel 

requirements. With block fuel requirements of 7.680 kg/s (731.4 TPD) on an 

average peak-month day~ the hydrogen losses, if unrecovered, would amount to 

1.205 kg/s (114.8 TPD). Therefore, 63% of the total hydrogen loss is available 

for recovery. The remaining 37% represe~ts unrecoverable boiloff loss which is 

incurred during flight and while on the ground. 

4.3 Value of Hydrogen Gas 

Comparative studies which were made between competing processes for vent 

gas recovery required a material value for the hydrogen gas (feedstock value) and 
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an energy value for the refrigeration potential of the cold gas. These 

values were developed based on the breakdown, shown in Table 6, for the cost of 

liquid hydrogen produced at the SFO facility as obtained from Section 5.1.2.3 

of Ref. 1. 

The refrigeration value of the cold vent gas was determined from the cost 

of liquefaction by proportioning it to the ratio of available energy function 

for the cold hydrogen gas to the available energy function of liquid hydrogen. 

The availa~ility function(2) is defined as 

( 1 ) 

The symbols Hand S represent thermodynamic properties of enthalpy and entropy, 

respectively, while the subscripts 1 and 2 refer to the initial and final states. 

The symbol To is the heat sink temperature at which heat is rejected to the 

surroundings. The change in available energy between states 1 and 2 is the 

minimum theoretical work required to produce the change. The assumed propor

tiona:ity implies a constant efficiency for the hydr0gen liquefier while producing 

either liquid hydrogen or cold hydrogen gas which is a satisfactory assumption for 

the comparative studies of this project. 

The value of the cold hydrogen gas, determined in the preceding manner as 

a function of temperature, is presented in Figure 3. The energy value curve 

represents the energy required to produce the refrigeration in the cold gas. The 

energy required to produce cold low pressure hydrogen vent gas at 25°K amounts 

to 4.89 kWh/kg (2.22 kWh/lb) and drops rapidly as the temperature increases. 

The other two curves represent economic value. The total value curve is 

the sum of the refrigeration value curve and the constant material value of the 
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hydrogen feedstock. At 25°K, the refrigerdtion value amounts to 37f of 

the total value of the vent gas while at 3000 K it accounts for only 4%. The 

slight positive refrigeration value of the gas at 3000 K results from its pressure 

energy at a slightly superatmospheric pressure of 20 psia. 

5.0 HYDROGEN VENT GAS PIPELINE COLLECTOR 

5.1 Description 

The vent gas pipeline has been defined in the previous airport study(l). 

It consists of a 25.4 cm (10 in.) vacuum jacketed pipe running the perimeter of 

the airport, from one fueling gate to the next,plus a return line running from 

the last fueling gate to the hydrogen liquefaction site. The perimeter loop 

is estimated to be 1829 m (6000 ft) in length and the return line to the liquefier 

is estimated to be 1524 m (5000 ft) in length. 

5.2 Hydrogen Vent Gas Condition 

It has been established in the airport study(l) that the operating pressure 

of the LH2 supply line will be 241.3 kPa (35 psia). This will allow a 48.3 kPad 

(7 psid) loss through the hydrant fueling valve and the fueler vehicle, to insure 

a 193.1 kPa (28 psia) aircraft interface pressure when fueling at the design rate 

of 11,354 11m (3000 gpm) to the design aircraft tank pressure of 144.8 kPa (21 psia). 

Thus, the vent gas will be bvailable at the fuel tank at a pressure of 21 psia 

and at its saturation temperature of 21.45°K. The composition will be the same 

as that of the liquid hydrogen product from the liquefier, 97% para. 

5.3 Vent Line Pressure Drop 

The calculated pressure drop through 4023 m (13,200 ft) (equivalent length 

for pressure drop) of 26.62 cm (10.482 in.) i.d. vent line is presented in Figure 4 

as a function of vent gas flow. The pressure drop at the maximum expected flow 

rate of 15.557 m3/s (2,133,500 CFH) is 35.0 kPad (5.1 psid) so that the gas will 
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always be delivered to the liquefier site at a pressure of at least 109.6 kPa 

(15.9 psia). At the average flow rate. the pressure drop will be only 9.7 kPad 

(1.4 psid). 

5.4 Vent Line Heat Leak 

The calculated heat leak into the 4724 m (15.500 ft) (equivalent length 

for heat leak) of vent line is presented in Figure 5 as a function of vent flow. 

The heat leak at the minimum flow rate of 4.085 m3/s (559.500 CFH) is sufficient 

to raise the temperature of the vent gas to 24.9 K at the end of the pipel,ne. 

On the average. the gas will be available at the liquefier site at 23.2 K. 

6.0 COMPARATIVE STUDY OF VENT RECOVERY PROCESSES 

6.1 General Process Considerations 

This portion of the study was devoted to the determination of the optimum 

process and/or procedure for recovery of the hydrogen vent gas together with its 

refrigeration content. As cited previously. the single factor which greatly 

complicates the procedure and causes most of the difficulty in the recovery of the 

vent gas is the highly variable nature of the vent gas supply. A steady-state 

supply would pose only minimal problems because it could be returned directly 

to the liquefier for straightforward processing. A variable rate supply has to 

be smoothed. however, in order to convert it to steady state and, in order 

to do this, an accumulator of some sort must be used to store the gas in a peak

leveling operation. This may have to be combined with compressors, used either 

singly or in multiple. 

An important process factor which was included in the study was the temperature 

level for accumulating and storing the vent gas. The gas may be stored at the 



cryogenic level or it may first be warmed to ambient temperature, and then stored. 

In the fir~t instance, the accumulator will be much smaller to store the same 

quantity of vent gas because of the greater gas density. However, because of 

increased heat leak, much of the refrigeration content of the cold gas will be 

lost. 

Another process factor which was considered was whether the vent gas 

accumulation and storage should be at constant pressure or at constant volume. 

Both types of accumulator for ambient temperature application are well-known and 

are in widespread commercial usage. The major problem with either accumulator 

would be the compression of a highly variable supply of warm hydrogen vent gas 

to the constant volume accumulator. 

In the case of cryogenic storage, a constant volume accumulator would 

present no particular technical problem; it would consist of a well-insulated 

pressure vessel. However, it would require cold compression of the vent gas 

which would destroy a portion of the refrigeration content~ although the work 

of compression would be reduced. Special consideration would also have to be given 

to materials of constructi)n for the cryogenic ~ompressor. 

A constant pressure accumulator (cryogenic gasholdel"i is the other 

alternative for storage of gas at cryogenic levels. Such a nevice would be 

quite difficult to build and operate in a cryogenic environment. Ther~ would be 

problems associated with moving parts, with effective gas sealing and with 

efficient insulation. We have never encountered such a device and were unabl'. to 

discover any information concerning one. It is almost certain that such a piece 

of equipment has never been designed and built. Nevertheless, for the purposes 
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of this study, a hypothetical cryogenic gasholder was considered as one 

means for accumulating hydrogen vent gas. 

In summ~ry, the hydrogen vent gas recovery process variations, which 

were comparatively studied, are listed as follows: 

1. Constant pressure accu:ilulator at cryogenic temperature level. 

2. Constant volume accumulator at cryogenic temperature level. 

3. Constant volume accumulator at cryogenic temperature level using 

the vent gas pipeline as the accumulator. 

4. Constant volume accumulator at ambient temperature level. 

5. Constant oressure accumulator at ambient temperature level. 

6.2 Economic Basis 

The economics for this study are based on the discounted cash flow 

(DCF) method of accounting. The DCF method accounts for the time value of money 

and converts all expenditures and revenues occurring at different periods of time 

to a common basis which is the "present value". It is through present value 

comparisons that equitable economic judgements can be made on combined investment 

and operating costs. 

The following relationship for present value, which was derived in the 

airport study(l), is as follows: 

PV z 4.1887 (AOC) + 0.95956 (I) + 0.52 (S) + 0.9666 (W) (2) 

where PV = Total present value 

AOe = Annual operating cost 

I = Investment 

S = Startup costs 

\~ = \oJor~ing capital 



-18-

This relationship is based on the following assumptions. 

Discounted cash flow financing 

30 year project life 

16 year sum of the years' digits depreciation of investment 

1 OO~:, equity capita 1 

12~ discounted rate of return 

48 r Federal income tax 

Mid-1975 dollars, no escalation 

Investment and working capital treateJ as capital costs in year 0 

Startup costs are tre"ted as an expense 1,' year 0 

Return on investment during construction based on 1.875 years 

The equation for present value was redrranged to the following expression 

for the required annual income to cover costs of operation plus return on 

investment. 

At = AOe + 0.22908 (I) + 0.12414 (S) + 0.23067 (W) (3) 

This relationship t~'ls us that the trade-off between operating costs and capital 

investment is $1.00 of investment f0r 22.908 cents per year of operating cost. 

Alternatively, it can be stated that an expenditure for capital investment 

and expenditures for 4.365 years of operating cost are equivalent. 

The economic analyses for competing vent gas reco.ary systems were based 

on this relationship. Only op~rating costs and capital investment were considered; 

startup costs and working capital were ignored. However, when the optimum recovery 

process is finally selected and compared with the standard liquefaction proces~ 

which does not provide for vent gas recovery, all cost factors are considered. 
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6.3 Cold Compression vs. Warm Compression 

A process which uses constant volume accumulation of vent gas requires 

that the gas first be compressed and the option exists to compress the gas 

either cold or warm. With the aid of ~eat exchangprs. this option can be 

extended to either cold or warm accumulators. There are advantages to cold 

compression. Because the work of compression is directly proportional to 

the absolute temperature of the gas at the suction to the compressor. 

compression at very low cryogenic temperature levels greatly reduces the work 

of compression. Furthermore, the density of hydrogen vapor at temperatures 

close to saturation is sufficiently high to permit the use of centrifugal 

compressors. On the other hand, c01d compression raises the temperature of 

the gas and destroys a portion of its refrigeration content. This represents 

an energy loss. In addition, a cold compressor is a higher investment piece 

of equipment than is a warm compres!;or. 

Th~ comparison between warm and cold compression is based on the process 

configurations sketched in Figure 13. For cold compression, vent gas is delivered 

to the suction of a centrifugal compressor at a pressure of 131 kPa (19 psia) and 

a tewperature of 25°K. The flow rate is assumed to be the daily average value. 

The gas is compressed to some discharge pressure and warmed to 300 K in a heat 

exchanger which has a pressure drop of 28 kPad (4 psid) when the average pressure in 

the exchanger is 117 kPa (17 psia). This pressure drop varies as a function of the 

averaqe qas density in the he~t exchan9~r and.is accounted for in this ana1ysis. 

The vent gas is delivered at a final pressure, P-2. 

For warm compres~;on, the vent gas ;s available at the same process 

conditions as for the cold compression and is warmed to 30QoK in a heat exchanger 
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having a prp.ssure drop of 2B kPad (4 psid). It is then compressed to final 

pressure, P-2, in a reciprocating compressor. 

In either case, it is assumed that the refrigeration content of the cold 

gas is recovered in the heat exchanger and effectively used, as, for example, in 

the hydrogen liquefier. However, as the discharge pressure of the cold compressor 

i,,~ ... ' ses, so does the discharge temper'ature and le s refrigeration remains for 

recovery. The value of this lost refrigeration between the suction and disf:harge 

tel"1peratures was determined with the aid of the "refrigeration value" curve 

presented on Figure 3. 

Thp total power consumption for each of the two alternatives is shown 

in Figure 14. The power consumption for cold compression exceeds that for warm 

compression by B5-l00~: over most of the pressure range. A breakdown of individual 

power consumption presented in Table 7 shows that over 90~.· of the total power for 

cold compression is the equivalent power for the refrigeration content of the 

cold gas. The power of compression of the ~~ld gas is generally of the order of 

10% of the power of compression of the warm gas. 

Figure 15 presents the results of the economic comparison between the 

two alternatives. Power is the major cost item and greatly outweighs 

the much smaller investment required for the cold compressors. The comparison 

makes clearly evident that warm compression is the preferred alternative on 

both an energy utilization basis and a cost basis. 
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6.4 Cold Accumu1ato~ Processes 

6.4.1 Co~stant Pressure Cold Accumulator 

The constant pressure cold accumulator process is shown 

schematically in Figure 6. Cold vent gas is collected from the 19 fu~ling 

gates at 25°K and 138 kPa (20 psia) and delivered to a cold accumulator, or 

cryogenic gasholder, which is at constant atmospheric pressure. Cold gas is 

withdrawn from the gasholder at a constant average daily rate, warmed to 300 0 K 

in a heat exchanger and compre~sed 1n a warm reciprocating compressor to the 

4137 kPa (600 psia) recycle pressure of the hydrogen liquefier and combined 

with the liquefier recycle stream. 

In this process, energy is consumed via two mechanisms: 

1. Energy of compression of the warm vent gas 

2. Energy equivalent of the refrigeration loss due to heat 

leak into the colj accumulator 

The second item could be of considerable magnitude, especially if th~ accumulator 

were very large and present a large amount of surface area for heat transfej~. 

One of the first problems encountered in this process was to 

determine the nature of the cryogenic gasholder. Several types of warm gasholders 

have been described(3) but we were unaware of any slIch equipment suitable for 

use in a cryogenic environment. A search of the literature also failed to 

~isclose any information concerning cryogenic gasholders or even their existence. 

We are almost certain that such a device has never been designed or built. Never

theless, we were committed to an evaluation of the process which uses constant 

pressure cryogenic accumulation of vent gas and so a hypothetical gas holder was 

assumed and a set of characteristics was assigned to it. Had the procrss appe~red 
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to be favorable after evaluation, the development of the gasholder would have 

been a recommended cour'se of action. 

It was decided to pattern the hypothetical gasholdet' after 

those used in ambient temperature service. These are broadly categorized into 

two types: a water-sealed type in which the gas is trapped beneath a cylindrical 

bell within a shell, and a dry type which is of shell and piston configuration 

with the gas trapped beneath the pistofl. In both types, the bell, or the piston, 

rises and falls within the shell to accomnodate the increasing or decreasing 

volume of gas. The difficulty of adaptinq current designs for cryogenic service 

lies in providing a suitable ~1as seal which retains its integrity at low tempera

tures. Liquid seals~ whicil are often used with warm holders, must be rejected 

as unsuitable for use at temperatures in the region of 25°K. Even seals used 

with dryholders are normally fabricated from rubberized fabric, usually lubricated, 

and these would lose their flexibility, and therefore their sealing characteristics, 

when used at low temperatures. 
) , 

The Wiggins type of gas hold~r uses a fabric impregnated and 

coated with synthetic rubber to seal the annular space between the piston and shell. 

The'seal ;s distended upward in a loop when gas is confined beneath the piston. 

This seemed to be the easiest to adapt to cryogenic service. A conceptual sketch 

of the cryogenic gasholder is shown in Figure 7. The basic config"'~ation is the 

inverted bell within a loose fitting shell, The seal between the floating roof 

and the shell is not intended to be gas tight but is primarily for the purpose of 

preventing convective circulation of cold hydrogen into the region where it would 

contact the flexible enclosure, or Wiggins-type seal, which m~st be kept wanm to 
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retain its flexibility. The flexible seal is attached to a warm spot on the 

floating roof and to the top edge of the shell, and is guided, as appropriate, 

with such devices as rollers and guide channels The entire gasholder would 

require an insulation layer between the tank and the foundation and an 

electrically heated foundation to prevent heaving. This is a type of construction 

used with cryogenic liquid storage tanks. 

The derivation of a generalized relationship to determine the 

number and size of the gasholders will be developed first. Based on lhe 

maximum volume of gas to be stored, shown in Table 3 to equal 95,200 m3 (3622 MCF), 

the actual volume of gas in storage is 

V01ume 38.117 = 3,622,000 X 386.79 = 357,000 cu ft = 10,109 m3 (4) 

where 38.117 and 386.79 are the molal volumes of hydrogen at 1 atm, 30 0 K 

and at NTP conditions, respectively. This is then equated to the gasho1der volume. 

357,000 = -i- 02 H N (5) 

where 0 = gasho1der diameter, ft. 

H = gasho1der height, ft. 

N = number of gasho1ders 

Standardizing on a height-to-diameter ratio, 

H = 1.5 0, (6) 

substituting (6) into (5), and solving for the gasho1der diameter, gives 

o = 98.377 (7rN)- 1/3 (7) 
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The surface area of the gasholders may be expressed as follows: 

(8) 

In this expression. w is the fraction extension of the floating roof which also 

represents the fraction of total capacity of the gasholder. For the design which 

was adopted, the maximum value of w is 1.0 and the minimum value is 0.5. The 

expression also recognizes that the surface of the bottom of the tank is 

effective for heat transfer. Substituting Equations (6) and (7) into (8), and 

simplifying, the following relation is obtained. 

A = 9678 (nN)1/3 (1.5w + 0.5) (9) 

The performance of the gasholder depends on the quality of 

insulation provided. The performance of an uninsulated gasholder was first 

investigated to determine whether ~ insulation would be required. For an 

uninsulated gasholder, the heat leak into the holder is governed by the following 

basic relation for heat flux as a function of temperature difference. 

~ = U (Tw - Tc) (10) A 

where q = Heat transfer rate into h~lder 

A = Surface area of holder 

Tw = Ambient temperature 

Tc = Temperature of gas inside holder 

U = Heat transfer coefficient 
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The overall heat transfer coefficient, U, is determined by the natural 

convection of hydrogen inside the holder and air outside the holder. The 

relationship for the individual film heat transfer coefficient under natural 

convection forces is given by McAdams (4) with symbols as defined in the 

reference. 

h a 0.13 kf 

Substituting the appropriate values for the physical properties of hydrogen 

and air at their corresponding film temperature yields the following values 

for the heat transfer coefficients. 

h , hydrogen 

h, ai r 

U, overall 

29.5 

11.3 

8.5 

U.S. Customary 
Btu/hr,ft2,oF 

5.2 

2.0 

1.5 

(11 ) 

Assuming that 4 gasho1ders, each 12.9 m (42.3 ft) diam. by 19.3 m (63.5 ft) high, 

will be required, the total surface area for heat transfer is 2613 m2 (28125 ft2) 

with the tank half full. The total heat transfer into the gasho1der from the 

surroundings under a temperature difference of 270 0 K will amount to 6004 kJ/sec 

(20,500,000 Btu/hr). A heat balance based on steady flow conditions of 4.344 m3/s 

{595,000 CFH} vent gas through the holder shows that this heat leak is sufficient 

to \'1arm the effluent gas to a temperature of 245°K. These calculations consider 

only convective heat transfer and ignore radiation. Superimposing the additional 

heat transfer resulting from radiation would only make an uninsulated gasholder look 

even more unattractive. 
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Having established that insulation of the cold gasholder 

is necessary, it becomes necessary to establish the performance of an insulated 

gasho1der. The heat transfer rate through the insulated wall is given by the 

conduction equation 

q 

where q 

k 

A 

dT 
dL 

• k A dT dL 

I: heat transfer rate 

• thermal conductivity 

• heat transfer surface 

I: temperature gradient across 

(12) 

insulated wall. 

Substituting Equation (9) into (12) and allowing a 30.48 cm (1 ft) thickness of 

insulation with a thermal conductivity of 0.034q watt/m, K (0.02 Btu/hr,ft,F) 

gives the following: 

q = B (300 - T2)(nN)1/3 (1 .5~ + 0.5) 

This relationship is based on a 300 K ambient temperature. The symbol B is 

a constant with the following values. 

Units of q 

Value of B 

S1 
j/s 

0.10203 

U.S. Customary 
Btu/hr 

348.4 

( 13) 

The thermal performance of the gasho1der is based on a model 

in which cold vent hydrogen gas is flowing into the gasho1der at a variable rate, 

Mf , and at a constant temperature assumed to be 30 K. Over a short interval 
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of time. heat leak into the gasholder raises the temperature of the gas from 
Ti to Tf . Hydrogen is wit,hdrawn from the gasholder at a constant rate, Mw' 

and at the average temperature, Tav' of the gas in the gasholder during the 

short time interval, 60. 

Heat leak into the holder is given by Equation (14). 

q • B (300 - Tav) (TTN) 1/3 (1.5 Iji + 0.5) (60) 

Some of this heat is imparted to the entering feed gas and warms it to Tf . 

(14 ) 

q = Mf Cp (Tf - 30) (60) (15) 

Another portion of the heat warms the withdrawn gas from Ti to Tav' 

q (16 ) 

The remainder of the heat warms the residual tank content from Ti to Tf . 

q (17) 

The residual tank content, MT, is defined as the difference between the contents 

of the tank at the beginning of the interval and the gas withdrawn from the tank 

= (~1. - ~1 ) (60) 1 W 
(18 ) 

Equations (14) through (18) were solved over a 24-hour period 

for the temperature history of the gas within the tank. The results are presented 

in Figure 8. The temperature remains within the limits of 36-50o K during most 

of the active portion of the day while refueling op~rations are being carried 
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out. However, during the interval between midnight and 4:00 AM when no planes 

are refueling and there is no vent gas flow into the tank, the temperature 

rises to as high as 74 K. At 9:00 AM during peak refueling, the temperature 

drops to its minimum level of 36 K. 

The economics for recovery of vent gas using the constant 

pressure cold accumulator process is given in Table 8. The analysis is based 

on the use of 4gasho1ders, one for each of the 4 liquefier modules, and each 

having a capacity of 23,800 m3 (905.5 MCF) of vent gas. The ho1de~ dimensions 

are 12.89 m (42.3 ft) diameter by 19.35 m (63.5 ft) high when full. The cost 

of the cryogenic accumulator was estimated from the cost of a warm gasho1der and 

known relationships between the cost of cryogenic vs. warm tankagp. The total 

annual cost of $1,827,000 for recovering the vent gas by this process is 

equivalent to a unit cost of $0.1483/kg (6.73¢/lb). This cost, when deducted 

from the value of the cold vent gas of $0.5756/kg (26.ll¢/lb), leaves a net 

value of $0.4274/kg (19.38¢/lb). 

Table 8 also tabulates the power cost for the process so that 

the several competing processes may be compared for energy consumption. 

6.4.2 Constant Volume Cold Accumulator 

The process for recovery of hydrogen vent gas using a constant 

volume cold accumulator is shown in Figure 9. Vent gas is collected at each 

fueling gate into the pipeline and transported to the hydrogen liquefier site. 

Here it is compressed, by means of a centrifugal compressor, into a constant 

volume accumulator, or tank, at some intermediate pressure. It is then withdrawn 

from the tank at a constant average rate, warmed to ambient temperature in a heat 

exchanger and compressed the rest of the way to the hydrogen liquefier recycle 
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pressure by means of a reciprocating compressor. 

There is nothing unique about the constant volume cold 

accumulator. It is simply a well-insulated cryogenic pressure vessel. However, 

the operating pressure for the accumulator is an addit.ional variable which 

must be determined by an optimization procedure. Increasing the pressure 

reduces the volume of tankage required as well as the size and energy consumption 

of the warm compressor. However, the size and energy consumption of the cold 

compressor increases and, simultaneously, increasing amounts of the refrigeration 

value of the cold gas are lost. 

Figure 10 plots the results of the optimization as total 

annual cost as a function of compressor discharge pressure. Minimum cost occurs 

at a storage pressure of 1655 kPa (240 psia) although the curve is relatively 

flat over the range 689~206G kPa (100-300 psia). The discontinuities in the 

curve result from the use of a discrete number of accumulators of fixed size of 

3.66 m (12 ft) diameter by 30.48 m (100 ft) long. These are judged to be maximum 

practical dimensions for such tankage. 

The economic analysis for the process at the optimum storage 

pressure is presented in Table 9. The total annual cost is about 37% more than 

for the cold constant pressure accumulator. Although increased investment accounts 

for a small portion of the total increase, the increased power requirement accounts 

for most of it. Loss of refrigeration value of the gas from the cold compression 

is the major power item, representing over 90% of the total. Total energy consumption 

is more than 50% greater than the energy consumption for the cold constant pressure 

accumulator process which is consistent with previous findings in the comparison 

between warm and cold compression. In the present case, only 27% of the compression 

is at low temperature. 
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Heat ieak into the cold accumulator was investigated ~nd 

found to be negligible, causing a temperature rise of only 0.4 K. 

6.4.3 Vent G~s Pipeline as Cold Accumulator 

This is a variation of the preceding process in which the 

vent gas collecting pipeline is sized for use as a constant volume accumulator. 

Figure 11 shows the process. With this configuration, each fueling gate requires 

its own compressor, discharging into an enlarged pipeline which terminates at 

the hydrogen liquefier. The remainder of the process is similar to the preceding 

process shown in Figure 9. 

As with the preceding process, an optimization of the storage 

pressure in the pipeline is necessary. The specified diameter of 25.4 cnl (10 in) 

of the pipe does not provide sufficient volume to accumulate the excess gas flow 

at high venting rates, even with its len~th of slightly in excess of 3.22 km 

(2 miles). For example, a storage pressure of 172 kPag (25 psig) would require 

~ pipe diameter of approximately 1.32 In (52 in.) to provide the necessary storage 

volume. 

With increasing pressure, the pipe diameter and cost will decrease, 

but the proportion of the compression which occurs at the low temperature level 

increases and cau,es an increase in operating cost. The results of the optimization 

are presented in Figure 12 and show a decrease in total annual cost with increRsing 

storage pressure. The optimum occurs in the 1793-2068 kPa (260-300 psia) range 

and over this range differences are too small to be significant. An economic 

analysis based on a 1793 kPa (260 psia) pressure is shown in Table 10. This process 

is found to be inferior to both of the other two cold accumulator processes, both 
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in cost and in energy consumption. The greatest difference iies in the incremental 

investment of over ~6,000,000 for the 80.0 cm (31.5 in.) diameter vacuum jacketed 

pipeline. Other cost items are comparable to costs encountered for the cold 

constant volume accumulator of the tankage variety. 

In this case, heat leak into the pipeline was considered and 

found to be a small but. nevertneless, Significant amount. It is much greater 

for the pipeline accumulator than for the tank-type accumulator primarily because 

the surface area to volume ratio is much greater for the pipeline. 

6.5 Warm Accumulator processes 

Previous comparisons between warm and cold compression lead to the 

expectation that warm accumulator processes would be more economical than cold 

accumulator processes. The high value possessed by the refrigeration content of 

the cold gas at the very low temperatures involved override all other cost factors 

when the bulk of this refrigeration content is lost by compressing the cold gas. 

The advantage gained by not compressing the cold gas was shown by the constant 

pressure cold accumulator process, which, so far, has proven to be,not only the 

most economical process, but also the lowest in energy consumption. It might be 

expected that further gains would accrue if the refrigeration loss caused by heat 

leak into the accumulator could also be eliminated. Detailed process studies of 

both constant pressure and constant volume warm accumulator processes were conducted 

to either verify or reject these expectation~. 
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~5.l Constlint Volume Warm Accumulator 

The constant volume warm accumulator process is given on 

Figure 16. Hydrogen vent gas is collected into the vent gas pipeline collector, 

transmitted to the hydrogen liquefier site, and warmed to ambient temperature. It 

is then compressed to the hydrogen liquefier recycle pressure, stored in a warm 

accumulator, which is nothing more than a pressurized tank, and then fed to the 

hydrogen liquefier. In this process, there is no optimization of the storage 

pressure. All compression is in the warm state and in order to minimize tankage 

volume, maximL:m storage pressure is Lsed. 

Special attention was directed to the warm compressor configur

ation. The main requirement was to provide capability for handling the highly 

variable vent gas flow rate using a minimum number of compressors. It was 

assumed that each compressor was capabl e of be f ng turned back 1 m; by either 

speed control or the use of automati cally adjusted clearance pockets. The result 

was ~ bank of four compressors each of a different size. 

FLOW 
Compressor 51 U.S. Customary 

No. m3/s ~MCFH~ 

0.767 (105) 

2 1.533 (210) 

3 3.067 (420) 

4 6.133 (840) 

The schedule for operating these compressors is shown in Table 11. For example, 

for the first 20 min~tes of the day, No.3 compressor would operate at 94~~ of 
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capacity. All compressots would then be down until 4:00 AM at which time 

compressors No. 1 and No.3 would be turned on and operate for 20 minutes at 

full capacity. For the next 20 minutes, No's 2 and 4 would be turned on at 

full capacity and No's 1 and 3 turned off. This would be followed by another 

20 minute period when only compressors No. 1 and No.3 would operate and then 

from 5:00 Ar~ to 6:00 Mi, all compressors Ylould be down again. Operation in 

this variable manner continues throughout the remainder of the day. 

Bringing compressors in and out of service in accordance 

with such a schedule would have to be accomplished automatically. A technique 

for doing this was not devised but a control scheme to bring compressors on 

li~e using sensors to detect pressure build up at the suction nozzle should be 

workable. Compressors to be taken off line could Simply be unloaded automatically 

in a suitable manner and kept turning over during the period that they are off 

line, to be maintained in readiness for return to operation when needed. 

The results of the economic analysis for the constant volume 

warm accumulator process are presented in Tab1e 12. TI,is process is economically 

superior to any of the cold accumulator processes examined, both in capital invest

ment and in operating cost. Energy consumption is also much less. The major 

disadvantage with this process, as revealed by the high capital investment 

requirement for compressors, is that the compressors are required to assume part of 

the function of smoothing the vent gas flow. As a result, much of the compression 

capacity is standing idle foY' a large percentage of the time. This represents an 

inefficient utilization of equipment. 
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6.5.2 Constant Pressure Warm Accumulator 

This process, depicted on Figure 17, uses a conventional 

gasholder for the accumulator. Cold hydrogen vent gas is delivered, via pipeline, 

to the liquefier site, warmed to ambient temperature and fed to the gasholder. 

The gasholder expands or contracts, as required to smooth the flow variations in 

the vent stream. A steady flow of hydrogen is withdrawn from the holder, compressed 

to liquefier recycle pressure in warm reciprocating compressors, and delivered to 

the liquefier. 

Results of the economic analysis for this process are presented 

in Table 13. This process is also more attractive economically than any of the 

cold accumulator processes but less attractive than the warm constant volume 

accumulator process. Although the operating costs are identical in each case, 

the high cost of the gasholder causes the invesWlent for the co~stant pressure 

accumulator process to be nearly double the investment for the constant volume 

accumulator process. 

The economics for this process can be improved, however, if the 

compressors are allowed to share part of the function of smoothing the hydrogen vent 

gas flow. As described in Section 4.1 and shown in Table 4, a variable withdrawal 

rate from the gasholder permit~ a decrease in gasholder size. The withdrawal 

schedule shown in Table 4 pennits a 73~ reduction in gasholder volume, from 

95.20 x 103 m3 (3622 MCF) to 26.13 x 103 m3 (994 MCF). As with the constant volume 

accumulator process, the compressors are required to operate on a varying flow 

schedule. However, in contrast, only three compressors rather than four are used, 

and with only three daily compressor cha~ges, the compressors are turned on and off 

much less frequently. It;s possible to accommodate the operating schedule on a time 
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basis which is simpler to effect than one based on detecting an accumulation of 

gas aL the compressor suction. 

The economics for this process, as shown in Table 14, are 

a'so favorable and comparable, in both investment and operating cost, to the best 

previous case, the constant volume warm accumulator process. It is, moreover, a 

process which uses con/entional equipment and one which presents no particular 

technical ncr operating difficulties or problems. Therefore, it has been selected 

qs the best of the competing processes for recovery of the hydrogen vent gas. 

7.0 HEAT EXCHANGER PLACEMENT AND PERFORMANCE 

All vent gas recovery processes assumed that the vent gas was, at some 

point in the process, warmed to ambient temperature in a heat exchanger', with 

recovery of refrigeration from the vent gas, before delivering the vent gas to 

the hydrogen liquefier. The proper placement for this heat exchanger will now 

be examined in more detail. Only the selected vent gas recovery process was 

considered in the study. Figure 18 shows the inclusion of tha heat exchanger in 

the process. The cold vent gas, delivered from the pipeline, is warmed to ambient 

temperature in countercurrent heat exchange with the compressed gas. The cold 

compress~d gas is throttled to 112 kPa (16.2 psia), the pressure of the flash 

gas in the hydrogen liquefier process. A phas~ separator makes the appropriate 

separation of the stream into liquid and vapor streams which are, in turn, delivered 

to the hydrogen liquefier at the appropriate process location. 

Performance of the liquefier under varying flow conditions ~as examined. The 

low-pressure hydrogen vent gas flow is highly variable while the flow rate for the 

compressed return hydrogen is more nearly constant. For purposes of this study, it 
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was assumed to be constant at the average daily flow rate of 8.43 m3/s 

(1154.5 MCFH). (At this flow rate, the steady rate vent losses (Section 4.2) as 

well as the variable rate vent losses (Section 4.1) are included.) 

Heat exchanger performance is highly sensitive to the flow ratio between 

the two streams in heat exchange. A flo\,1 for the warming stream which greatly 

exceeds that for the cooling stream will provide an excess of refrigeration and 

will cool (~nd liquefy a large fraction of the compY'essed stream. A warming 

stream flow which is deficient, however, may not cool the compressed gas stream 

sufficiently to liquefy it. 

Performance of the heat exchanger, under three different conditions of 

flow unbalance and over a range of pressures for the compressed gas stream, is 

shown in T~bles l5A through C. These tables show that the cold compressed gas 

would be returned to the liquefier under conditions equally as variable as the 

flow of the cold vent gas. One extreme would exist during periods of maximum 

vent flow, when 81% of the compressed gas would be liquefied while the other 

extrleme would occur dl'ring periods of minimum vent flow, when the compressed gas 

would be cooled to only 168 K. Obviously, such a heat exchanger arrangement 

serves no useful purpose inasmuch as it merely exchanges flow variability for 

thermal variability, and it was concluded tha.t the preferred technique would 

be the introduction of the cold vent gas directly into the hydrogen liquefier 

at the appropriate point in the process. 
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8.0 INTEGRATION INTO HYDROGEN LIQUEFIER 

8.1 Process Arrangement 

Flow variations in the vent gas recovery scheme are smoothed by addition 

of an accumulator. This, in itself, is inadequate because the recovery of the 

refrigeration content of the vent gas imposes a varying thermal load on the 

refrigeration recovery portion of the process. The inadequacy of a simple heat 

exchanger arrangement such as the one depicted in Figure 18 was shown in Section 7. 

This study led to the conclusion that the varying thermal load could best be 

absorbed directly by the recycle stream of the liquefier process. As an indication 

of this capability, the flow of the vent gas stream can be compared with the 

recycle flow. Such a comparison shows that the: 5.75 m3/s (787 MCFH) variation 

in vent gas flow is only about 5% of the 119.15 m3/s (16,319 MCFH) recycle flow 

and indicates that the resulting variation in refrigeration supply to the liquefier 

might be readily assimilated by the combination of the recycle flow stream and 

the thermal ballast of the liquefier equipment. 

To pursue the investigation further, the process model of the hydrogen 

liquefier which was prepared in a previous study(2) for automatic computation was 

revised to include the addition of the hydrogen vent gas stream. The revised 

process model is presented as Figure 20 which may be compared with the original 

process model, Figure 19. Cold hydrogen vent gas is introduced as process stream 

No. 133 and is warmed to ambient temperature in a separate pass in each of three 

exchangers in series, X-4, X-3 and X-l. The refrigeration content of this stream 

is imparted to the high pressure recycle gas or portions of it. For example, in 

heat exchanger X-4, it provides part of the cooling for the subcoo1ing liquid, 
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stream 30-31, while a portion of the turbine exhaust stream 33-34, provides the 

remainder. 

The warmed vent gas stream after leaving heat exrhanger X-l, is delivered 

to a warm gasholder from which a steady stream of hydrogen, No. 147, is withdrawn, 

comprassed in vent gas compressor, P-VNT, and delivered to the suction of the 

main recycle compressor, P-RC as stream No. 148. 

8.2 Process Performance 

Tables 18 and 19 contain process stream data for the Figure 20 arrangement, 

which features recovery of the vent gas. In comparison, Tables 16 and 17 contain 

the process stream data for the Figure 19 arrangement, which does not feature 

vent gas recovery. In each case, the plant is sized to produce 192.1 metric tons 

per day (211.7 TPD) of hydrogen product (as saturated liquid at 1 atm) from each 

of the four plant modules, yielding a total production rate of 768.2 MTD 

(846.8 TPD) of liquid hydrogen. This represents operation of the plant to supply 

the fuel requirements of SFO for an average day during peak month activity. The 

vent gas recovery case, for which stream data are presented in Tables 18 and 19, 

is for the daily average vent gas flow rate of 4.344 m3/s (595.0 MCFH) plus the 

steady vent gas rate of 4.085 m3/s (559.5 MCFH) , for a total of 8.429 m3/s 

(1154.5 MCFH). Thus all available hydrogen vent gas is recovered. Moreover it is 

recovered as product, and comparison of stream No.1 flows for the two cases shows 

that the feed gas flow rate is diminished by the exact amount of the flow rate of 

the vent gas stream. Comparison of flow rates through the two turbines and of 

the liquid and cold nitrogen gas flow rates reveals that the refrigeration content 

of the vent gas stream is being effectively recovered. 
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The refrigeration value of the para hydrogen is assumed to be non

recoverable. This is a conservative assumption and probably realistic in that 

the conversion rate from para to ortho is sufficiently slow that, at most, only 

a small amount of conversion will occur. It is further assumed that complete 

conversion to normal hydrogen occurs in the recycle compressor and that only 

normal hydrogen enters the liquefier as the feed/recycle stream. 

Stream data for the nitrogen refrigerator, which supplies liquid nitrogen 

and cold nitrogen gas to the purifier and liquefier, are presented in Tables 

~o and 21 for operation without vent gas recovery and in Tables 22 and 23 for 

operation with vent gas recovery, based on the process model, Figure 21. 

In addition to conducting process evaluations for the condition of 

average vent gas flow rate, the effect of variations in the flow rate was also 

explored by completing process balances for the conditions of maximum and minimum 

vent gas flow rate. The effect of these variations on the power requirements for 

the major items of liquefier process machinery is presented in Table 24. Also 

shown is the no recovery "standard" process. 

Comparisons of power requirement for the three vent gas flow conditions 

show only modest variations. The recycle compressor, which is the largest item of 

machinery, varies + 1.5% and - 2.4%, respectively with minimum and maximum vent 

gas flow. The greatest variation lies with the nitrogen refrigerator, wherein the 

capacity drops 5.5% with maximum vent flow, and the nitrogen refrigerator can 

readily handle capacity variations of this magnitude. The hydrogen turbines also 

undergo only slight changes in power output. 
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Comparison of powet' requirements shows, on the average, a 4.0% reduction 

in power for the power-consuming items of equipment listed when recovering vent 

gas. 

Comparisons were also made among the various cases based on flow rates 

through the various pieces of equipment. Since, in these process studies, flow 

and power are proportional, the results, Table 25, are similar to the results 

of the power comparison. 

8.3 Utility Requirements 

Utility requirements for hydrogen purification and liquefaction, with 

and without vent gas recovery, are summarized in Table 26, for a capacity of 

577.2 MTD (636.3 TPD), representative of the daily average capacity over a 

period of one year. The utilities are also based on 2000 AD technology, which 

has been previously described(2) 
Total electrical power for hydrogen liquefaction with vent gas recovery, 

including production and plant auxiliaries and contingency, is 7165 kW (2.88%) 

less than for liquefaction without recovery. The unit power of liquefaction 

amounts to 10.04 kWh/kg (4.555 kWh/lb) with vent gas recovery compared with 

10.340 kWh/kg (4.690 kWh/lb) without recovery. 

8.4 Economics 

Investment and other capital requirements for the hydrogen 11quefaction 

complex \>/ith vent gas recovery are compared, in Table 27, to the liquefaction 

complex without recovery. Investment, in mid-1975 dollars, and based on 2000 AD 

technology, is $3,700,000 (1.5%) less for the system which recovers vent gas. 

Annual operating costs for a 577.2 MTD (636.3 TPD) capacity are shown, 

Table 28, to favor the vent gas recovery system by $7,893,000 (5.91%) annually. 
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The bulk of the sa"'ing (80%) originates from the reduction in feedstock requirements 

followed by savings resulting from power reduction at 16%. 

Table 29 contains a breakdown of unit costs for comparative cases with 

and without vent gas recovery at a capacity of 577.2 MTD (636.3 TPD). The total 

unit cost for hydrogen liquefaction with vent gas recovery is $0.9008/kg 

($0.4086/lb) compared with $0.94 29/kg ($0.4277/1b) without recovery, a reduction 

of 4,47%. The saving, amounts to $0.0421 /kg (1.91¢/lb), which on an annual 

basi s amounts to $8,872,000. 

Unit costs, in this analysis, were derived from tre discounted cash flow 

relationship for annual income which was presented in Section 6.2 as Equation 3. 

Annual income divided by total annual production produces tt"le value for unit cost. 
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TABLF:....L 

H2 VENT LOSSES FOR SCHEDULED FLIGHTS 

AIRPORT DISPLACE-
MENT 

DOMESTIC 

ORO 204(450) 

ItNL 305(673) 

JFK 265(585) 

OFW 174(383) 

ATL 228(503) 

lAD 252(556) 

MIA 276(608) 

MCI 171 (377) 

LAX 62(137) 

INTERNATIONAL 

TVO 

LHR 

COG 

FCO 

650(1433) 

564(1243) 

587 (1295) 

659(1453) 

kg (LB) 

HEATLEAK(l) 

65(143) 

" 

" 
II 

" 
" 
II 

" 

" 

65(143) 

" 
II 

II 

PIPING 

187(412) 

" 
II 

II 

II 

II 

II 

II 

II 

187(412) 
1/ 

1/ 

1/ 

PUMP SAVED TOTAL PER 
FUELING 

49(109) 98(216) 407(898) 

74(163) 120(265) 511 (1126) 

64(142) 111(245) 470( 1037) 

42(93) 91 (201 ) 376(830) 

55(122) 103(227) 432(953) 

61{ 135) 108(239) 457 (1007) 

67(147) 113(250) 481(1060) 

41( 91 ) 91(200) 373(823) 

15(33) 67(147) 262(578) 

157(347) 196(432) 863(1903) 

137(301) 177(390) 775(1709) 

142(314) 182(402) 799(1762) 

160(352) 198(436) 873(1924) 

(1) Heat leak boi1off during refuel - 30 min. refueling 



TABLE 2 
SUMMARY OF DAILY VENT LOSSES DURING FUELING 

AVERAGE DAY WJRIHG PEAK MOUTH 

BLOCK FUEl FLIGHTS BLOCK FUEL VENT PER DAILY VENT 
AIRPORT PER FLIGHT PER PER DAY FUELING 

kg (1 b) DAY Mg (k1b) kg (lb) Mg/day (1b/day) 

DOt"lESTIC: 
ORO 6985 (15400) 14 97.79 (215.6) 407 (898) 5.703 (12572) 
HNL 10433 (23000) Hl 104.33 (230.0) 511 (1126) 5.107 (11260) 
JFK 9072 (2t)000) 9 81.65 (l80.0) 470 (1037) 4.233 (9333) 
DFW 5942 (13"iOO) 9 53.48 (117.9) 376 (830) 3.388 (7470) 

All 7802 ( 17200) 3 23.41 (51.6) 432 (953) 1.297 (2859) 
lAD 8618 (19000) 3 25.85 (57.0) 457 (1007) 1.370 (3021) 
MIA 9435 (20800) 2 18.87 ( 41.6) 481 (1060) 0.962 (2120) 
MCI 5851 (12900) 2 11.70 (25.8) 373 (823) 0.747 (1646) 
LAX 2132 (4700) 7 14.92 (32.9) 262 (578) 1.835 (4046) 

TOTAL 59 432.00 (952.4) 24.642 (54327) 

INTERNATIONAL: 
TVO 22225 (49000) 5 111.13 (245.0) 863 (1903) 4.316 (9515) 
LHR 19280 (42500) 3 57.83 (127.5) 775 (1709) 2.326 (5127) 
COG 20095 (44300) 2 40.19 (38.6) 799 (1762) 1.598 (3524) 
Feo 22545 (49700) 1 22.54 (49.7) 873 (1924) 0.873 (1924) 

---
TOTAL 11 231.69 (510.81 9.113 (20090) 

AVERAGE LOSS: For 59 Daily domestic flights = 24.642/59 = 418 kg (921 1b) 
For 11 Daily international flights = 9.113/11 = 828 kg (1826 1 b) 

AVERAGE OVERALL VENT RATE = (24.642 + 9.113)/24 = 1.406 r4~/hr (3100.7 1b/hr) 
= 4.344 m Is (595,000 cfh) 
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4 0420 Olo40 20 2 '",T 826.4 1.615 2.91 11.10 ..... 5 0440 0')00 20 I .'41 "110.2' 3.84 2.91 11.14 

'" 0<;00 0"00 f\0 0 OOM 0.0 0.0 2.91 0 .... 
7 ObOO 0120 "'0 I OOM 1240.1 2.87 2.91 0.1 -f! 0720 0740 20 1 DOM 'no.1 8.62 5.9:; 3.21 
9 0740 OA20 40 .. OOM 21of!0.2 11.109 5.95 16.'51 

10 0!!20 0920 60 1 DOH 2790.2 8.62 S.9!; 26.tl 
11 0920 )020 f>O ) nOM 930.1 2.97 S.9!) 15.,6 ""\ 

12 )020 1040 ?O 0 ooM 0.0 0.0 - 5.9~ 7.9J i: 

13 )040 1100 lO I 00 .. 3)0.0 2.91 5.9:; 4.24 
14 ))00 1110 10 2' 00104 9)0.1 5.74 5.9!) 3.87 ..... 
Ie; 1130 1200 JO J nOM 1395.1 8.62 '5.9!; ~.61l 
)6 1200 1400 120 2' BOTH Io08J.6 6.31 5.95 11.27 
17 )400 1410 JO 3 BOTH 1158.5 10.86 5.95 2C 12 
If! 1430 1<;20 50 2 f40nl 1913.5 1.09. 5.,9:' 23.'56 ~ 

19 1520 .') ll) 10 0 DOlo! 0.0 0.0 5.,95 19.9'1 ., 
20 1530 1'5 .. 5 1'; 2 DOM 46!).0 5.14 5.9!:! 19.81 
21 1545 1"20 35 2 ROTH 1448.'> 7.67. 5.95 23 ... ] 
22 1620 If>45 25 0 OOM 0.0 0.0 5.,Q5 110.51 

! ?J 1"45 )14') 60 1 0014 9JO.I 2.87 5.9:' 3.4" 
?4 11105 I'H5 90 2 BOTH J)5J.6 6.49. 5.9~ ".40 
75 1'115 ten 0 15 0 0014 0.0 0.0 5.95 I.O~ ~ 

26 19JO 2000 )0 J ROTH 1758.5 10.86 5.9, 9.111~ 
.... 

77 2000 2015 15 0 00>4 0.0 0.0 5.9:; ".5«0 ag~ 
; 

21'1 20)5 204<; JO I HOTH 828.10 5.12 5.Q!) 3.0S N 

29 704<; 2120 35 J ROTH )991.0 10.54 5.9':) 12.71 :be:> 
10 2120 2700 40 I ROTH 9R3.4 4.56 5.95 9.36 !:m 
31 2200 2?15 15 2 ~OH 1065.0 5.74 5.9, 9.18 ~cn J? 2215 2321) 65 0 DOH 0.0 0.0 1.10 4.91 
J) 2320 2345 25 2 DOH 775.0 5.74 1.10 11.89 -

J4 2JIo5 2400 15 DOH 2JZ.~ 2.81 1.10 13 ... 9 

nOM :: OOHFSTIC ••• IN! :: INTERNATIONAl 
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FUEL Jr~G SCHEOlJl.E A,m VENT GAS RElEIISF 
~A~ FRANCISCO INTEWNATIONAL AIRPOR' 

VARIAHLE GAS WITHDRAWAL RATE FROM ACC~A'OR
REF. N~SA CR-2700 

HOUR TIME 

U.~. CUSTOMARY UNITS 

VOlT 6AC; 
NO Pt.. .. '~ES TYPE OF RElE ASEO 

,,I 

-- --- ------------------ ------ - --------

TO HZ VENT GIS 

NO SURT FHHSH --MI"'. RFFIJFU ... G FLIGHT LB. 

VENT GAS 
OFfRAT£ 

MCfH 
- LlQIJ£F"lEA STORiD ___ _ 

MeF'H - - - - MCF'H - - -- - ---~ --- -------------

I 
2 
3 
4 

5 
6 
7 
R 
9 

10 
II 
Ii' 
13 
14 
I" 
If. 
J7 
IA 
IQ 
20 
<'I 
?? 
71 
;>,. 

?C, 
?f. 
?7 
2f< 
2-l 
]0 
11 
1i' 
n 
14 

0(l00 
0020 
0400 
04<'0 
0440 
0<;00 
OMO 
ono 
0140 
0820 
OQ20 
10i'0 
1040 
1100 
1130 
1200 
1400 
1410 
1<'20 
1530 
1545 
1620 
It-loS 

17 .. " 
1--15 
1910 
20no 
?Ol<; 
i'0"" 
<'120 
noo 
nlc; 
?l?0 
234<; 

0020 20 1 
0400 ?20 0 
04"0 20 I 
0440 20 2 
0500 20 I 
o~on ~o 0 
07?0 ---80 1 
0740 20 ) 
0~20 40 4 
OQ20 60 J 
1020 nO 1 
1040 20 0 
1100 20 I 
1110 ]0 2 
1i'00 30 ) 
1400 -120 2 
14}0 10 1 
1<;10 50 2 
1510 10 0 
1'>45 15 2 
1"'2~ ]5 ? 
1~ .. 5 ?S ~ 

174~ ~o I 
IGI'i ~o 2 
IG10 15 3 
?OOO ]0 3 
2015 IS 0 
i'04') ---10 I 
7120 3') 3 
??OO 40 1 
??15 15 2 
i'120 6') 0 
?llo<; 2S ·2 
2400 15-- ----- -1-

00'4 ': OOHfSTlC ••• 

. - .~- -- --

--- ------ ---

I)OM 
0014 
INT 
INT 
I .. T 
00'" 
OOM 
1)1)04 
00,.. 
01)04 
00,.. 
OOM 
00 .. 
00 ... 
O~ 

HOTH 
HOTH 
~OTH 

00"" 
OOM 

ROTH 
no", 
no"" 

HilT ... 
no", 

fiOTIi 
00 ... 

flOTH 
ROTH 
ROT~ 

- -~- -

00,.. 
OOM 
O~ 
O(}H-

6H3. 
O. 

9lJ. 
11526. 
913. 

O. 
2731t • 
2050. 
546". 
M51. 
2050. 

O. 
, ~J. 

2050. 
307t>. 
9001. 
llt71. 
421'1. 

o. 
I02~. 
3193. 

o. 
2050. 
6~52. 

o. 
3871. 

o. 
1826. 
43A ... 
21M. 
102!). 

o. 
1709. 
511~ 

INT = INTERNATIONAl' 

393. ISt'-
I. 150. 

526. 150. 
1051. 4tl. 
526. 407. 

o. 40/. 
393. 401. 

1180. 81lt. 
1574. flilt. 
1180. 1I11t. 
393. 814. 

O. 81ft. 
393. 81ft. 
787. 81ft. 

1180. 814. 
864. 81ft. 

11088. 814. 
911. 814. 

0;--- 814. 
781. 814. 

1050. 8110. 

594.--- -
4~. 

169 • _____ _ 
384. 
4Z~. 

11. 
.;-~ -~-------~- --_. 

lZ2. 
628 • ___ _ 
994. 
5ll. 
30Z. 
161.----~ ----- -------- --- ---- - ----- -----
141. 
310. 

----429. ~--- - -- ----- - --
166. 
896. 

- ---761.-- --- -- - - - - .-
754. 
891. 

O. 814.---- -,<;Z .~- -- ---
393. 8110. 
889. 8110. 

O. 81ft. 
1488. 81 4 • 

t. 8110. 
701. 8110. 

Ift41o. 814. 
624. 814. 
787.--- !!I14. 

O. 1St. 
781. 150. 
393.--- 150. 

Ill. 
Z43. 
40.--

376. 
I1J. 
116. 
4/13. 
356. 

-- -149~ -- - -

181. 
45Z. 
513.-- ------ -

---- --- - - ------ ---- -- --- -- ------- --- --"T""--

---- - - ----- - --- --- --- --- --- -------------------

c 

z .. • 



Block Fuel 

TABLE 5 
STEADY VENTING LOSSES 

NOT ASSOCIATED WITH 
REFUELING OPERATIONS 

Refueling Operations Loss @ 12.2% 
SUBTOTAL 

Supply Tank Displacement @ 3.156% 
Piping System Losses 

Total, 304.7 kg (671.7 lb) @ 70 refuelings/day 
Less piping system losses during refueling 

previously accounted for 
186.9 kg (412 lb) @ 70 refue1ings/day 

Net Piping System Loss 

Total Steady Venting Losses 

All tabulated values in following units 
SI - kg/s 
Customary - TPD 

Venting Rate: 0.3674 kg/s 
34.99 TPD 

= 4.085 rn3/s 

= 559,500 cfh 
atm) 
a trn) 

SI Customar~ 

7.680 (731.4 ) 
0.937 ( 89.2) 
8.616 (820.6) 

0.2719 ( 25.90) 

0.2469 (23.51 ) 

0.1514 (14.42) 
0.0954 ( 9.09) 

0.3674 (34.99) 



TABLE 6 

VALUE OF H2 VENT GAS 

51 Customary 
$/kg ¢/1b 

OPERATING COSTS 
Feedstock 0.3627 (16.45 ) 
Electric Power @ $0.02/kwh 0.2066 ( 9.37) 
lcibor, Administration, Overhead 0.0108 ( 0.49) 
Chemicals, Supplies, Water, 

Taxes and Insurance 0.0540 ( 2.45l 
SUBTOTAL 0.6341 (28.76) 

CAPITAL INVESTMENT 
Liquefaction and Storage 

Facility Investment 0.2600 (11.79) 
Startup Costs 0.0040 ( 0.18) 
\~orking Capital 0.0101 ( 0.46~ 

SUBTOTAL 0.2741 (12.43 ) 

TOTAL 0.9082 (41.19) 

Less Feedstock Cost 0.3627 (16.45) 

Cost of Liquefaction 0.5455 (24.74) 
Available Energy Ratio, Cold Gas/Liquid 0.3906 
Value of Refrigeration 0.2130 ( 9.66) 

Total Valuer H2 Vent Gas 0.5757 (26.11) 



P2 Td 
kPa psia oK 

138 ( 20) 25.6 

276 ( 40) 37.4 

414 ( 60) 46.1 

552 ( 80) 52.1 

689 (100) 57.4 

827 ( 120) 62.3 

965 ( 140) 67.8 

1103 ( 160) 71.6 

1241 ( 180) 74.8 

1379 (200) 78.2 

1517 (220) 81.5 

1655 (240) 84.8 

1793 (260) 88.3 

1930 (280) 92.0 

2068 (300) 95.2 

TABLE 7 

COMPARISON OF COLD 

AND WARM COMPRESSION 

OF VENT H2 GAS 

Cold Com~ressor Power 
Compression Refrigeration 

kW Loss, kW 

5 75 

50 1460 

90 2160 

110 2560 

130 2870 

150 3190 

170 3430 

190 3520 

200 3660 

210 3800 

230 3920 

240 4040 

250 4170 

270 4300 

280 4410 

Warm 
Com~ressor Power 

Total Power Compression 
. kW kW 

80 280 

1510 850 

2250 1100 

2670 1350 

3000 1590 

3340 1710 

3600 1820 

3710 1930 

3860 2050 

4010 2160 

t1r~ 50 2230 

4280 2290 

4420 2360 

4570 2430 

4690 2490 



TABLE 8 

EVALUATION OF CONSTANT 

PRESSURE COLO ACCU~'ULATOR 

INVESTMENT 

Gas holders (4) 

Compressor 

TOTAL INVESTMENT 

Annual Cost of Investment 

OPERATING COST* 

Compressor Power 

Refrigeration Loss 

TOTAL OPERATING 

TOTAL ANNUAL COST 

kW 

2708 

3670 

6378 

* Based on 24 hr/day, 365 day/year 

Electricity at $O,02/kWh 

$2,500,000 

600,000 

$3,100,000 

$ 710,000 

S/YEAR 

$ 474,000 

$ 643,000 

$1,117,000 

$1,827,000 

Annual Investment at 22,9~~ of total ;n\·e: ~ment 



...IABbLL 
EVALUATION OF CONSTANT VOLUME 

COLD ACCUMULATOR AT 

OPTIMUM STORAGE PRESSURE 

CONDITIONS: 
Storage Pressure 
No. Accumulators 
Accumulator Diameter 
Accumulator Length 
Cold Compressor Power 
Warm Compressor Power 
Accumulator Storage Temperature 

INVESTMENT: 
Accumulators 
Cold Compressor 
Warm Compressor 

1655 kPa (240 PSIA) 
6 

3.66 m (12 ft) 
30.48 m(100 ft) 

246 kW (330 BHP) 
652 kW (874 BHP) 

84.9°K 

TOTAL INVESTMENT 
TOTAL ANNUAL INVESTMENT COST 

$3,180,000 
87,000 

200,000 
$3,467,000 
$ 794,000 

OPERATING COST: 

Cold Compressor Power 
Warm Compressor Power 
Refrigeration Loss 

TOTAL OPERATING 

TOTAL ANNUAL COST 

Power-kW 
246 
652 

8830 

9728 

$/Year 
43,100 

114,200 
1,547,000 

1,704,000 

$2,498,000 



TABLE 10 

EVALUATION OF H2 VENT GAS PIPELINE 
USED AS COLD ACCUMULATOR 

AT 
OPTIMUM PIPELINE PRESSURE 

CONDITIONS: 
Storage Pressure 
Pipeline Diameter 
Pipeline Volume 
Cold Compressor Power 
Warm Compressor Power 
Compressor Discharge Temperature 
Pipeline Discharge Temperature 

INveSTMENT 
Incre~ental Pipeline Diameter 
Cold Compressors 
Warm Compressor 

1795 kPa 
80.0 cm 
1682 m3 

245 kW 
595 k'vl 

TOTAL INVESTMENT 
TOTAL ANNUAL INVESTMENT COST 

OPERATING COST 

Cold Compressor 
Warm Compressor 
Refrigeration Loss 

Due to compression 
Due to heat leak 

TOTAL OPERATING 
TOTAL ANNUAL COST 

Power-KW ---_. 
245 
595 

8815 
192 

9847 

(260 PSIA) 
(31.5 in.) 
(59500 cu ft) 
(328 BHP) 
(798 BHP) 

$6,150,000 
87,000 

187,000 

$6,424,000 
$1 ,472,000 

$/Year 
42,900 

104,300 

1,544,000 
33,700 

S1 ,725,000 
$3,197,000 



Period 

0000-0020 
00020-0400 
0400-0420 
0420-0440 
0440-0500 
0500-0600 
0600-0720 
0720-0740 
0740-0820 
0820-0920 
0920-1020 
1020-1040 
1040-11 00 
11 00-1130 
1130-1200 
1200-1400 
1400-1430 
1430-1520 
1520-1530 
1530-1545 
1545-1620 
1620-1645 
1645-1745 
1745-1915 
1915-1930 
1930-2000 
2000-2015 
2015-2045 
2045-2120 

2120-2200 
2200-2215 

2215-2320 
2320-2345 
2345-2400 

TABIJ.Jl. 

COMPRESSOR OPERATING SCHEDULE 
FOR 

COMPRESSING VENT GAS TO WARM CONSTJlNT VOLUME TANK 

Vent Gas Flow Compressors in % of 
m3/s Operation - No's Capacity 

2.87 3 94 
0 None 

3.84 1 & 3 100 
7.68 2 & 4 100 
3.84 1 & 3 100 
0 None 

2.87 3 94 
8.62 3 & 4 94 

11.49 1 ,2,3 & 4 100 
8.62 3 & 4 94 
2.87 3 94 
0 None 

2.87 3 94 
5.74 4 94 
8.62 3 & 4 94 
6.31 1 & 4 91 

10.86 1 ,2,3 & 4 94 
7.09 2 & 4 92 
0 None 

5.74 4 94 

7.67 2 & 4 100 
0 None 

2.87 " 94 ... 
6.49 1 & 4 94 
0 None 

10.86 1,2,3 & 4 94 
0 None 

5.12 1 ,2 & 3 95 

10.54 2,3 & 4 98 

4.56 2 & 3 100 
5.74 4 94 

0 None 
5.74 4 94 

2.87 3 94 



TABLE 12 

EVALUATION OF CONSTANT VOLUME 

WARM ACCUMULATOR 

corm IT IONS 
Storage Pressure 
No. Accumulators 
Accumulator Diameter 
Accumulator Length 
Compressor Power 

No. 1 Compressor 
No. 2 Compressor 
No. 3 Compressor 
No.4 Compressor 

4137 kPa 

3.05 m 
15.25 m 

455 kW 
911 kW 

1822 kW 
3643 k~1 

(600 PSIA) 
1 

(10ft) 
(50 ft) 

(610 BHP) 
(1221 BHP) 
(2442 BHP) 
(4884 BHP) 

Accumulator Storage Temperature 3000 K 

m.vESTMENT 
Accumulator 
Compressors 

OPERATING 

TOTAL INVESTMENT 
TOTAL ANNUAL INVESTMENT COST 

Compressor Power 2626 k~~ 

TOTAL ANNUAL COST 

$ 92,000 
$2,140,000 

$2,232,000 
$ 511 ,300 

$ 460,500 

S 972,000 



CONDITIONS 

," 

TABLE 13 

EVALUATION OF CONSTANT PRESSURE 

WARM ACCUMULATOR 

CONSTANT WITHDRAWAL RATE 

Storage Pressure 101 kPa 
No. Accumulators 4 
Accumulator Capacity (ea) 
Accumulator Storage Temperature 
Compressor Discharge Pressure 
Compressor Power 

26,300 m3 

INVESTMENT 
Accumulators 
Compressors 

3000 K 
4137 kPa 
2628 kW 

TOTAL INVESTr1ENT 
TOTAL ANNUAL INVESTMENT COST 

OPERATING 
Compressor Power 2628 kW 

TOTAL ANNUAL COST 

(14.7 PSIA) 

(1000 MCF) 

(6000 PSIA) 
(3523 BHP) 

$3,670,000 
$ 580,000 

$4,250,000 
$ 973,600 

S 460,500 

$1,434,100 



CONDITIONS 

TABLE 14 

EVALUATION OF CONSTANT PRESSURE 

WARM ACCUMULATOR 

VARIABLE WITHDRAWAL RATE 

Storage Pressure 101 kPa 
No. Accumulators 1 

26,300 m3 

(14.7 PSIA) 

(1000 MCF) Accumulator Capacity 
Accumulator Storage Temperature 
Compressor Power 

3000 K 

No. 1 Compressor 
No. 2 Compressor 
No. 3 Compressor 
Average 

INVESTMENT 
Accumulator 
Compressors 

664 k~1 

1798 k~1 

3596 kW 
2628 kW 

TOTAL INVESTMENT 
TOT.AL ANNUAL INVESTMENT COST 

OPERATING 
Compressor Power 2628 kW 

TOTAL AN~uAL COST 

(890 BHP) 
(2410 BHP) 
(4820 BHP) 
(3523 BHP) 

$ 917,000 
1,370,000 

$2,287,000 
$ 52,1,900 

460,500 

$ 984,400 



TABLE 15A 

USE OF VENT GAS 

HEAT EXCHANGERS 

Condition A - AVERAGE VENT GAS FLOW RATE 

Stream 1 

Stream 3 

Pressure -Stream 1 
kPa (PSIA) 

689 (100) 

1379 (200) 

2068 (300) 

2758 (400) 

3447 (500) 

4137 (600) 

Flow • 8.43 m3/s (1154.5 MCFH) 

Flow • 8.43 m3/s (1154.5 MCFH) 

Temp. - Stream 2 LH2 Flow-Stream 7 
OK m3/s (MCFH) 

31.4 0 0 

36.1 0 0 

39.6 0 a 
42. 1 a 0 

43.7 0.1245 (17.05) 

44.9 0.2812 (38.51) 

Vapor Temp. Stream 6 
OK 

24.7 

23.1 

21. 9 

20.8 

20.5 

20.5 



TABLE 15B 

USE OF VENT GAS 

HEAT EXCHANGERS 

Condition B - MINIMUM VENT GAS FLOW RATE 

Stream 1 

Stream 3 

Pressure-Stream 1 
kPa ~PSIAl 

689 (100) 

1379 (200) 

2068 (300) 

2758 (400) 

3447 (500) 

4137 (600) 

Flow • 8.43 m3/s (1154.5 MCFH) 

Flow • 4.09 m3/s (559.5 MCFH) 

Temp. Stream 2 Vapor Temp. Stream 6 
oK oK 

166.1 166.0 

166.5 166.3 

166.8 166.7 

167.2 167.0 

167.6 167.3 

168.0 167.6 

NOTE: There was no liquefaction of the compressed 

Hydrogen Stream; i.e. Flow, Stream 7 = 0.0 



TABLE 15C 

IJSE OF VENT GAS 

HEAT EXCHANGERS 

Condition C - MAXIMUM VENT GAS FLOW RATE 

Stream 1 

Stream 3 

Pressure-Stream 1 Temp. 

lli-. (PSIA) 

689 (100 ) 

1379 (200) 

2068 (300) 

2758 (400) 

3447 (500) 

4137 (600) 

Flow· 8.43 m3/s (1154.5 MCFH) 

Flow • 15.58 m3/s (2133.5 MCFH) 

Stream 2 LH2 Flow - Stream 7 
oK m3/5 (r·1CFH l 

28.9 1.539 (210.72) 

33.2 3.562 (487.90) 

32.6 4.933 (675.65) 

29.8 5.930 (812.11) 

26.5 6.671 (913.60) 

25. 1 6.853 (938.59) 
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__ TABLE 16_ _ _____ 0. _. ______________ ._ 

~? 1I0UFFIER - NO VENT (oilS H(COVERY 
lQ7.1 "'TO I?Il.7 TPO) LIQUID HYOMOG[N PRODUCT 

NASA ro..TRACT NA51-1'o698, MOO.l _______ _ 

nAO 

AIQ4?fI 
1015.54 
r-?Il."?A 
97.11000 
;;'-'9'.07 
73.4t-QS 

S.H. VAl' 

1.00000 

1037.78 
fl7.1C;'1'5 
151.(;1)4 
~1.I(lJ4 

101'."Q 
14.4"~" 

<;AT. t I'l 

1.0110('0 

"92 

t;(I':.7.?1 
C':.2.1> 759 
1'>3.1)64 
.. 0 .... 000 
"17;>. It> 
1t4. q,,) I 

,,>.H. VAl' 

1.00000 

STPEAM (laU fOP NIT~Q(''£N STREaMS 
51 "NITS_ 

081 

e.~4?" 
1015.54 

__ f)lO. C; .. " 

10:).000 
1290R.R 
10~.62 .. 

S.H. VAP 

.82 .81 

81Q'o2.8 lQ'57.~ 
l'IS.54 216.127 
594.12" _____ 4116.~6 _ 
29Q.949 Q9.90.t 
1?QOft.8 2191.~1 
1O~.9"5 ____ . ?'i.5QS1; 

S.H. ~ap S.C. Lta 

.. ;.00000 _____ 1.000tO __ .~._ .. _1 ...... 

OA7 'A~ 0 .. 9 

7032.78 797111.64 7':n8.64 
fn.I~9S 9t'1.MllII ... QIIl.8f111!1 
153.064 151.064 I'iJ.164 
81.1034 81.1014 .n •• t14 
6479.17 10'11.100 "'479.17 
f! I. S31'>4 14.448" 81.5164 

sat. YAP SAT. lIQ saT. yap 

1.00000 1.00000 1.0 .. tI. 

--~--

093 094 tqs 

SO~i7.21 24110 •• 2411 •• ' -------62.6759 19111.802 ?Qft.flO2 
15).064 15'l.OM 153."64 
90.600n 8].0827 ]00.01' ------ -----
t.772.1" 654/1.6) 129)";.7 
84.95]1 82.2849 121.139 

S.H. vap ".H. yap ____ ~.H. yap 

I.Ollot 1.0000t I ...... 

.114 
19152.8 
236.127 

__ 15].164 
tl.lI34 
21 9 1.67 

. __ 28.67" .. 
,.78789 

_I ...... _ 

Isell.4 
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20 

81 2 . 
101 . 54 
620.528 
97.0aOO 
6b93.07 
13.4 95 

S.If. AP 

1.000CO 

27 

1() 052 . 
236.127 
10136. 
30 .000 
12961.1 
9 .0 85 

S.H. VAP 

1.00000 

)3 

193Mb. 
239Q.42 
607.1028 
303.1092 
13012.1 
109.1"6 

S.H. VAP 

1.00000 

21 

8194 2 . 
1015.5 
620.,,28 
97.0000 
669 • C 7 
73.4 95 
.H. AP 

1.00000 

2 

19052. 
23 .127 
413 • 6 
265 .5 5 
11636.2 
88 .10 387 

S.H. VAP -

1.00000 

19052.8 
23 .12 7 

-- ~07.42 

308.000 
131 ....... 
109.579 --

S.H. VAP 

22 

1"62 
I 12. 75 
620.528 
97.0000 
66 3.07 
73.10 95 

S.H. 'tAP 

1.00000 

2 

S .H. VAP 

1.00000 

)5 

19 052_13 
236.1l7 
101.353 
)00.000 
Il93 .7 
Il3.173 

S.H. VAP 

1.00000 - ---- 1.00000 

23 

0 . 0 
0.0 

620.528 
6).1363 

-0.0£12_ 
-O.lSOn 
S.C. LI 

1.00000 

3 

2755109; 
3-110.9 
101 6.86 
)08.000 
12961.1 
9).0 85 

5.11. VAP 

1.00000 

PA [ 24 

2S 

1.000 0 

S.H. VAP 

1.00000 
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Sf E .. 101 NUMBER 

fLOW. UH INTP) 
fLOW . Ltl.MOLE/HR 
PFlESSu~E. PS IA 
TEMPERATU l. OEG K 
ENTHALPY . bTU/Lb.MOLE 
E IROPY . BTU/Ltl.MOLE-O£G K 
LI UIO f HAeT I ON CMOLE L/f) 
COMPOS ITI ON . MOLE f RACIIONI 

NI TlWGE 

STR("'M NUMtlER 

fLOW. Ct HCNTP) 
fLOW . L . MOLE/HR 
PHE SSU • PSIA 
TEMPERATURE. OE~ K 
ENTHALPY. IU/Lb.M LE 
ENTFIOPY. ~TU/LB .MOLE- EG K 
LI UIO fRACTION 'MOLE L/f) 
CO~POS ITION . MOLE fRACTIONI 

N I !FlOGEN 

Sf EIIM . '1 tiE 

F v_. fHCN!P) 
L w. ltl.MOLEI 

PRESSU E . o>SIA 
TEMPERAlURlo OEG K 
ENT ALPY . T\:/U:l . M LE 
ENTR OP Y. TU/ L9.MOl E- LJ E5 K 
L1 UIO f AC T ION CMOLE L/fJ 
COMP OSI I I N. "OLE fR ACTIONt 

NITROGE 

----- -

-- ---- -

- -- --_. 

TI .RE 21 
~2 REf~'u(RATOR . ~O vE~T GAS RECOVEq~ 

NASA LONTR ACT NA l-I-6Q8.MOO.I 

10-8] 12-. 
21102.9 
100".0"1 
]08 .0 00 
5b05 . 55 
101.51058 

S.H. VA P 

1. 00000 

7 

55 "715. 
1'0386 . 9 
600.000 
162.-]1 
]10102.20 
]:).4988 

S . H. YAP 

1.00000 

13 

12485] . 
18110.02 
601l.000 
99.0000 
919.615 
10.1182 

S.C. LlQ 

1.00000 

STPEA" OAT~ fOR ~2 E~R IGER AT OR SfREA~S 

US CUSTO~AR' UN IT S 

2 

10108J121o. 
21102.9 
10 19 . "I 
]0 .0 00 
55910.010 
100.8952 

S.H. VAP 

1.00000 

8 

bb401 91 . 
11169.0 
89 .2000 
1108 .615 
]612 . 02 
31.1302 

S.H. YAP 

1. 00000 

14 

;"10 7241 . 
6]21.05 
90.0000 
91.0000 
2819.108 
31.6080 

S.H. VAP 

1.00000 

91S8211 . 
25228 . 9 
600.000 
]01'.(100 
5576 .10 
100 . 0J 

S . H. YAP 

1.00000 

"0197. 
171 .0 
89.2 00 0 
232 . 000 
106QI.72 
1o].506J 

5 .11. YAP 

1.00000 

15 

2"101210 I. 
6321.05 
90.0000 
13 .000 
]468.91 
J6.100 --

5.. AP 

1.00000 

193 S • 
10 "1.9 
bOO .OO O 
235 . 000 
45 2 . 21 
3 . 3516 

S . H. 11101" 

1.00000 

10 

-- 7210 53. 
I 110 . 02 
600 .0 00 
2J5.000 
10582.21 
36.]516 

- S . H. YAP 

1.00000 

16 

210472 10 1 . 
6 27.05 
69 . 2000 
1109.687 
3626 . :;0 
)7 . 8260 

5 . '1 . VAP 

.00000 

S 

10 I ]55 • 
10610 1.9 
89 . 2000 
1_1.990 
)bO).69 
)7 .67 101 

S.". VAP 

1.000 0 

It 

121085J. 
18,.,.0,? 
60 . 000 
Itl2.10 I 
) .. -2.2 0 
30.109 

S.". VA 

1.00'00 

17 

72- 53 . 
18710. 2 
600.000 
1(10 . 650 
962. 6S 
11.205 

5 •• llO 

1.00000 

55 .. 71 • 
1 .. )8 . 9 

II. 

235 . 0 
" 2 .21 
~., . I .. 

5 . '1 . VAP 

1 . 000 

12 

1.00 0 

1.00000 
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ST~EAM NU E 

fLOIII, CfHI r,.. , 
fLOIII, L .MOLE/H~ 

P SSU E. P IA 
TE~PE~ATU~( . Olb K 
E TrlAL P r, ~TU/Ld.M LE 
ENTR OP Y, BTU/Ld .MOLE-OE6 K 
LI UIO FHA TIO (MOLE LIft 
C MPO ITION, MOLE fRACTI ON: 

NJT R GEN 

STHEAM NUMtlE 

'LO., CFHINTP' 
FLOIII, U!.~OLE/H 

PRESSU~E, PSIA 
T(MPERATU E, OEu K 
(> THt.Lpr. dTU/LS .MOLE 
E TR OPr , HTU/L .MOLE-O£G K 
LJUUIO fwA(TIO (MOLE L/f' 
COMPOSITIGN, MOLE fRACTION: 

NI TP E 

ST EA'1 NUMBER 

FLOW, CfHINT,:>, 
f L III, LB.MOLE/H~ 
P~ SSLi E, ? SIA 
TEMPERATU l. OEG K 
(rn HALP" ., TU/LS .~Ol( 
( TROPY, BTU/LB .MOL(-OEG K 
LluUIO FRACTION (MOLE L/f' 
C '1POSITJON, M L( flACTIONI 

lTROGEN 

. 
I .. 

TABLE 21 
N2 REfRluERATOR - NO yENT AS RECO~EQ' 

NASA LONTRACT NAS1-l~~9 .MOO .I 

S TREAM OA A FO N2 R~ rRI AT Q 5TR[A~ 

0.0 
:l.o 

600.000 
100.650 

0.0 
0.0 

AT. IIAP 

1.00000 

1 5 271. 
2522 • 
600.000 
26 .5b5 
500 .10 
38 .0~ a 

S.H. VAP 

1.00000 

J2 

311710710. 
8059 .86 

6.2000 -
300.000 
55510 .27 
106.889 

S.H. IIAP 

1.00000 -

20 

3111 .. 1 ... 
8059. 
90.0000 
91.0000 
281 .10 
31 .60 a 

5 .1'1. YAP 

1.00000 

7210 3. 
18110.02 
600.000 
308.000 
557&.10 
100.03 8 

S.H . VAP 

1.00000 

33 

7365650. 
1904J.O 
88.1000 
303.1092 
5598.0. 
106.'1566 

S.H. VAP 

1.00000 

U C T ~A Y ~ ITS 

21 

311147 . 

1.000 00 

2 

724 53. 
1 H .• 2 
600.000 
26 • b 
500 .10 
3 .010 0 

5.H. YAP 

1.00000 

1210 53 . 
18710.02 
8 .10 00 
30e.OOO 
5654. 7 
47.1102T-

5.1'1. VAP 

1.00000- -

5.11. VAP 

1.00000 

2 

6 07-0 7. 
171 . 0 

.1 0 0 
303 .0 00 
5591 • .:; 

5.'1. AP 

1.\)00 0 

5 

72 .. 853. 
1814.02 
14.1001i 
300.000 
S5 6.""! 
5 • 210 

5.1'1. VAP 

1."0000 

• 

23 

0.0 
O. 

90.000 
63.1363 

-0.01112 
-0.10765 
S.C. LJQ 

1.00000 

3 

1010 3124. 
27102.9 
60 .000 
)0 .00 
5516.10 
40.039 

S.I"t. VAP 

1.00000 

& 

7 82 I. 
2 22"! . 9 

1.00 

1.00 
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o ~E ~ 5 FO MAJO 

or 1 .1 ,. TO (21 1 .7 TP ) P a ~'onth Output 
rom one - 22 . 8 ~1 (250 TPD) Liq uefa tion Module 

o Vent ~Ii th Ven Gas R coyery 
Gas Reco very Vent Gas Flow 

"5 andard " Avg. Max. Min 

FLOWS: I 3/ s (r~CFH ) 

LH 2 Pro c 24.715 ~ 4.715 24 .715 24.7 15 
(3384 . ) (3384.9) (33."4 . 9) (3384.9) 

Vent Ga s 0 2. 11 3.8~ 1. 02 
0 (288. 63) (533 .4 0) {139.88, 

LN dded 5. 29 5.20 5. 13 5. 25 
(724 .8:) ( 712 . 53 ) (702.87) (718.41 ) 

Cold ~2 Gas 22.76 20.42 18.61 21.52 
(3, 11 7.47) (2 ,796.47) (2,548.45) (2 ,947.17) 

POvIER : HI 

Compressors 

H2 Recycle 50,731 5 ,097 48,898 50,826 

H2 Flash 1 878 1 ,878 1, 878 1 ,878 
Vent Gas 0 377 377 377 

H2 Feed/ Booster 18 ,725 17,177 17, 177 17,177 

N2 Heat Pump 11 ,005 10,089 10,089 10,089 
N2 Refrigeration 22,S37 21 ,047 19,888 21 , 52 

SUBTOTAL 104,876 100,665 98,307 102 ,099 

Turbine Return 

E- 1 -1,425 -1,371 - 1 ,328 -1,397 

E-2 -1 ,390 - 1 ,348 -1,316 - 1 ,368 

NET PO\.JER 102,061 97,946 95,663 99,334 



or 1 2.1 T (2 1l. 7 PO) P I-. Month Outout 

PLA 

H2 Ll QU FIER: 

S r am r1ows, m3/s (MCFH) 

LH rodu c 

H2 c c1e Conpressor 

H2 Fla s h Compressor 

H2 Turbine E-1 

H2 Turbine, E-2 

N 2 LI au [F I E R : 

Stream Flows, m3/s (MCFH) 

Liquid N2 

Cold N2 Gas 

r 0 nt 
Gas R cov rv 

liSt ndard" 

24.71 
( 338 . 

11 .15 

(16,319.2) 

10.70 

(1 ,465.4) 

41 .53 

(5 ,687 .7) 

70.5a 

(9,66 l.6) 

5.29 

(724.85) 

22.76 

(3,117.47) 

~i h Y nt as Recovery 
Vent Gas FlO'..., 

Av . r,lax. Min. 

4.715 
(33 4. ) 

117.6 

(16.116.9) 

10.69 

(1,463. 8) 

40.05 

(5,484.6) 

65.00 

(8,902.1 ) 

5.20 

(712.53 ) 

20.42 

(2,796.47) 

24.715 
(3 384.9) 

114.86 

( 15,731.1) 

10.69 

(1,463.8) 

38. 80 

(5,314 .6) 

63.42 

(8,686.3) 

5. 13 

(702.87) 

18 .61 

(2,548.45) 

24.715 
(3384 . 9) 

119.3 0 

(16.351.4) 

10.60 

(1,463.8) 

40.80 

(5,587.9) 

65.96 

(9.033.3) 

5.25 

(718.41) 

21.52 

(2,947. 17) 



SUMM Y: H ROGE LI QU 

Fo r 5 7,2 0 (3 TP D) 

EL C IRCAL POWER - kW VENT GAS RECOVERY 
WITHOUT WITH 

Produ ction 

Hydrogen Compres r s 

~ i ogen Re cycl C Oll1 pres s or ~ 

For cooler 

A' r Compres o. itro n Plan 

Pur i 'ier Hea Pump Compre ssor 

Hydro en Feed / Boo s t r Compres sor 

Ni trogen Fe d COIII ~ressor 

Hydrogen Drier 

Pumps 

Subtota 1 

Hydrogen Turbine Return 

Subtota 1 

Production Au ,.;i1iaries 

Cooling Tower and Water Supply 

Plant Air Compressor and Drier 

Purge Blower and Thaw Heater 

Miscellaneous 

Subtotal 

Process Contingencl (5%) 

Subtotal 

Plant Auxiliaries 

132 ,350 

4,66 

,900 

3 ,320 

6,97 0 

11 ,74 0 

5,57 0 

1 ,730 

430 

223,67 0 

- 6,640 

217,030 

10,325 

655 

3,190 

4,250 

18,428 

11 ,800 

247,250 

Road and Exterior Lighting 300 

Building Lighting, Heating, Air Conditioning 750 

Cranes 250 

Fueling Pumps 150 

Subtotal 1,450 

TOTAL, ELECTRI CAL POWE P 248 700 

131, 7()0 

50,980 

6,300 

3,3 20 

6,380 

10 ,740 

5,470 
1 ,730 

430 
217,050 

217,050 

-=-~Q. 
210,640 

9,950 

655 

3,190 

4,250 

18,045 

11 ,400 

240 . 085 

300 

750 

250 

150 

1 ,450 

241,535 



U L S 

ENT GAS RECOV RY 

WAH WITHOUT HITH --
Cooling wat r makeu _ 103/ 0. 19 0.18 

( pm) (3100) ( 950) 
Po ta b 1 \oJ a r - 103/5 0.001095 0.001095 

(g al / da (25.000) (25 ,000) 

CHH I CALS 
Sul ur ic acid or water reatr nt g/5 0.105 0.105 

( 1 I hr) (83 ) (835) 

De55icants and Adsorbents g/yr 47 000 47.000 

(lb/yr) (105,000) (105,000 ) 

ANNUAL THAI·! 

2 for Plant Purge and Thaw km 3 710 710 

(~1MCF) (27.0) (27.0) 

Heating Fuel Gd 696 696 
(Mr·1B tu) (660) (660) 



7 

LANT CA AC ITY : 907 t 0 (1000 T D) 
MID-197 DOLLARS 

EA 2000 TECHNO OGY 

TOTAL PLANT IN ESTMENT 

INT REST DUR ING CONSTRUCTION(l ) 

STARTUP COSTS 

WORKING CAPITAL(2) 

TOTA~ CAPITAL REQU IREMEN 

VEtl 

239 ,000 

53, 00 

6,570 

9,250 

S308 ,620 

THOUSANDS 

RECOVERY 

WITH 

235 ,300 

52,900 

6,500 

9,210 

£303,910 

(1) At ~ 2 · interest rate on total pla"t inve . tment for 1.87 5 years. 

(2) Sum of (1) rna erials and sup lie s at 0.9< of total plant investment 
plus (2) net recei vables on product hydroqen at 1/24 of annual 
production at 80.82c/kg (36 .66 c/lb )/ 



TABL [ 2 

FO 7 . T (3 .3 TP D) Av ragp Ou put 

RA t1A [ AL S 
-e ds toc (GH 2 50.1 4r:/l ) 

CHEr~ I CAL S 
Sul fur i c Acid 

D ss i can s and Ad orbents 

UTILITIES 
Clectri city (at SO.02/kWh) 

Cooling Water Ma eup 

Potable ~Jater 

LABOR 
Operatin Labor 

upervision 

Aor~HI STRATlON AND OVERHEAD 

SUPPLI ES 
Opera t i ng 

Maintenance 

TAXES AND INSURANCr. 

TOTAL ANNUAL OPERATING COST 

S THOUSANDS 
VE n GAS RCCOV;..:C::..:..R:..;,.Y __ 

7 ,41 5 

243 
93 

43,572 

662 

4.5 

1 ,092 

250.6 

919.9 

327.6 

3,585 

6,453 

133,561.6 

WITH 

69, 89 

243 

3 

42,317 

639 

4.5 

1 , 092 

250.6 

919.9 

327.6 
3,530 

6,353 

125,688.6 



TABL 

LJIl COST OF LI U 

yJ H ~ W IT lOU AS Y 

36 . 3 TPD) 

GAS RECOVERY 
\~ITH 

/kg S/kg ( / 1 b) 

OP RA Ir~G COST 

r dstock 0.3 27 (0.145) 0. 3318 (0.1505 ) 

El c r ic Power 0.2068 (0.0 3 ) 0.2008 (0 .0 11 ) 

L bor, Admin; tra ion 0.0108 (0.004 ) 0.Ul 08 (0 .0049) 

and Overhead 

Ch mical , upplie s . 0.0540 (0 .0245) 0.053 1 (0.0241) 

Wat r, ax s and 

Insurance 

SUBTOTAL 0.6343 (0.2877) 0.5966 (0. 2706) 

CAP !TAL I NV EST~lEN 

Liquefaction and 0.25 9 (0.1179) 0.2527 (0. 1160) 

Storage Facility 

Inve stment 

Distribution System 0.0346 (0.0157) 0.0346 (0.0157) 
Investment 

Startup Co s ts 0.0040 (0.0018) 0.0037 (0.0017) 

Working Capital 0.0101 (0.0046) 0.0101 (0.0046) 
---

SUBTOTAL 0.3086 ( O. 1400) 0. 3042 (0.1380) 

TOTAL 0.9429 (0.4277) 0.9008 (0.4086) 

REDUCTION IN COST 0.0421 (0 .01 91) 
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