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ABSTRACT

This report, in support of NASA-Kennedy Space Center (KSC) planr.ing for
future expanded supplies of liquid hydrogen fuel for space vehicle logistic
support, addresses the potential use of non-fossil energy resources and
conversion technologies. This approach contrasts with today's natural gas-based
liquid hydrogen supply and with other fossil-based alternatives (e.g., coal-
gasification).

Based on KSC siting and logistics requirements, and the non-fossil energy
resources available at the Center, a large number of applicable energy technologies
and system candidates are identified and characterized. A two-stage screening of
these in light of specific eriteria was then accomplished, resulting in the iden-~
tification of two leading candidates as non-fossil system approaches. Conceptual-
level design and costing of these revealed their technical feasibility as sited
at KSC, and the potential for product cost-competitiveness with conventional supply
approaches in the 1990-2010 time period.

These findings led to the documentation of a set of key observations, con-
clusions, and recommendations. Several supporting technical appendices are included.

Key Words

Liquid Hydrogen, Non-Fossil Energy Technology and Systems, Solar Energy
Conversion, Water Electrolysis, Cryogenic Liquefaction, Space Vehicle Propellants
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SUMMARY

Currently, liquid hydrogen fuel for space vehicles such as the Space Shuttle
1s produced through the natural gas steam-reforming process, followed by an energy-
intensive liquefaction process. With considerable uncertainty as to future avail-
ability and costs of electricity and natural gas--and fossil feedstocks generally-—-
the option of basing 1iquid hydrogen production on non-fossil energy resources (solar,
nuclear, geothermal) is of interest to NASA planners. Accordingly, NASA's John F.
Kennedy Space Center (KSC) sponsored this initial assessment, "Study of Systems and
Technology for Liquid Hydrogen Production Independent of Fossil Fuels," as carried
out by the present industrial contractor team.

Following a general background discussion in which KSC's specific requirements
and certain coproduct options (e.g., coproduced oxygen, heat) are quantified, can-
didate non-fossil primary enecrgy-based technologies and systems are introduced and
reviewed. Along with this, the non-fossll energy resources available to KSC-~
emphasis on actual Center sites-~is surveyed and drcumented., Land availability and
potential environmental impacts are also discussed.

A two-stage screening of candidate non-fossil-based technologies and systems
was then carried out using sets of criteria develcoped for the study. These two stages
involved (1) judgment of ''technology readiness," in perspective with the state-of-
the-art and KSC's time-of-deployment interest "window' of 1987-1992, up to the year
2000, and (2) relative economic performance of overall liquid hydrogen production
systems based on applicable ones of these technologies. These screening results, as
well as the prior work, were reviewed at KSC in the Study's interim briefing.

To provide a more-detailed 1llustration of leading candidate non-fossil liquid
hydrogen production systems, two different systsms were selected for conceptual
design and more-detailed costing. These were solar-operated, stand-alone KSC-sited
systems: one, photovoltaics (PV)-based, and the other involving the '"power tower"
(PT) approach, both of which are in the early-commercialization stage. Conventional
water electrolysis and hydrogen liquéfaction subsystems were integrated with the
solar subsystem.

Concurrently, with numorous remaining technology/system candidates at hand
(i.e., those screened), characteristically applicable in a later time-frame, a
"technology tracking' methodology was documented to assist KSC in continuously
evaluating essentially all the non-foasil future options available as perceived today.

The report closes with a summary of key observations, conclusions, and recom-
mendations. The essence 1s that leading non-fossil liquid hydrogen production systems,
given that (1) "optimistic but realizable' capital costs can be assumed, and (2)
energy-intensive fossil-based supplies as nominally escalated over inflation, can,
in fact, be competitive with current methods of supply in the 1990-2010 time period.
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l. INTRODUCTION AND BACKGROUND
Introduction

Contractor Study Team

Under NASA-Kennedy Space Center Contract No. NAS10~10541, E:F
Technology, Inc. (E:F), carried out a "Study of Systems and Technology for
Hydrogen Production Independent of Fossil Fuals" during the period September
1982 through May 1983, Assisting E:F, under consulting subcontracts, were:

° Mueller Associates, Inc., (MAI) = an architectural and engineering
congultant firm with special capabilities in solar enerygy systems

. Linde Division, Union Carbide Corporation (Linde/UCC) ~ a leading indus~
trial gas firm commercially involved in liquid hydrogen and oxygen
production and delivery, and in numerous related technologies.

In addition, the following expert advisers were retained in the E:F study
team (with area of expertise as indicated) on both a paid and unpaid basis:

() Dr. John A. Barclay, Los Alamos National Laboratory (LANL): magneto-
caloric refrigeration-based hydrogen liguefiers (paid hasis)

br., Ja H. Lee, Vanderbilt University {located at NASA-Langley Research
Center (NASA-LaRC)): low-temperature magnetohydrodynamic processes
(paid basis)

[ ]

® Mr. Omar Hancock, Florida Solar Energy Center (F5HEC): local KSC insola-
tion data and solar enargy systems operational information (unpaid
basis)

® Dr. Arden B. Walters, Florida Power & Light Company (FPL): electric
utility perspective and technoeconomic information relating to potential
grid-interfacing (unpaid basis).

The NASA technical study managetr was Mr. Wally U, Boggs, NASA-KSC
(DD FED) and the contracting officer was Ma. Ruth S. Walker, NASA-KSC (SI

Study Objectives and Methodology

This assessment was to examine all non—fos;il-based liquid
hydrogen production system schemes potentially capable of meeting KSC's
demands beginning in the 1987-1992 time-frame. Following a preliminary
characterization of such schemes, based on appropriate screening criteria,
two sequential selections were made narrowing down the choices to
two. However, the non-selectad alteratives were to be hriefly documented
as well. Conceptual designe werxe to be documented for two "optimal"
cost” non-fossil liquid hydrogen production systems, i.e., the two candidates
selected in the screening process, above.

Specific technology program planning information was to be developed as
apprepriate for the two selected candidates and, to a lesser extent, for the
full range of system possibilitlies. In this, appropriate quantitative and

1-1



qualitative criteria were to he suggested for perifodic monitoring and evalu-
ation of technological progress in the ongoing non-fossil energy research and
development process. The purpose here 1is to assist 1n the planning/decision-
making nrocess relating to liquid hydrogen source-selection, facilities
acquisition, etc., in the years ahead. In review, the principal objective of
the study was to provide KSC planners and decision-makers with well-~documen-
ted, authoritati{ve information, guidelines, quantitative criteria, and ap-
propriate contacts to:

l. Maximize KSC's understanding of Non-Fossil Derived Liquid Hydrogen
(NFDLHZ) production schemes, generally, and the more attractive nearer-
term schemes, specifically,

2. Permit KSC "trecking” of NFDLHp-related technology/system development
such that poinc¢-in-time competitiveness (with fossil~hydrogen production
means) can be noted as early as possible.

3. Provide early planning input for the facility budgeting process
anticipating the eventual acquisition of NFDLH,-production facilities
at/associated with KSC.

4, Asg1st KSC in interpreting the planning and decision-making significance
of both technical (e.g., new processes) and cost-related changes
affecting both NFDLH2~ and fossil-related hydrogen production
schemes.

Background

This section of the report reviews the need for liquid hydrogen at KSC,
the present means of acquiring this fuel by KSC in projvcted future increased
quantities, the fossll- ara non-fossil-hased production alternatives, and how
the specific study findings might agsist KSC planning and decision-making in
this respect.

Liquid_ﬂydrogen Procurement and Use by KSC

Liquid hydrogen (with 1liquid oxygen) has bhecome the staple fuel for
space launch vehicles because of the superior specific impulse* it provides
in rocket engines. KSC was the first launch operations center to acquire and
service liquid hydrogen for NASA's premier hydrogen-using space vehicle, the
Atlas—-Centaur in the mid-1960's. (The Centaur upper stage was the World's
first liquid hydrogen-fueled space vehicle.) Used in the $-~T1T and S-IVB
(second and third) stages of the Saturn 5 and the $S-IV and S-~TVB (second)
stage of the Saturn 1 and 1B Apollo earth-orbital mission vehicles,
respectively, liquid hydrogen use expanded substantially at KSC through the
late-1960"'s and early-1970's.

Now, with the completion of the R&D launches of the Space Shuttle-based
STS (Space Transportation System), a rapidly increasinsg demand for liquid
hydrogen 13 foreseen by KSC logistics planners. Figure 1-1, provided
by KSC authorities responsible for prupellant procurement and logistics
operatinnsg, shows the liquid hydrogen demant expectation based on the order
of 45 Space Shuttle launches annually by the late-1980's, This curve shows a
peak usage of 13,000,000 1b/year, or about 22 million gallons/vear. For
perspective, Table 1~1 presents KSC's liquid hydrogen current requirements
and costs, along with other propellants and expendahles.

* Isp - a direct measure of engine output thrust to input mass-
flow of propellants (lb force per 1b mass/second; or seconds).
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Figure 1-1. ANTICIPATED KSC LTQUID HYDROGEN REQUI REMENTS

Table 1-1, KSC CURRENT PROPELLANTS REQUTREMENTS COST

PROPELLANTS MODEL FLIGHT SUPPORT?
ANNUAL
BASE SUPPORT! LAUNCH DEPENDENT ONBOARD

PRODUCT ZUNTT FY-82 COSTS QUANTITY/$(000) QUANTITY/$(000) QUANT IT¥/$(000)
IIC7A N I RN & 84,000 § 103 88,800  $109 227,800 $280
Glle/ms .t 53,00 10,00 534 1,070 57 30.3 2
| _Lopm)/ton 15,41 2,00 179 492 [V D .
HAI 1/ 11 6.7 -- -- -- - 13,000 88
H04/1b .43 -- -- -- .- 20,500 9
Nailg/ 1 7.18 357 3 963 7
LNa/ten 93.37 360 34 8 ] -- --
Gl /msc 7.18 360,000 2,585 40,000 21/ 5 -
LUy (F)/ton 283,00 -- -- 28.5 8 1.5 1
Solvent 113/1b .56 615,000 344 -- -- -- --
OTHER -- - 189 ~- 25 -= 22
TOTAL $3,968 $532 $466

ANNUAL BASE SUPPORT
QUANTITY/$(000)

TWO PADS OPERATIONAL

Glle 13,440 § 712
GN 540,000 3,877
LUS(A) 3,520 301
LHp 168,000 207

](Jne Pad Operational
No Pavloads



Liquid Hydrogen Production Means--Today and Tomorrow

KSC nresently procures its liquld hydrogen under contract to Air
Products & Chemicals, Inc., with deliveries from the company's New Orleans,
LA, nlant by over=the-road trucking (via standing 13,000 gallon trailers).*
This hydrogen, 1ike the bulk of industrial gas hvdrosren in the 11.8. today, is
nroduced through the well-developed steam-reforming of natural gas process.

Currently, 1n the 1.S,, natural gas-produced 11quid hydrogen 18 the
lTowest cost option for users purchasing merchant hydrogen, i.e.,
Industrial-gas product. However, future natural gas supplies and costs are
uncertain in a "decades-ahead" purview, Further, with current pnrice
deregulation trends, natural gas costs are expected to Increase sharply in
the years just ahead. Hydrogen can he produced from water and essentially any
fossil resource, including naphtha, heavier oils (including restd), and coal,
etc., However, particularly in view of costs and competing demands and
importation problems with regard to oil (e.g., transportation, home-heating),
petroleum 18 not viewed as a likely source of futura {ndustrial-gas hydrogen.

For the U.S., with its large domestic supplies, a current perception is
that coal appears to be the principal fossil-energy candidate for future 1.S.
production of hydrogen. The original present-study solicitation ohserved:
"Coal, therefore, should be considered as a potential feedstock, as an
interim scheme, until a fully-renewahle scheme 1is available” (Reference 1-1).
KSC 18, in fact, proceeding separately (in parallel with the present
non=fossil-based assessment) to assess the potential of coal-derived liquid
hydrogen in the context of a "polygeneration" facility (Reference 1-2).

Comparative Costs of Fossil-Produced Hydrogen

Since the development of alternative fossil- and non-fossil- (e.g.,
renewable) hased hydrogen production schemes will depend heavily on
comparative costs of the hydrogen produced, 1t is of 1interest to examine
assoclated cost projections, Figure 1-2 presents one set of such proliections
through 1990, These estimates were provided hy Kinetic Technology
International (KTI Corporation), Pasadena, CA. (KTI is a principal supplier
of industrial steam-reforming facilities.) Current 1982 costs and earlier
1974 (reference) costs are shown., Note that these costs are strictly on an
inter-fossil resource comparison basis (no absolute costs are projected).

The dashed-in higher costs labeled "ARC 1990-2000 Projectlons' refer to
projected higher fossil resource cost projections by DOR in 1ts 1981 ARC
mid-price scenario. These higher cost possibilities are of interest from
the point of view that non-fossil schemes--typically higher in cost—--may be
able to compete earlier 1f such higher fossil-derived hydrogen costs actually
come to pase.

* Tn the {nterest of expanding their liquid hydrogen transport options,
KSC recently acquired (from another NASA facility) four 34,000 gallon
capacity liquid hydrogen rail tank cars. Following refurbishment and
certification of the cars, over-rail trial rums are presently underway
from New Orleans to KSC.
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The Alternative of NFDLH 9 for KSC

Tn view of the long~term uncertainties associated with natural gas
produced hydrogen, and with fogsil=derived hydrogen penerally (including coal
wasf fication), KSC planners wish, out of prudence, to assess the
non=fogsil=derived (NFD) hydrogen alternatives. The present studv represents
an fnitial step in this direction., Specifically, ag stated in the KSC
original study solicitation (Reference 1-1):

"This study shall survey methods and select viahle candidates
for providing llquld hydrogen for U.S. space launch use independent
of Ffossgil fuels startiag 1in 1987 or 1992, or whenever the
particular technologlies and economic trade~offs appear favorable,
The candfdates shall be examined in larger system context where
gtrong interaction with other resources exists (l.e., energy
coproduction) and where environmental interactions are siunificant.
(emphasis added)

Non-Fossgil Fnergy Conversion as Applicable to Hydrogen Production

Candidate NFDLHy) production posgsibilities are the subiect of Section 3
of this document. In terms of the basic energy resource, the alternatives fit
into four categories:

] Nuclear - fission and fusion processes
° Solar - direct and indirect (e.g., wind, hydropower) processes
® Geothermal - natural (e.g., geysers) and technologically-accessed

(e.g., dry/hot~rock) processes

o Gravitational - principally, tidal energy (also ties in with certain
solar-indirect processes such as hydropower).

Water-Splitting Processes as Applicable to Hydrogen Production

To these various energy-conversion processes must he integrated a
water-splitting process since water 1g the prospective non-fossi] "feedstock"”
from vhich its elemental constituent--hydrogen--is to be produced. Candidate
water—-gplitting processes encompass g cange of possibilities including:

° Photic - direct photon-energy dissociation

L Thermal - direct thermal dissociation, or through thermochemical
processes

. Electrical - viz., water electrolysis (an industrially mature process).

1-6



These procegses are further discussed in later gectiong of this document
(water electrolysls particularly). Significantly, the coproduct produced in
most water-aplitting processes 18 oxygen, also of Intevest to KSO

since lquid oxygen 18 the leading oxidizer employed in rocket propulsion
systems, uniquely so in hydrogen-fueled epace-vehicle syatems,

Wydrogen Liquefaction

Finally, for KSC applications as a rocket propellant, the hydrogen (and
oxygen) must he liquefied, i.e., the normal ambient-temperature gaseous form
must be converted to its ultracold cryogenic liquid form. This {8 presently
both a capital- and energy-intensive process, as will he deseribed later. By
conventinonal means, for example, hydrogen's liquefaction energy requires
roughly ore-third of hydrogen's heating value as a fuel, Fortunately, there
are promising technological alternatives on the horizon, a prominent approach
heing magnetic refrigeration, as will be discussed.

Baseline NF¥DLH9 Production Needs

A nominal 10 mil1lion gallon/year NFD-hydrogen facility, as stipulated 1in
the KSC terms-of-reference information (Reference 1-1), will bhe the nominal
target-capahi 11ty congidered in the study. Accordinuly, conceptual designs
will be developed and analyzed for the attractive candlidate NFDLHy production
gcheme at this stage., These will he addressed on a comprehensive, balanced
screening of all feasible options bhasig. Figur: 1-3 presents the
previously~displayed (Figure 1~1) KSC LHy projected requirements in this
context. The arrow denotes the 10 million gallon/year level of NFDLH,
production to bhe congidered (about 6 million pounds/year). A
range-of-uncertainty consideration (dotted area) has heen added for an
arbitrary early-1984 point in time projection. This reflects rousghly a
factor-of-2 departure above and below the trendline.

The purpose here 18 to show that the 10 million gallon/year gizing
(arrow) seems quite reasonable in the face of a rather wide LHy demand
uncertainty range. In other words, the selection of this particular
facility-size appears appropriate in the face of uncertainties. Tf the "high”
demand tretu occurs, more than one NFDLHy faclility module of this size may be
needed. [f the "low" trend occurs, one such module may suffice for an
extended period of time. Interestingly, the conservative (lower) envelope
demarkation intersects the (vertical) 1987 line, probhably the earliest
feagsible plant-availability point, at about the 10 million szallon/year level,

Basic System Requirements and Interfacing

As shown 1in Figure 1-4, the general system « ncept evaluated in this
study uses non~-fossil energy resources (nuclear, solar, geothermal) to
produce liquid hvdrogen for KSC utilization as a space vehicle fuel., In most
cases, coproduct liquid oxygen is avallable as well from the hasic
water-splitting reactions involved. The hasic system requirements
characterizing the evaluated systems were:

® 10 million gallons/year LH,: about 18 STS launches/yeav
) Sufficlient LO, coproduct
° Stand-alone basis, i.e., no utility interconnect (such was

examined however)

W)



TOTAL LH2 REQUIRED, MILLION POUNDS PER YEAR

E
9
['d
o
%)
2
F]
L]
H
- B
]
14
,
7]
]
o
o
w
. H
I~
]
w
Example Llauid Hydrogen Demand Piotile
to bo met by a Renewable Eneigy System
, LH,, Production Facility
N - T L T = L ~
a1 82 89 a4 (1] a0 a7 1.} L1 o0 0l n? 03

PROGRAM YEAR

Figure 1-3. K8C LHop REQUIREMENT PROJECTION SHOWING THE
OF UNCERTAINTY IN TIMING/SIZING OF NFDLHy SOURCES

LFFECT



HTHN ~

et

(CRILLED A
WATER) —_ | \ .: !
DR ey “; \ VARLC
— T OPF R . e HTHW
—— - o ICHILIL FO WATER)
il 3

by \

NON-FOSSIL ENCRGY RESOURCE INPUT

1
- THICEAL g : “' THEOM |
: * JLRGY ; 4YoROGEN 2 P RIMARY |
\::/, (8 GAYSEN) I &/or ENERGY |
JF 1| PremucTion 13- C INVERSION I
= "L{ING 5y < ELEC - — |
CS 7 ~sTAILDN /_1'/ : & ‘ ‘ -— j i
i f fih‘ lﬂ!cr ;4 Jl i 3
o “‘. - CvavE i i §-
al /ﬂ aa J" &8 3 st 1 o=
I ' o I f .
b ! i !‘ l iy & : 5 / s f“ ex
o A A * = e S v heil >
[0 LEdaagad @Z '/ A L e
il e oty e g o' / <i

"'jr’v"’ Spuesis l—' e

Figure 1-4. XNON-FOSSIL HYDROCEX PRODUCTION SYSTEM
COXCEPT



ORIGINAL P/UL U
OF POOR QUALITY

o Technology/costs for 1987-1992 period initial operational
capabi 11ty (1I0C)
o KSC iocation (e.g., local insolation conditions) desirable.

The study was to address system interfacing opportunities such as the
productive use of thermal energy output from the hydrogen production system,
Aas well as possible, mutually beneficial interfacing with the electric
utility serving KSC (Florida Power & Light Company). These possibilities are
i1lustrated in Figure 1=4 and in somewhat more detail in Figure 1-5. The
latter figure also 1l1lustrates the opportunity to deliver 1iquid hydrogen
product from off-site locations (lower right-hand portfon of Figure 1-5).

Candidate System
Screeniny Approach
Logiic of Approach

A two-stage screening/selection of cand!dateNrﬂan production system
candidates was utilized. The first screening criteria set was concerned with
estahlishing:

1, The capabilities of each technology to meet the technical program
requirement as a function of time-frame from the 1987-1992 to the
post=2000, earli~st need time period.

2. The economics of 1liquid hydrogen as produced by these technologies,
especially as a function of time from 1987 to the year 2000, and--
where possible--beyond this time.

This evaluation should provide a means of estahlishing the capability of
the screened technologies in consideration to contribute to producing liquid
hydrogen at an economically feasible cost. In order to take maximum advantage
of work done by other investigators, the screening criteria were designed for
maximum compatibility with the "Technical Assessment Guide,” publisned by the
FElectric Power Research Institute (Reference 1-3).

The operational requirement of the liquid hydrogen production system is
defined, for the purpose of this study, to be:

“"To deliver liquid hydrogen (and oxygen) of specified
properties, in specified quantities, to a specified location at
specified times at a contracted cost per unit product over a
specified multi-year time period with a specified first delivery
date.”

Limitations on the resources available for this project, in terms of
both time and money, required som:¢ logical limitation of the depth of
treatment to be attempted. Thus, it would be desirable to use a system of
classification of "deoth of treatment” in this study that would be comp.tible
with logical continuation of the program so long as this depth of treatment
meets the requirements of an initial feasibility study. The Design and Cost
Fstimate Classificationa system contained in the EPRI TAG mode' (Reference
1-3) is believed to provide a reasonable basis of classification.

1-10
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General Discussion of the Design and Construction Process in
Relation to New Technologies

Tt is assumed, for example, that prior to award of a design contract to
an appropriate organization, all feasibility studies have heen completed and
that the basic system concept has been selected. The owner has also defined
all major proiject objectives and constraints and ldentified a time—-frame and
budget. 1t 1is also assumed that the desig ' process is more or less typical,
1.e., that an adequate experience base eiists to support actual design and
construction. No research, development, or other such activities should be
undertaken., This carries a significant implication in selectiag suitable
technologies. It must be borne in mind that the experience base should also
include sufficient construction eyperience so that the manpower requirement,
gpecial equipment requirement, time resources, and budgetary resources
requirea for design and construction can be reliably estimated.

Prior to such an award, however, there are a number of major milestones
which may have to be met. The need for, and impact of, such milzstones 1is
significantly dependent upon the gpecific technology to be employed. These
milestones and the design process itself can be placed in the context of
Screening Criteria and deserves specific consideration. Tabhle 1-2 provides a
basis for this (from Reference 1-3).

The design/construction process in question 18 very dependent upon the
status of the technology option selected. Viewed from this perspective, the
design/construction process 1s suggestive of certain screening
criteria-related subjects applicable to the project under study, for example:

° The level of commercial maturity of the selected technology option: If
it 18 assumed that the necessary equipment will he commercially
avallable for any option selected, gsome technologies are more
mature than others. Vhen necessary equipment is only available {in a
prototype stage, there 18 an increased risk of redesign due to equipment
modification or substitution. Furthermore, if system implementation
calls for a construction process with which contractors are not
familiar, they will tend to escalate thelr quotes due to a percelved
risk,

. The complexity of the design/construction process: This impacts bhoth
time and cost in all phases of work. Special sequencing during con-
struction or interim testing may also be necessary in direct proportion
to such complexity, further complicating the process.

° The actual amount of implementation task required: Different
technologies will require different amounts of facility-construction
work. This has a time and cost impact on the construction work.

° The ease and degree to which the performance, maintainability, and
reliahility of a given system can be predicted and subsequently verified
in the field.

° The lead-time required for equipment.

1-12
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Design/

DESIGN AND COST ESTIMATE CLASSIFICATIOXS

(Source: Reference 1-3)

|

Item

Estimate
Description

Simplified

Cost Estirate Bas-s

Major Equipment Other Materials

Labor

Class
1

Class

Preliminary

By overall project or section-by-section based on capacity/cost graphs, ratio
methods, and comparison with similar work completed by the contractor, with
matarial adjusted to current cost indices and labor adjusted to site conditions

I1

Class

Detailed

Recent purchase costs in-

cluding freight) adjusted

costs on plant parameters.
to current cost index.

By ratio to major equipment Labor/material ratios

for similar work, ad-
Justed for site con-

ditions and using ex-
pected average labor

rates.

I

Firm quotations adjusted
for possible price esca-
lation with some criti-
cal items commi-:ed.

Firm unit cost quotes (or
current billing costs)
based on detailed guanti-
ty take-off.

Estimated man-hour
units {including as-
sessment) using ex-
pected labor rate for

each job classifica-
tion.

Class
v

Finalized

Table 1-2.
Project
Contingency
Range Design Information Required
30% General site condition, geographic
location & plant layout.
to Process flow/operation diagras.
50% Product output capacities.
15% As for Type Class I plus engineer-
ing specifics, e.g.:
to Major equipment specifications.
30% Preliminary P&I flow diagram.
10% Complete process design. Engineer-
ing design usually 20%-40% complete.
to Project construction schedule.
Contractural conditions and local
20% labor conditions.
5% As for Class 111, with engineering
essentially complete.
to
10>

Pertinent taxes & freight included.

As for Class III, with

As for Class III, with
mest items committed.

material on approximately
100* firmm basis.

As for Class III,
some actual field
Tabor preductivity
may be available.
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There are algso a number of enahling-factors or "milestones" which may

have to occur prior to initiation of the final faclility implementation
effort. As these milestones are also technology-dependent, they may also he
viewed as possihle screening criteria inputs. Such milestones 1include:

l"lo

1—30

The need for obtaining approval from local code officials (1f on non-
federal land). Compliance with the appropriate sections of the locally-
accepted fire, building, and electrical codes would he required. Inter-
pretation of such codes may pose a problem if these codes do not

speci fically addreas the selected technology. Compliance with any
corresponding state or local standards would be required {f on public
land,

The need for demonstrating compliance with air~quality, water, thermal,
and/or gafety standards. Such standards may be tied to a combination of
federal, state, or local criteria. NDefinition of just what standards
should be applied, particularly to a "new" or "advanced " technology,
may 1in itself be a problem.

The possible need for special permits (or their equivalent) if a
regulated natural resource, e.g., ground water, river water, wildlife
refuge, etc., were to be consumed or otherwise impacted.

References Cited in Section 1

Solicitation No. 10-3-0068~2, “Study of Systems and Technology for
Hydrogen Production Independent of Fogsil Fuels,” by the .John F,
Kennedy Space Center, MASA, solicitation {issued 13 May 1982,

Solicitation No. 10~2-0150-2, "Polygeneration Feasibility Study,”
by the John F. Kennedy Space Center, NASA, solicitation issued 9
August 1982,

Report No. P-2410-SR, "Technical Assessment Guide," by the Electric
Power Research Institute, Palo Alto, CA, May 1982,
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2. CHARACTERISTICH OF KSC UTILITIES/LOADS
Electrical

Demand/Consumption

Peak electrical demand has been monitored at NASA-KSC, as reported by
Florvida Power & Light Company (FPL) on a l5-minute basis for both the C-5 and
Orsino on-site substations at KSC (Figure 2~1), This power demand, is shown
in Table 2-1 (Reference 2~1), along with projected demand and consumption for
1988. The historic monthly variation in demand is represented in Figure 2-2,
It can be expected that the instantaneous demand may be somewhat iarger than
the l5-minute demand reported here. However, no data is available to suggest
the magnitude of this variation.

Table 2-1. HISTORLCAL AND PROJECTED KSC ELECTRICITY DEMAND AND CONSUMPTION
(Reference 2~1)
FY'81 - HISTORICAL

Substatlon Load Data (MW) nergy bata (MWH)
Minimum Maximum

Orsino 3.9 16.6 77,628

C-5 5.8 15.6 88,242

TOTALS 9.7 32.2 165,870

FY'88 - PROJECTED

Substation Load Data (MW) Energy Data (MWH)
Minimum Maximum

Orsino 4.1 17 .4 87,354

C-5 604 17.2 1()0,76()

TOTALS 10.5 34.6 194,120

Service Location and Capacity

KSC is supplied electrical power by a 115-kV loop from FPL, The utility
service lines connect to the KSC 13.8-kV underground and overhead
distribution system via two major substations——C-5 at the Vertical Assembly
Building (VAB) and Orsino at the NASA Industrial Area as shown in Figure 2-1,
This FPL service has a capacity of approximately 58-MW based on the
service-line size. KSC maintains five 1-MW diesel-driven generators adjacent
to the C-5 substation in addition to several smaller, dispersed and/or mobile
generators for use in the case of commercial power outages. The transmission
capacity of the KSC 13.8-kV system is approximately 50-MW.

Thermal
Heating
There are two major thermal load centers at KSC——the KSC Industrial Area

and the Utility Annex (UA). The heating thermal requirements of each area are

2-1
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provided by central and distributed oil-fired, hot water boilers and small,
distributed oil, electric, gas, and heat—pump heating systems. Table 2-2
shows a summary of the historic and projected oil-fired boiler thermal demand
and consumption figures for the KSC Industrial Area Central Heating Plant
(CHP) and the UA.

Table 2-2. HLSTORIC AND PROJECTED UA AND CHP THERMAL HEATING DEMAND AND
CONSUMPTION BASED ON OLL CONSUMPTILION
(Reference 2~1)

KSC Load Demand Range (MW) Consumption (MWH)
_Center 1981 1986 1961~ 1986
UA 1.4~4.7 1.8-5.9 24.1 x 103 30.3 x 103
CHP 2.9-6.3 3.6~8.0 29.8 x 103 37.5 x 103

At the KSC Industrial Area, the CHP has two oil-fired, 11.7-MW
(40,000,000 Btu/hr) boilers and one oil~fired, 4.7-MW (16,000,000 Btu/hr)
boiler that provide 325 °-400°F hot water via high-temperature, hot water
(HTHW) above- and below-ground piping to the buildings and processes in the
KSC [ndustrial Area. A small percentage of the total Industrial Area heating
requirements are provided by small, distributed oil-fired boiler, electric,
gas, and heat—pump systems as shown on the KSC Master Plan Lndustrial Area
Heat Distribution Drawing VIII-2, Sheet 3. A small solar thermal system
provides hot water to the HQ cafeteria and film lab. The remote hypergol
Maintenance Facllity and Vertical Processing Facility at the Industrial Area
are both served by a low~temperature, hot water loop from a nearby boiler. A
waste—paper incinerator 1s currently under construction in the Industrial
Arca that is rated to supply up to 5.1-MW to the HTHW loop.

At the VAB Utility Annex (UA), the other major thermal heating load
center, there are three 4.7-MW boilers in a central HTHW (325°-400°F)
generating plant to serve most of the buildings and processes immediately
adjacent to the VAB. The distribution piping from these boilers is restricted
to the arca immediately adjacent to the VAB. The oil-fired thermal heating
loads are summarized in Table 2-3, Figure 2-3 shows the monthly variation in
UA thermal heating demand. The balance of the VAB UA building heating thermal
loads are served by small, distributed, oil-fired boiler, electric, gas, and
heat-pump systems as shown on the KSC Master Plan Launch Complex 3Y Area Heat
Distribution (Drawing VILI~2, Sheet 4).

Table 2-3. VAB UA CENTRAL CHILLED WATER PLANT THKRMAL LOAD

Range of Demand (MW) Consumption (MWH)

1981 1986 1981 1986

3.5-12.0 4.4-15.1 54,300 68,400
Cooling

A total of nearly 87,9-MW (25,000 tons) of cooling capacity is installed
at the KSC facility. In the Industrial Area, where there is no central
chilled water plant, individual installations ranging from 6.3-MW to 19.7-MW
capacity prouvide chilled water to the 0&C, CIF, and HQ buildings. Smaller
centrifugal and reciprocating machines are dispersed throughout the
Industrial Area.

2-4
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At the UA, a central centrifugal chilled water plant with a rated
capacity ot 3%-MW provides chilled water via a distribution system to the
IPF, VAB, and LCC. Four separate chiller systems are maintained tor
Launch-critical computer cooling. The historic range of monthly chilled water
thermal demand is shown in Figure 2-4 and the historic range of monthly total
(heating + cooling) thermal demand is shown in Figure 2-5,

Hydrogen

The major use of hydrogen at KSC is for Shuttle Fueling operations. kach
Shuttle launch requires approximately 386,000 gallons of liguld hydrogen.
Liquid hydrogen ls stored in 850,000-gallon, vacuum-insulated spherical
dewars located adjacent to each pad. Ligquid hydrogen is currently trucked
from New Orleans and loaded into the dewar immediately prior to a launch
operation. It 1is estimated that daily boil-off losses amount to approximately
1,200 gallons/day (710 pounds/day) while losses during transter from the
duwar to the Shuttle (which is accomplished by pressure transter through
underground piping) are approximately 100,600 gallons., These figures,
combined with additional losses anticipated in transferring hydrogen, suggest
a peak 41,000 gallons/day (24,000 pounds/day) liquid hydrogen demand
corresponding to a launch rate of 24 launches/year (Reterence 2-1). For a
full year, this would correspond to about 15 million gallons/year; however,
per the originating KSC study-solicitation, the liquid hydrogen demand
addressed in this study was 10-million gallons/year, or 5.9 million lb/year.

Oxygen

The largest use of liquid oxygen at KSC is also for Shuttle Fueling
operations. Each launch requires 144,400 gallons., Liquid oxygen is stored in
900,000~gallon, vacuum—insulated dewars located in two launch complexes. It
is estimated that daily boil—-off losses amount to approximately 2,700
gallons/day (25,700 pounds/day) while lusses during transtfer are
approximately 48,600 gallons (463,000 pounds). At a maximum launch rate of 24
Launches/year, the resulting liquid oxygen demand will be 18,000 gallons/day
(169,000 pounds/day) (Reference 2-1). Liquid oxygen, as viewed Ln this study,
is a valued coproduct of hydrogen production from water "feedstock." In this,
more than a matching amount of oxygen is produced for a given hydrogen yleld,
for apace-vehicle usage purposes,

MWater

KSC potable water is purchased from the nearly city of Cocoa. The
current congumption is approximately 400,000 gallons/day and is not expected
to exceed 650,000 gallons/day during *aunch operations (Reterence 2-2). In
both the UA and Industrial Area, there are 250,000-gallon, clevated tanks and
1,000,000-gallon, in-ground tanks as well as fire pumps and wells for fire
supply. Potable and fire distribution piping is provided throughout the
facility as indicated on the K5C Master Plan Water Distribution Drawings
VIIL-3, Sheets 3 and 4.

To produce hydrogen and oxygen sufficient to meet prujected Shuttle
demands, less than 30,000 gallons of water/day would be electrolyzed. This
water demand represents less than a 5% increase in projected KSC water
demand.

2-6
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Utility of Coproducts

The purpose of this seetion is to determine Lthe utility at KsC of coproducts
of the proposcd non=fossil hydrogen system. The major possible coproductg=--
clectricity, oxygen, and thermal energy~-are discussed separately below. Back=-
pround data on KSC cleetrleity and thermal encrgy consumption is presented in
carlicer sections. Par background data on KSC launch=dependent and hase fucels and
liquids use, an inventory is provided here, Tables 2-4 and 2-% provide a summary
of Space Transportation System (STS) fuels and liquids as well as Expendable
Launch Vehtele (BLV) fuels and liquids. In addition to providing a summary of
quantitles required per launch, these tables show the base K8C consumption for
possible coproducts: liquefied- and gaseous=-oxypen, hydrogen, and nitrogen.

Note that the Base Annual (BA) quantities are Independent of any lTaunches as ex-
plained in the notes to the table., This quantity would bhe consumed even with no
launches within the year,

blectricity

Any electricity-producing, non-fossil hydrogen system developed at KSC
could provide eclectricity Lo the FPL feeder loop or directly to the KSC
electricity distribution system c.g., to ottset KSC electricity consumption.
(Note: It is not clear now what reception this concept would have at FPL and
this should be the subject of discussions prior to further, more~detailed
anglieering analysis.) For a KS8C dirvect currcent power genvrating system,
e.g., photovoltalc generators, an Llnverter and appropriate power conditioning
and safety equipment would be required between the power generating system
and the KSC or kL lines. It is anticipated that, at times, ‘surplus” power
available may exceed the KSC demand; in that case, excess power could be
provided to the FPL grid. In such cases, the current carrying capacity of the
FPL feeder may be the factor that limits the extent of power “sollback"
possible.

In additlion to the FPL "sellback" option, excess electricity vould be
used to produce and compress gaseous nltrogen (GNy). KSC currently purchases
gaseous nitrogen trom the Big Three GNy Air Separation Plant located near
Cate 2 at the south end of the KSC facility. Gaseous nitrogen s piped at
6,000 psl through an extensive pipeline .vstem to the Industrial Area, the
VAB, and to Launch Area 39 as shown in Figure 2-6. The KSU base use ob GN2 1s
approximately 986,000 SCF/day, while peak Shuttle requirements are projected
to be en additional 2,667,000 SC¥/day~-resulting in a projected total GNy
demand of 3,653,000 SCF/day.

Oxygen

An electrolyzer operating to provide the projected demand ol 24,000
peunds/day of hydrogen will coproduce 192,000 pounds/day of oxypsene Although
the KSC tacility bhas no great demand for gaseous oxygen, this oxygen could be
liquefied and used to provide the Shuttle projected liquid oxygen demand of
169,000 pounds/day. Surplus liquid oxygen may be used as fuel tor the
Atlas—-Centaur and Delta 2900 Series and 3900 Series expendable launch
vehicles.,

Theymal

Coproduced hot water from the non-fossil hydrogen syscem could be in the
range of 150°-200°F as rejected heat from the electrolyzer and at somewhat

2-9
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Tabie 2-4.

SPACE TRANSPORTATION SYSTEM FUELS AND FLUIDS

Fluid

Use

B.D

D

| ()
»

Liquid Hydrogen (LH,)

Liquia Oxygen, High
Purity (LOp)
{LAir = Liquid Air)

Liquid Oxygen, Fuel
Cell Grade (LO)

Gaseous Hel{um (GHe)

Gaseous Nitrogen {(GN,)

Propellant for ET; reactant for
fuel cell

Vehicle boiloff; loading losses;
conversion to GH

Quiescent boilof

Propellant for ET

Vehicle boiloff; loa 'ing lusses;
and LAir

LAir for SCAPE; quiescent boil-
off of Dewars

Fuel cell {reactant and ECLSS)

Conversion to G0, for fuel cell
purge; FSS servicing; transfer/
loading losses

ET, RCS, APU, OMS pressurant;
APU pressurant for each SRB
Purging, leak checking, and
inerting

General support (purging, Teak
checking, irerting)

ECLSS atmosphere diluent, hydraulic
system accumulator pressurant; SRB
hydraulic system accumuiator
pressurant

Purging, leak check, inerting,

and drying agent

General support (purging, leak
check, inerting, etc.)

609,638

1,361

S10

85

44,588

07,312

11,340

104,784

137,894

3,447,360

77,880

2,180,640
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Table 2-4, Cont.

SPACE TRANSPORTATION SYSTEM FUELS AND FLUIDS

1/ 2/ 2/
Fluid Use GBQ BLD B4 Untt

Liquid Nitrogen (LNp) Standby for GNz pipeline; SCAPE

support 73,483 kg

Conversion to GNy; SCAPE; quiescent

boileff 1,587,630 kg
Monomethylhy:'~2zine Orbiter OMS and RCS fuel 5,366 kg
(MMH) Hypergol Training Facility 3,629 kg
Nitrogen Tetroxide Orbiter OMS and ACS 1,873 kg
(N204) Hypersol Traiming Facility 5,83 kg
Hydrazine (MpHa) Orbiter and B APY fuel Xz kg
Mixed oxides of nitrogen |Enrichuent of B contest of Ry %07 kg
(MON-10) - -
Freon 113 Pad Nypergo¥ axidizer gystem flush; i

SCAPE flush ] 23,950 kg

General cleaning 498,960 kg
Isopropyl Alcohol Pad hypergol fuel system flush 45,420 liter

General cleaning support 1,570 liter
Ammonia Orbiter coolamt tocp 68 liter
FC-40 Orbiter fuel cell coolant

(scheduled maintenance) 45 kg

Scheduled maintenance (twice yearly :

per Orbiter) 272 kg
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Table 2-4, Cont.

~

SPACE TRANSPORTATION SYSTEM FUELS AND FLUIDS

1/ 2/ 3/
Fluid Use 0B8] BLD BA Unit

Freon 21 Orbiter radiator coolant loop 227 kg
Sample 5 kg
Scheduled maintenance {once a 680 kg
year per Orbiter)

Demineralized Water (DM) | SRB flush 75,700 liter |
Cleaning solvent {.omponent 7,570,000 liter
cleaning 1ab}

Hydrochloric Acid (HC1) | Regenerant to produce DM 151 liter
Regenerant to produce DN 13,248 liter

Sodium Hydroxide (NaOH) | Neutralizing agent (Freom);

: .~ | regenerant (DM) _ 1,098 liter
Regenerant to produce DR 11,734 liter

Potable Water (Crew) " | purchased drinking water for cres 5 liter

Coolant Water ECLSS and APU (scheduled maintemance}| 314 Titer
Scheduled maintenance (twice yeariy
per Orbiter) 681 liter

Carbon Dioxide (CO5) For charging annulus ET &H) vest Tine} 8D

Diesel Fuel For operating five Paul rechirgers 45,420 Titer

Hydraulic Fluid Hydraulic systems 450 liter
Scheduled mairenance 2,725 liter
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Table 2-4, Cont.

SPACE TRANSPORTATION SYSTEM FUELS AKD FLUIDS
1/ 2/ KX
Fluid Use OB’ BLD Ea Lrie
Halon 1301 Fire extinguishing agent 45 1iter
Fire extinguishing agent 5,443 kg
Argon ¥elding and brazing 4,361 =
Propane Firing & 1,135 liter
Yariows 45,420 liter
NOTES
. - — 2%
1/ 0BG = Onboard quantity. This colum lists the quantities of fiuids ‘g%
red onboard the Space Shuttle at launch. o5
=
2/ BiD = Base Taunch dependest. This columm lists the quantities of cCCJ 2
fluids required at the various Space Shuttle ground facilities =
to prepare the wehicle for launch. g
3/ BA =Base anmal. This colusm lists the total anmual quantities of -
fluids required to support ground activities on a day-to-day
basis, regardliess of launch schedules.

.
o
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Table 2-5. EXPENDABLE LAUNCH VEHICLE FUELS AND FLUIDS

r' Delta ‘ Atlas-Centaur
1/ 2 1/ Z

Substance|Unit | Base/Month™ | Amt/Launch Base/Month Amt/Launch
Aerozine | kg 1,814

-50

Gaseous | m3 1,416 2,832 235,031 566,340
Nitrogen

Gaseous | m3 1,416 4,248 16,990 33,980
Hel i um

Liquid kg 4,436 7,257
Hydrogen

Liquid metric 45 73 14 82
Nitrogen | tons

Livguid metric 18 91 45 272
Oxyyen tons

RP-1 k1 32 57
(Highly

Refined

Kerosene)

Nitrogen | kl 2,858

Tetroxide '

Hydrogen | kg 408

Peroxide

1/ Base/month. This column 1ists the total monthly quantities of fluids
required to support ground act1v1t1cs on a day-to-day basis, regard-
less of launch schedules.

2/ Ant/launch. This column 1ists thc quantities of fluids requ1red to
accomplish the launch of the specified ELV.

2-14
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higher temperatures from a nuclear or solar fhermal electric plant. However,
it is not expected that any thermal energy coproduced by the non-fossil
hydrogen ~ystem would be very useful to the Industrial Area due to the
following factorst

* The waste paper incinerator currently under construction 1is sized to
provide most of the HTHW thermal energy demand.

. The Industrial Area does not have a central chilled water plant. In
order to utllize coproduced thermal energy for cooling at the Industrial
Area, the installation of distributed— or central-absorption chillers
and a hot~ or chilled-water loop would be required at considerable
expense.

It is expected, however, that coproduced thermal energy would have some
utility at the UA at the VAB. This 1is because the VAB UA utilizes a central
HTHW heating plant which serves substantial year round loads that are
relatively localized in three bulldings. Coproduced heat from a non-fossil
hydrogen production system could be used in the HTHW loop and/or to drive a
central absorption chiller plant to meet UA coo)ung loads. It is possible
that low-temperature hot water from the electrolyzer could be used directly
to drive an absorption chiller or could act as a heat source for a
high-temperature industrial heat-pump to provide 4U0®F water for the HTHW
piping loop. '

References Cited in Section 2

2-1. RFP No. 10-2-0150-2, "Polygeneration Feasibility Study," issued by
the John F. Kennedy Space Center, NASA, issued 9 August 1982; also
selected portions of "Coal Gasification - Polygener.ation System for
KsCc/1.C-39," by G. Gutkowski, KSC Design Engineering nirectorate,
March 1982.

2-2. "Environmental Impact Statement for the Kennedy Spacce Center (1978-
1979 Revision)," Final Report prepared for the National Aeronautics
and Space Administration, October 1979.



3. INTRODUCTION OF CANDIDATE TECHNOLOGIES AND SYSTEMS

This discussion serves principally to identify and categorize the
options for a liquid hydrogen production system based on non-fossil primary
energy resources. Detailed descriptions of each technology are contained in
Reference 3-1 or in the Appendices. A brief description of each is presented
in Scction 6 where the technology is first screened.

Primary Energy Systems

There are four primary energy resources that may be used for the
production of hydrogen. They are:

1. Fogssil Energy Resources which provide both process energy and some of
the teedstock material required. These resources include petroleum,
natural gas, coal, oll-shale, and tar-sands.

2. Solar Energy Resources, both direct (e.g., photovoltaics) and
indirect, which include wind, hydropower, and blomass resources.

3. Nuclear Energy Resources which 1include fission burner, fission breeder,
and fusion systems.

4, Geothermal Energy Resources.

The scope of this investigation 1s directed specifically at the use of
non-fossil resources to produce hydrogen, i.e., solar, ruclear, and
geothermal primary energy resources. Water is the essential "feedstock” from
which hydrogen 1s produced via various "water-splitting"” processes.

An examination of the collection of hydrogen production method options
shown in Figure 3-] illustrates that while the various primary energy
resources may be clearly separated, the combination of technological options
leading to the production of hydrogen does not invite simple categorization.
The number of specific system design permutations which could result from the
options illustrated is obviously large. Moreover, the picture 1s further
complicated by the fact that all these options must be modified by
site~gpecific conslderations such as tihe form and quantity of local primary
energy resources available, local eavironmental constraints and siting
restrictions, and a range of operating and eccnomic considerations unique to
the specific operation to which the hydrogen is being supplied. These latter
considerations ramify into f£nrm, purity, schedule of delivery, and product
pricing.

The first problem which must be addressed is the development of a system

of categorization. This will provide a basis for an evaluation of the
technological and economic feasibility of the non-fossil hydrogen production
systems.

Yy



ELECTRIC  THERMOELECTRIC .ELECTRICITY

THERMAL SOLAR RADIATION "»EAT
CONCENTRATION -\

ORIGINAL PACE 18
OF POOR QUALINY

SOLAR ENERGY

GCONVERSION TECHNOLOGIES HYDROGEN ENERGY PRODUCTION TECHNOLOGIES

QIRECT

BIOPHOTOLYSIS ‘
SHOTIC  PHOTOCATALYSIS —————///
PHOTOELECTROLYSIS ELEGTROLYSI8

OF WATER

PHOTOVOLTAIC
HYBRID ELECTAOLYTIC~
THERMOCIHEMICAL
WATER SPLITTING

DIRECT THURMAL
P\ WATER BPLITTING

THEAMOCHEMICAL
CYCLES

THERMIONIC ___._._—-/

ELECTRICAL
GENERATOR

INDIRECT @

WECS
MECHANICAL  OTEC —— [ SHAFT POWER
PROCESSES . ve 8YSTEMS

HYDROPOWER

BIOLOGICAL
PROCESSES

INTERMEDIATE

HYDROGEN

PROCESSES

GEOTHERMAL TECHNOLOGIES '/

NUCLEAR TECHNOLOGIES —

Figure 3-1. HYDROGEN PRODUCTION METHOD OPTIONS

Hydrogen Production Process Categorization

The categorization of alternative methods of manufacture of hydrogen
from non-fossil primary energy resources is illustrated in Figure 3-2. The
total production process 1is broken down into three areas of consideration.
First, the primary energy resources previously identified. Second, the
technological options available to convert those primary energy resources
into some form of output compatible with various technological options for
producing gaseous hydrogen, generally through water-splitting processes-—the
third area of categorization.

Non-Fossil Energy Conversion Technologies (ECTs)

Those technologies that interface between the non—-fossil primary energy
resources and the technologies used to produce hydrogen are referred to as
non-fossil Energy Conversion Technologies (ECTs). These ECTs are further
broken down into technologies that utilize the primary energy resources
directly and those that use them in indirect modes.

3-2
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Figure 3-2. CATEGORIZATION OF ALTERNATIVE METHODS OF
MANUFACTURE OF HYDROGEN FROM NON-FOSSIL PRIMARY
ENERGY RESOURCES

Direct modes are further broken down into three subcategories: (1)
Photic technologies, defined here as those technologies that use solar energy
(photons) directly; (2) Electric technologies, those which produce electric
energy from the primary energy resource and, with the exception of
photovoltalc direct-conversion systems, may be driven by any of the four
primary energy resources under consideration, and (3) Thermal technologies,
tliose that use thermal energy to provide an output compatible with the
hydrogen produvciion process input requirements and also may be driven by any
of the four primary energy resource systems.

However, the use of fossil energy resources to produce electricity and
thence hydrogen via water electrolysis——though technically feasible--is
generally not economically competitive with direct conversion by such
thermochemical processes as reformation and gasification. To illustrate this
point, at the present time liquid hydrogen such as that used at KSC is
produced by steam reforming natural gas.

3-3
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Nuclear and geothermal primary energy systems usually represent thermal
output systems and can be placed in the "direct modes" category interfaclng
with thermoelectric, thermionic, heat engines, thermochemical cycles, direct
thermal water splitting, and hybrids of these technoiogles (Figure 3-2).

Indirect Modes of primary ECTs are applicable only to solar energy in
the scope of this investigation. This category is broken down into two major
categories of systems, those that use mechanical means and those that use
biological means for cnergy conversion.

Hydrogen_ Production Technologies (HPTs)

Given that the primary energy resource in question has been converted to
some alternative energy form, this energy form must, generally, be interfaced
with Hydrogen Production Technologies (HPTs) to produce the desired hydrogen
product. The categorization of these HPTs is based on the number of steps
required to provide the needed interface compatibility between the ECTs and
the hydrogen output required. HPTs are classified as:

l. "Zero" Step Technologies, where ECTs produce hydrogen directly and no
additional production step is required. Examples of such ECTs are found
principally in the Photic subclass, e.g., photocatalytic
water—-splitting .

2. "One" Step Technologies, where only one process or production step is
required to convert the output from the ECTs to hydrogen. An example of
such a category is found in the interfacing of photovoltaic systems with
water electrolyzers.

3. "Multi” Step Technologies, where more than one individual process or
production step is required to produce hydrogen. Indirect solar energy
processes such as wind-driven generators connected to water electroly-
zers are of this type, for example.

Where the output of the ECTs is shaftpower, as in the case of
hydropower, wind-power and heat-engine systems, electrical generation
capabil.ty is required to interface the ECTs with water electrolysis or
hybrid electrolytic/thermochemical water-splitting equipment to provide
hydrogen product output. In these cases, several categories of wuenerator
designs are available, e.g., conventional, DC and AC, rotating machines, and
magnetohydrodynamic systems. In ali rases, the desired form n~f the
electricity 1s DC at the Hydrogen Production Step, with voltage-matching with
the water electrolyzer type of chuice.

Three currently demonstrated approaches to water electrolysis as a
Hydrogen Producing Technology exist:

° Unipolar Tank Electrolyzer (Alkaline Electrolyte)
° Bipolar Filter—-Press Electrolyzer (Alkaline Electrolyte)
' Bipolar Solid Polymer Electrolyte (SPE) Electrolyzer (Acid Electrolyte).

In addition, high-temperature electrolysis of water vapor offers the
potential of higher efficiency and is at the research level at present.

3-4
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Finally, the gaseous molecular hydrogen producea by these means must be
Liquetivd to yield liquid hydrogen, LH,. A "conventional” hydrogen
Liquetaetion system with the capacity %or producing the requisite amount ot
Ly would rely on a mechanical refrigeration expander/heat-exchange cycle
(Reterence 3=-2). The only known alternative to such a system is found in
systems based on the magnetocaloric effect or "Magnetic Refrigerators”
(Relerence 3-3), This subject, insofar as hydrogen liquefier applications are
concerned, only recently entered the research stage.

Summary

A comprehensive list of technologies which can be combined into
non=tossil liquid hydrogen production systems is provided in Table 3-1. By
detinition, the "tossil encrgy resource” category drops out at this point.
Note that the headings are not very detalled, e.g., "Solar Thermal Engines"
range trom solar ponds to focusing heliostats for energy collection with
several heat-engine types available to create shaftpower (Brayton-, Rankine-,
Stirling=-cycle systems).
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[able 3=1. HBUMMARY OF CATEGORIES OF TECHNOLOGICAL OPTLONS FOR THE PRODUCTION

OF LIQULD HYDROGEN FROM NON-FOSSIL PRIMARY ENERGY RESOURCES

Non=Fossil Primary Energy Resour-~:s8 for Evaluation
l.1 Solar Energy
I.l.1 Non-Concentrating
l.l1.2 Concentrating
l+2 Nuclear Energy
1.2.1 Fisslon Burner Reactor
1.2.2 VFisslon Breeder Reactor
l.2.3 Fuston Systems
1.3 Geothermal Energy

Non-Fossll Primary Energy Conversion Technologies for Ekvaluation
2.1 Direct

2.1+l Photic
2.1.1.1 Biophotolysis
2,1.1.2 Photocatalysis
2.1.1.3 Photoelectrocatalysis
2.1.2 Electric
2.1.2.1 Photovoltaic
2.1.2.2 Thermoelectric
2,1.2.3 Thermionic
2.1.3 Thermal
2,1.3.1 Thermal Engines
2:143.2 Direct Thermal Water Splitting
2.1.3:3 Thermochemical Water Splitting
2.1.3.4 Hybrid Electrolytic~Thermochemical Water Splitting
2.2 Indirect
2.2.1 Mechanical
2.2.1.1 Wind Energy Conversion Systems (WECS)
2,2.1.2 Ocean Thermal Energy Conversion Systems (OTEC)
2.,2.1.3 Wave Systems
2.2.1.4 Hydropower
2.2.,2 Biliological

Hydrogen Energy Production Technologies for Evaluation
3.1 Electrical Generation

3.1.1 DC Machines

3.1.2 AC Machilnes

3.1.3 Homopolar Machines

3.1.4 Magnetohydrodynamic Machines
3.2 VFKlectrolysis Systems

3 2.1 Unipolar Tank Electrolyzer
Bipolar Filter-Press Electrolyzer
Solid Polymer Electrolyzer
High-Temperature Electrolyzer

3.2
.ZI
2

W w W
J-\(.AJN

Hydrogen Liquefaction Technologies
4.1 Thermomechanical Refrigeration Heat Exchanger/Expander Technolyy
4.2 Magnetocaloric Refrigeration Technology
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4. NON-FOSSIL PRIMARY ENERGY RESOURCE AVAILABILITY AT KSC

This section provides a characterization of the solar and meteovrological
resources available at, or immediately adjacent to, NASA's John F. Kennedy
Spuce Center (KSC). Certain resources are also char cterized within a few
hundred miies of KSC leading to considevation of off-site generation and
transmission of clectricity, pipelined gases, or liquefied gases. Data
collected at the Florids Solar Energy Center (FSEC) to characterize
insolation and wind data was az primary input since FSEC is geographically
adjacent to KSC at Port Canaveral, some 5-10 miles due south of the Center.
lt is located at about 28.4°N. latitude.

.

Solar Energy Resource Characterization

The solar radiation resource available at KSC was characterized by
analyzing the data obtained from FSEC. Calendar year 1981 was chosen as the
mnost recent complete year available. Three independent measuremants are
contained in the FSEC data: (l) direct (or beam) radiation measured by a
fully-tracking instrument which is shielded to preclude diffuse (scattered or
reflected) radiation; (2) horizontal global radiation, which consists of the
sum of direct and diffuse on a flat horizontal surface; and (3) global
radiation on a south-facing tilted surface. Radiation, as will be noted, a
certan variable tilt-angle schedule was utilized by the FSEC researchers.

Global Horizontal Radiation

The observed global horizontal radiation, expressed in kWhr/mz-day, is
shown in Figure 4-1. Each day in the year 1s represented by a dot. In the 347
days for which complete data exists, the observed energy is 1, 780 kWhr/m? ,
which, when corrected for am entire year, is 1,872 kWhr/m?. At 30° latitude,
Meinel and Meilnel (Reference 4-~1) note that the maximum possible annual
energy yleld tor a horizontal plate collecting direct and scattered radiation
is 2,260 kWhr/m?2, Ignoring the approximate 1.5? latitude deviation from that
of KbC the observec¢ global hnrizontal radiation is 83% of the maximum
possible. By "waximum possible"” is meant what would be observed if the sky
had no clouds or dust to scatter or absorb the radiation.

There is a significant seasonal variation evident in Figure 4~1,
predominantly due to the cosine effect on the incoming radiation. This
seasonal variation may affect the sizing of horizontally~configured
collection devices (e.g., solar ponds) using horizontal global radiation 1if
extractable energy must remaln constant throughout the year. The distribution
of number of days by incident energy levels (kWhr/day) is shown in Figure
4-2., The average horizontal global energy incident throughout the year is
5.13 kWhr/m* day. The histogram in Figure 4-2 i8 essentially a projection of
the values shown in F.gure 4-1 on the ordinate axis.

Global Tilted Radiation

Observed global tilted radiation expressed in kWhr/m2-day 1s shown in
Figure 4-3. It is important to note that the tilt angle of the collector is
arbitrarily changed 10 timee per year such that the incident angle at solar
noon does not exceed 4°® from the normal. Table 4-1 shows the tilt angle and
applicable dates at each tilt angle. In the 344 days for which complete data
existed, 2, 046 kWwhr/m2 wers measured, corresponcing to a yearly total of
2,171 kWhr/m -year.

4-1
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Table 4-1, TILT ANGLE AND APPLICABLE DATES
(Source: Reference 4-1)

Tilt in Degrees __Date Range
48 3 Nov - 9 Feb
40 10 Feb - 4 Marx
32 5 Mar ~ 24 Mar
24 25 Mar - 13 Apr
16 14 Apr - 7 May

8 8 May - 7 Aug
16 8 Aug - 30 Aug
24 21 Aug - 20 Sep
3z 21 Sep - 10 Oct
40 11 Oct - 2 Nov

Using tables and graphs in Neville's article on collector orientation
(Reference 4-2), the maximum possible radiation on this collector has been
approximated as 2,610 kWhr/m2~year. The observed tilted global is thus 83% of

this maximum, i.e., that which 1is only attainable with cloud- and dust-free
air.

At aa onsite experimental photovoltaic house, FSEC (Reference 4-3)
measured 2,000 kWhr/m2-year incident on a collector fixed at a non—optimized
22.5° tilt angle., The optimized tilt from the 10 changes per year thus
results in an approximate 8% increase in incident energy. The FSEC
experimental house data covers the period from April 1981 through Marca 1982,
while the optimized tilt data is for calendar year 1981 only~-a 9-month
overlap. Only a moderate seasonal variation is evident in Figure 4-3, with
late-spring/early-summer being somewhat better than the winter months. The
distribution of days by energy incident 1is shown in Figure 4-2. The average
global tilted (optimal) radiation throughout the year is 5.95 kWhr/mZ-day.

Direct Normal Radiation

Observed direct normal radiation expressed in kWhr/m?-day is shown in
Figure 4-4. In the 343 days with complete data, 1,819 kWhr/m? was measured,
corresponding to & yearly total of 1,936 RWhr/mz—year. At 36° latitude,
Reference 4-1 indicates the maximum possible annual energy yield for direct
ractation is 3,110 kWhr/m2-year. Ignoring the 1.5° latitude deviation, the
observed radiation is only 627% of that possible with dust- and cloud-free
air. This 1is in sharp contrast to the 83% of maximum experienced with global
insolation as noted above. No significant seascnal variation is evident in

4-5
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Figure a4-4, i.e., no radiation is year-round. The distribution of days by
fnctdent direct energy is shown in Figure 4-2 (right-hand histogram) The
average direct normal radiation throughout the year 1s 5.30 kWhr/m? -day, or
about 65% to 75% of that availlable in the U.S. Southwest desert (Reference
4-4)., lmplications of this to system sizing are discussed later.

Usable Solar Resource at KSC

Table 4~2 reviews the data presented thus far. The highly diffuse nature
of the insolation 1s evident in that the horizontal global radiation is
almost equal to the direct normal, and in that the global tilted radiation
exceeds the direct normal. The radiation by day scatterplots for tilted and
horizontal global radiations tends to clump near the upper envelope boundary.
The scatterplot for direct radiation has no such clumping. A significant
seasonal variation 1s only apparent in the horizontal global data.,

Table 4-2, SUMMARY OF INSOLATION OBSERVED BY FSEC IN 198l

Horizontal Tilted Direct

Global Global Normal

Yearly Radiation (kWhr/m2) 1,872 2,171 1,936
bDally Average (kWhr/mz—day) 5.13 5.95 5.30
Percent of Maximum Possible 83 83 62

Not all the incident radiation ie usable by all candidate solar energy
cunversion systems. For example, photovoltaic cells can operate on
eggentially all global tilted radiation present, while a threshold exists for
other solar thermal systems (e.g., below direct radiation levels of about
200~-400 w/m?2 some systems do not start or continue to generate useful power).

Most significantly, those solar-energy collection systems cmploying
optical concentrationn can use only the direct-component of 1insolation, the
diftuse-component not being "focusable.” Thus, "flat plate” photovoltaic and
thermal collectors can use global insolation (direct + diffuse); but lens,
mirror focusing systems can use only the direct-component.

In this section, we examine the direct and global tilted solar radiation
above a specified threshold to determine the annual usable energy and the
number of days per year that usable solar energy is avallable. The daily
patterns for those days in 1981 that did not yield continuous usable power
during the course of the day are presented. This analysis should help to
assess the suitability of the solar resource at KSC for various solar
collection technologies.

A simple aproximation for using a cutoff threshold to evaluate usable
insolation has evolved from discussions with manufacturers and researchers
working with medium— and high-temperature collectors (References 4-5 and
4-6). For each day, until an hour with insolation exceeding the threshold is
encountered, the insolation is ignored. The first hour above threshold is
then penalized 0.15 kW/m2 for system warmup, and the remaining insolation is
counted as "collected.” Successive hours abovwe the threshold are counted with
no penalty. The first hour with insolation below the threshold, once several
hours above the threshold have passed, is treated as an "idle" hour. If the
next hour is above the threshold, counting is resumed. On the other h.nd, if
the next hour is also below the threshold, the next subsequent hour above the
threshold is penalized 0.15 kW/m2 and the cycle is restarted.

b4-7
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The results from this simple "threshold" model are presented in Table
4=3 toc cutoff values of 0, 200 W/m¢, 300 W/m2, 400 W/m2, and 500 W/m2. The
percentages shown refer to the value, with that cutoff, to total observed
insolation tor that collector, i.e., fully-tracking direct or flat plate
global. Note the slow fall-off of usable energy as the threshold is raised.
This suggests that on the days of minimal direct radiation evident in Figure
4-%, the radiation is present in small blacks of hours representing usable
insolation surrounded by blocks of non-usable insolation.

Table 4-73, EFFECT OF CUTOFF THRESHOLD MODEL ON USABLE LINSOLATION

Global

Cutoft Direct Usable % of Zero Tilted Usable % of Zero
Value gkypr/m2~day) Cutoff Case  (kWhr/m2-year) Cutoft Case

0 1,936 100.0 2,171 100.0
200 W/m? 1,793 92.6 2,012 92.7
300 W/m? 1,713 88.5 1,925 88.7
400 W/m* 1,605 82.9 1,798 82.8
500 W/m?2 1,450 74.9 1,647 75.9

This observation prompted a study of the daily insolation patterns
present in the 1981 FSEC data. The cutoff level of 300 W/mZ2 used in this
dnalysis was suggested by direct contacts with representatives of the
collector industry (References 4-5 and 4-6).

The hours from 6 a.m. through 8 p.m. werc examined for insolation level.
[f the level was less than or equal to the cutoff, a "0" (zero) was entered
tor that hour. An hour with insolation greater than the cutoff was
characterized by a "1" (one). Thus, a day where the insolation starting at 10
a.m. was greater than cutoff for 8 hours and then below cutoff for the
remainder of the day would be characterized by the representation
"OU0ULL111111100," etc. This hypothetical day would be called an "8,8," i.e.,
8 hours of usefull insolation with all 8 hours contiguous. A day of
"0Ul10001111000" would then be called a "6,4" by the same logic, f.e., 6
hours useful with at most 4 hours contiguous.

The available direct insolation characterized in this fashion for the
1981 FSEC data is shown in Figure 4-5. The data on the diagonal of the array
where the hours are all contiguous are circled. For example, to find the 8,8
days, one enters the array on the ordinate ("Total Hours" axis) at 8 and
looks for the cell corresponding to at most 8 hours consecutive--finding 24
such days. Notice that the lower right triangle of the array corresponds to
patterns which cannot occur since there cannot be more contiguous hours than
total hours of useful insolation.

It is the off-diagonal elements of this day characterizing array which
may cause problems in solar thermal collectors, i.e., days where the
insolation fluctuates between above and below cutoff level. There are 55 such
days in the 344 days of direct radiation studies (16%). For example, to find

4-8
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Figure 4-5. DIRECT INSOLATION -- CHARACTERIZATION OF 343 DAYS
IN 1981 BY MAXIMUM TOTAL NUMBER AND MAXIMUM CONSECUTIVE
NUMBER OF HOURS ABOVE 300 W/m? THRESHOLD

the number of 6,4 days, the table is entered on the maximum hours axis at 6
aud the cell corresponding to at most 4 hours congecutive. These days are
displayed in full in Table 4-4 in descending order of number of contiguous
hours of insolation above the threshold. The characterization on the right
side of the table represents how the simple model characterized these days.
An "OK" means at most one off-hour between periode of adequate insolation; a
"RESTART" means at least two hours between periods of adequate insolation,
where the startup penalty of 150 W/m?2 is reapplied.

The 3 days in the above example with 6,4 patterns can be quickly located
using Table 4-4. Three unique patterns are present: the first and second
beilng quite similar but offset an hour, 1.e., "00011110011000" and
"00001111001100," with both containing a 2-hour gap between periods of
insolation above the 300 W/m2 threshold. The third pattern has a 4~hour gap,
represented as "00110000111100."

A further category called "MARGINAL" was applied to a few days with
highly intermittent patterns and few total hours of adequate insolation. Five
such days--with 15 total hours of insolation above the threshold--are noted
in Table 4-4. To be perhaps overly restrictive, one might term a day "useful”
only if there were 4 or more hours above the threshold with at least 3 such
hours contiguous. On this basis, direct insolation supplied usetul
collectible insolation on 83% of the days studied in 198l.

4-9
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Table 4-4. HOURLY PATTERNS FOR 55 DAYS WITH NON-CONTINUOUS DIRECT RADIATION
ABOVE 300 W/m?2 FROM 6 a.m. to 8 p.m.

Number of Total Max. Hours

Days lours in a Row Pattern Status
2 10 9 01011111111100 OK
2 10 8 0I111111101100 OK
| 10 8 01101111111100 OK
1 9 8 01111111101000 OK
1 9 7 00111111101100 OK
1 8 7 01011111110000 OK
1 10 6 01111011111100 OK
1 10 6 "1111110111100 OK
1 8 6 00111111011000 OK
1 8 6 0111110110000 OK
1 7 6 00010111111000 OK
1 7 6 01011111100000 OK
1 7 6 00100011111100 RESTART 3 HRS
i 9 5 00111110111100 OK
! 9 5 01111001111100 RESTART 2 HRS
3 8 5 00111110011100 RESTART 2 HRS
1 8 5 00111110111000 0K
1 7 5 00011001111100 RESTART 2 HRS
1 7 5 01111100001100 RESTART 4 HRS
1 7 5 00110011111000 RESTART 2 HRS
1 6 5 00111110100000 OK
1 6 5 00100111110000 RESTART 2 HRS
1 6 5 00010011111000 RESTART 2 HRS
1 6 5 011i1100001000 RESTART 4 HRS
1 8 4 00011110111100 OK
1 7 4 00111100110100 RESTART 2 HRS
1 7 4 00011101111000 OK
1 7 4 ©0111001111000 RESTART 2 HRS
1 7 4 00110111101000 OK
1 7 4 00111101110009 0K
1 6 4 00011110011000 RESTART 2 HRS
1 6 4 00001111001100 RESTART 2 HRS
1 6 4 00110000111100 RESTART 4 HRS
1 5 4 00001001111000 RESTART 2 HRS
1 5 4 00000101111000 OK
1 5 4 00111100100000 RESTART 2 HRS
1 6 3 00111001110000 RESTART 2 HRS
1 6 3 01110111000000 OK
1 6 3 00111000111000 RESTART 3 HRS
1 5 3 000G60U11011100 OK
1 5 3 00001100011100 RESTART 3 HRS
1 5 3 01100011100000 RESTART 3 HRS
1 4 3 01110001000000 RESTART 3 HRS
1 5 2 00001011011000 OK
1 4 2 00011000000110 MARGINAL
1 4 2 00011011000000 OK
1 4 2 00100100011000 MARGINAL
1 3 2 00011001000000 MARGINAL
1 3 2 00000001011000 OK
1 2 1 00001000010000 MARGINAL
1 2 1 00000100100000 MARGINAL

10
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Global tilted insolation data are presented in an analogous way 1n
Figure 4=6 and Tabkle 4-4%. To continue the example, 67 days have 8,8 patterns
and no days were observed with a 6,4 pattern. There are only 19 days in the
ott~diagonal part ot the array, i.c¢., for 94.5% ot the days, all uselul hours
above 300 W/m ¢ were contiguous hours. Using the same restrictive
characterization for usetful days (l.e., a day has Lo be 4,3 or better)
reveals that the pglobal tilted insolation can be usefully collected on Y44 of
the days studied in 1981,
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Pattern

00111111010000
00111110111000
00011111011000
00011011111000
00111110011000
00001111101000
00011111010000
00010111110000
00111101111000
00111100000100
00001111010000
00011110010000
00111011100000
00011100111000
00111000001000
00011011001000
00000110110000
00011000010000

Summary of the KSC Solar Insolation Resource

HOURLY PATTERNS FOR 19 DAYS WITH NON-CONTINUOUS GLOBAL TILTED
RADIATION > 300 W/m2 FROM 6 a.m. TO 8 p.m.

Status

OK

OK

OK

OK
RESTART 2 HRS

OK

OK

OK

OK
RESTART 5 HRS

OK
RESTART 2 HKS

OK
RESTART 2 HRS
RESTART 5 HRS
RESTART 2 HRS

OK
MARGINAL

Table 4-6 contains the major results of the 1981 Cape Canaveral data

obtained from FSEC., Direct normal insolation is present, although in reduced
amounts from those locations in the U.S. sout'iwest desert regions which have

2,500-2,700 kWhr/m

2—year of direct insolation. The implications of this for

concentrating tracking collectors is that installations would have to be
upsized 354 to 504 to convert the same annual amount of energy as equivalent
collectors based in the desert would.

Table 4~6,

(% of Maximum)

(% of Maximum)

Maximum Possible With
Clear Sky (kWhr/m2-year)

Observed (kWhr/m2-year)

Observed in Hours Above
300 W/m2 (kWhr/m2-year)

SUMMARY CHARACTERIZATION OF 1981 CAPE CANAVERAL SOLAR RADIATION

Direct Tilted Horizontal
Normal Global Global
3,110 2,610 2,260
1,936 2,171 1,872
(62) (83) (83)
1,713 1,925 n.a.
(55) (74) (--)

Designs based on the use of tilted global insclatinn appear to offer

promise since 83% of the maximum possible (clear sky) radiation was actually
present in the 198] data. The possibllity exists that tracking flat plate

4-12
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collectors would yield still additional collectible insolation; however, this

vematus Lo be investigated in the cost/benefit sense. Should 83% of the

M iuum 3, 10 kWhe/md-year actually be collectible, the global tracking yield
would be 2,980 kWhr/m2-year~-comparable to the direct radiation observed in
the southwest desert.,

Gollevtors using horizontal global radiation also ofter some promise
siace the 1981 data indicate that 83% of the possible (clear sky) radiation
i collectible. Radiation patterns for this resource were not analyzed,
sinee, e.qi., solar ponds are not critically affected by hourly variations
belng more sensitive to monthly variations. The most intense resource is the
nlobal tilted (with a tracking option perhaps offering still greater
eahancement ). The direct normal radiation is usable, but cost considerations
ot upslzing existing tested and proposed facilities may reduce the practical
dtility of this resource in competition with alternative approaches.

Wind Availablility at KSC

The wind resource available at KSC was characterized by analyzing the
data obtained from FSEC (see Appendix). Calendar year 1981 was chosen as the
most recent complete year avallable. Data were present for wind speed in
4,597 of the 8,760 possible hours. The remaining 163 hours have nissing data.
Wind speced was measured at a height above ground level of 10 meters.

A histogram of the 8,597 observations is shown in Figure 4~7. The same
data are given in a slightly different form in Figure 4~-8, which shows the
percent of time that the wind equals or is greater than a glven speed. Figure
4-9 shows the variation of daily root mean cube wind speed each day for
1981. The root mean cube wind speed is the speed at which the wind would
remain constant throughout the perlod considered and produce the same energy
as that observed with different speeds. Applying the one-seventh power law to
take the mean wind speed to a height of 50 meters results in an annual power
tigure of 0.121 MWhr/mz-year (Reference 4-8). As 1s shown, no clear seasonal
variation is evident except for a gentle mid-year lull in relative wind
speed.

It is generally accepted that a wind power density of lese than 2.0
mwhr/m2-year is uneconomical to exploit with available-technology wind-energy
conversion systems (Reference 4-7). The wind resource at KSC is sufficiently
below this figure to effectively rule out wind utilization for hydrogen
production for a reasonably near-term application, viz., 1987-1992.

Maps showing the availability of adequate wind resources have been
prepared trom existing wind speed measurements (Reference 4-7). These
characterize the resource as NOT USEFUL (<2 MWhr/mz-year), LOW (2-4
MWhr/mZ2-year), MODERATE (4-7 MWhr/m2-year), and HIGH (>7 MWhr/w2-year).
Figures 4~10 and 4-11 show the geographic distributlon of wind energy using
these categories at surface level and at 50 meters. The only neatvby
(relatively) location of favorable wind energy is offshore, a minimum of 100
miles to the northeast. Economics of construction and transmittal of an
energy conversion system at sea and an energy delivery means to KSC tend to
strongly rule out use of these winds.

4-13
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OTKC Resource

The principal source of data in thils category is work done for a masters
thesis by Leslie Diane Sivak at the Florida Institute of Technology in 1978
(Reference 4-9). The geographical focus of this Florida-oriented work is to
the cast and south of the Florida peninsula, generally within the Gu.f Stream
system. Lt is pointed out that this system "is noted for the great temporal
and spatial variability of its thermal and current regimes"” (Reference 4-9).
The variability of the current is indicated in Figure 4-12. As usually
conceived, ocean thermal energy conversion (OTEC) relies on a temperature
dirterence between water near the surface and water several hundred meters
deep. A map containing the 10-fathom (18.3 meter), 100-fathom (183 meter),
and 500-fathom (915 meter) contours in the straits of Florida 1is shown in
Figure 4-1%, Note that the 100-fathom contour is some distance east of Cape
Canaveral.

Temperature data analyzed in Reference 4-9 were taken from magnetic
t4apes supplied by the National Oceanographic Data Center, and contalned
information from the Oceanographic Station Data File, the Mechanical
Bathythermograph File, and the Expendible Bathythermograph File. The Sivak
study came to the following broad conclusions for the nature of the offshore
OTEC resource:

"The waters within the 0-200 meter depth interval are highly
responsive to changes caused by the daily heating pattern and
seasonal climatological changes. Consequently, the thermal resource
19 not stable nor persistent for this depth interval. It 1s highly
doubtful (at this time) that OTEC plants will be designed with warm
water and cold water intakes sized to utilize the resource within
the 0-200 meter depth interval.

"Conditions are move favorable for deployment of OTEC plants
within the 0-400 meter depth than for the 0-200 meter depth. 1t
appears that OTEC facilities could operate at least three months of
the year (July through September) north of the Florida Straits
region or from late-May to early-October if they are located within
the Straits of Florida, if a 20°C thermal resource is acceptable to
the OTEC planners and designers.

"The 0-500 meter depth interval appears to have rather good
conditions for OTEC deployment with a 20°C thermal resource present
at some location south of 25°N latitude within the study area for
about eight months of the year. During the summer, the resource
reached its greatest magnitude: at 24°C A T.

"For the 0-600 mater depth interval, the thermal resource
appears to be the best as far as extent is concerned with 22°CA T
water present for approximately five wmonths of the year. 20°C AT
water is present for nine months of the year. The summer resource
is characterized by a 24°C temperature dffference.
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"Few arcas within this study region except for that portion
south and west of 24°N and 82°W, respectively, are as deep as 800
meters. Since the Fishery Conservation Zone drawn on the maps is an
approximation, it 1s unclear at this time how much of the thermal
resource of the area is in either United States or international
waters. Since few stations as deep as 800 meters were taken, the
only thing that can be sald about the thermal resource for the

0-800 meter depth interval is that is varies between 20°C and 24°C
over most of the year.”

_ Many illustrations appear in the study. Figures 4-14, 4-15, 4-16, and
4-17 represent a digestion of the month-by-month graphs and concluding text
as to where the KSC study team believes the OTEC resource to be located. For
depths of 500 meters and more, Figure 4-14 shows the locations of the
surveyed regions which indicate a year-round A T=17°C OTEC resource. The same
regions show this resource at greater depths as well.

The portion of the year with A T=20°C at 500 meters 1is shown in Figure
4-195, while the same resource at 600 meters is shown in Figure 4-16. At
bewst, 20°C is attainable for 3/4 of the year or less. Finally, in Figure
4-17, the A T=20°C resource is found to be suggested year-round only in the
region southwest of Key West. To meet KSC launch schedules, the liquid
hydrogen must be manufactured year-round. Because higher efficiencies and
lower costs result from higher available A T, it appears that the closest
location with a suggested existant resource is 50-70 miles south and
southwest of Key Wegt.

In a review article, Merriam (Reference 4-10) points out that:

“The first thing to appreciate about tidal power 1is that the
total resource is not very large. This is primarily because there
are only a small number of possible sites ia the world. To a
certain extent, the number of possible sites depends on the value
of energy. To a limited extent, also, the number of sites can be
increased by advances in technology, such as improved turbine
technology to use lower hydraulic heads, or new construction
methods to reduce costs. Primarily, however, the suitability of a
site for tidal power development depends on the coastal topography
and the height of the tides, both factors outside human control.
Distance from centers of power consumption is also important.
Possible tidal power sites are enumerated in (Table 4-7)."

North American candidate tidal power sites are listed in Table 4-7. Note that
the nearest location of usable tidal power is 300 miles northeast of Boston,
MA. 1t is concluded that tidal power is not a promising candidate for KS5C
lLiquid hydrogen production.
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Table 4~7, TIDAL POWER “'TES$

Hydraulic Energy

Locat lon? ‘Average Tidal Range (m)b (109 kWhr/year)c
North America
Bay ot Fundy
Pagsamaquoddy 5.5 16
Cobscook 5.5 6.3
Annapolis 6.4 6.7
Minas-Cobequid 10.7 175
Amherst Point 10.7 2.3
Shepody 9.8 22
Cumberland 10,1 15
Petitcodiac 10,7 7.0
Menramcook 10.7 5.2
Cook Inlet, Alaska
Knik Arm 7.5 0.0
Turnagin Arm 7.5 13

Waves

The estimated wave power available in the coasta’ waters of the

centiguous United
Atlantic and Gulf
useful wave power
Thus, wave-energy

Stetes 1s shown in Figuce 4-18., Note that the Souuth
Coast reglons have the lowest power density. The nearest
is off the northwest coast of the contiguous 48 states.
systems are not promising for this application.

Geothermal

In a 1976 review article (Reference 4-12), Kruger describes the

characterization, geographic distribution, extraction, and utilization of the
worldwide geothermal resource. The amount of energy stored in the outer !0-km
of the Earth's crust 1s large (about 375,000 times greater than the estimated
total U.S. electric power production in 1985). Kruger gtates:

.« .however, geothermal heat in the outer 10-km is too dittuse
to be an exploitable energy resource on a worldwide basis.
Resources suitable for commercial exploitation may be defined as
localized geologic deposits of heat concentrated at attainable
depths, in confined volumes, and at temperatures sufficient for
electric or thermal energy utilization.

"Major areas of geothermal energy concentrations are
associated with tectonic plate boundaries, recent volcanism and
orogenesis, and relatively shallow depths to the mantle. Koenig
(Reference 4-13) suggests the broad regions shown in Figure (4-19)
as logical areas for exploration for geothermal resources. In the
United States, the region comprises 13 western states including
Alagka and Hawaii."

4-27



= 3

=

W gt
ORIGINA F0 0 ey 1o

OF POOR QUL » | =] wininarcy
"
et M)
o |- i
h "r "‘ug
B
8 5 " |-
g E AL 1PON LA
" |l
" f-
-4
n8, ATVANTIC
““""W"!““'
o

Figure 4-18, MONTHLY AVERAGED WIND-WAVE POWER PER CRESTLENGTH STRIKING
THE CONTINENTAL UNITED STATUS (Source: Refe-»nce 4-11)

IFigure 4-19, REGIONS OF INTENSE GEOTHERMAL MANIFESTATIONS
(Source: Reference 4~12)

28



a2

av.ae 2a

The following 18 an excerpt from "EPCOT and Energy" (Reference 4-14):

"(A 1975) reference covering the avallable geothermal
resources of the United States 1s contained in Geological Survey
Circular 726 (Reference 4~15, and is shown in Figure 4-20). Due to
the sparsity of information contained even in this document,
telephone conversations were held with personnel of the Office of
Geothermal Information, U.S. Geological Survey (Reference 4~16) and
the Department of Geology of the University of Florida in
Gainesville (Reference 4-17).

",..The Geolougical Survey reports one heat transfer measurement
having been made near Orlando, Florida (Reference 4-18). This
measurement shows a local heat flow of .92 HFU, the unit of measure
used by the Geological Survey. Additional unpublished
investigations by the University of Florida, Department of Geology
personnel, indicates the Florida average will probably be about .8
HFU. It is estimated that the highest value that can be found in
Florida will be 1.2 to 1.5 HFU. In order to be of even maryginal
iuterest, a geothermal reservoir should be characterized by 2.5 co
3 HFU.

“In terms of the temperatures avallable, the minimum required
for any practicable steam applications would be approxi- ely
300°F. It 1is the opinion of the University ot Florida staff that
drill+¥ng depths would have to exceed 4-km 1f such a temperature is
to be reached. There 1is no information aveilable to indicate the
probability of success of such a drilling operation. With such
depth being required, pump work requirements would cut heavily into
any power output potential.”

Hence, geothermal energy-based systems do not appear of interest to

Florida-sited liquid hydrogen production systems.
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5. IDENTIFICATION OF AVAILABLE LAND

Loventory of Available Land

The purpose of this section 18 to identify dispersed aud contiguous land
on the KSC property that 1s presently undeveloped and that is potentially
available for development of a hydrogen production system. The land
requirements for solar direct-conversion system options 18 noted to be the
order of 2 km?.

Floodplains and Wetlands

A primary constraint to the development of land at KSC 1s the existence
r.f wetlands and the 100-year floodplain. Nearly 80X of the KSC land area is
floodplain or wetland. In accordance wsith Executive Order (EO) 11988
"Floodplains Management” and EO 11990 "Protection of Wetlands,"” it 1is KSC
policy to site facilities in floodplain and wetland areas only when no
reasonable alternative exists., In the past, no reasonable alternative has
existed for siting svch facilities as the Shuttle Landing Facility, Launch
Pads 35A and 398, and the crawlerway and access roads. In those instances, it
was necessaary tc conduct fill operations to raise the immedizte site above
the 100-year floodplain and to reclaim the wetland areas. For this project,
the cost of site development fiil operations presents a significant economic
disincentive to developing floodplain and wetland areas. Since it is
anticipated that there 18 sufficient K5C land avallable outside of these
areas, a reasonable congtraint imposed eon this project is to only select
sites outside of the 100-year floodplain and wetland areas. Figure 5-1 is a
map of the 100~year floodplainm at KSC. The 100-year floodplain contains
nearly all of the wetland areas; however, in specific instances and due to
local groundwater conditions, wetlands occur outside nf the 100-year
tloodnlain. These cases must be treated on an individual basis and are beyond
the scope of this study. The lighter and undeveloped inland areas showing in
Figure 5-1 constitute the inventory of available land at KSC for the hydrogen
preduction system.

Merritt Island National Wildlife Refuge and Canaveral National Seashore

NASA-KSC has entered into agreements with the U.S. Fish and Wildlife
Service (FWS) and the National Park Service (WPS) for .he management and
operation of land and water areas not specifically required to support the
space program. The FWS manages all such land at KSC as the Merritt Island
National Wildlife Refuge except for that land surrounding the Mosquito Lagoon
which 1s managed by the NPS as Canaveral National Seashore. These areus are
shown in the map in Figure 5-2,

Endangered and Threatened Species Habitat

In support of the preparation of the most recent Environmental Impact
Statement (EIS) for KSC Shuttle Operations (Reference 5-1), an extensive
study was performed of the endangered and threatemed flora and fauna speciles
at KS©, That study identified areas of concentration, critical habitats,
breeding areas, and nesting arras for 21 fauna species that are listed by
either state or federal authoritles as being endangered or threatened. Those
species identified are listed in Table 5-1 from the £IS. Reference is made
here to the extensive habitat maps contalned in the EIS. In addition, that
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Table 5-1.

_...Status _ Population - M.I. National Wildlife Refuge
Fed. State Breed Spring Summe Fall Winter

Florida Manatee L T Yes 30-50 30-80 50--80 0-50
BLastern Brown

Pelican K T Yes 1000-1400 1000~-1400 800~-1100 800-1100
So. Bald Lagle E T Yes 12-15 4-6 10-12 10-12
Arctic Peregrine

Falcon E E No 4-12 U 12-20 4-8
Dusky Seaside

Sparrow E K Yes 2 2 2 2
Atlantic Ridley

Turtle B E No 5-10 5-10 5~10 5-10
Amer. Alligator T T Yes 5000 5000 5000 5000
Altantic Salt

Marsh Snake T K Yes * * * *
Ea. Indigo Snake T T Yes * * * *
Atlantic Logger—

head Turtle T T Yes 400-600 1000-1200 400~-600 400-600
Atlantic Green

Turtle E E Yes 100-150 110-160 110-150 100-150
Gopher Turtle T Yes 13800 13800 13000 13000
Wood Stork T Yes 250-350 50-300 200-500 200-500
Osprey T Yes 10-20 20=410) 20~30 10-20
Southeastern

Kestrel 1 No 0-10 0 20-50 30-50
Least Tern T Yes 100-300 300-400 50-100 0
Roseate Tern T No * * * *
Florida Scrub Jay T Yes * * * *
Am. Oystercatcher T No * * * *
Magnificent

Frigatebird T No 0 10-15 5-10 0
Florida Mouse T Yes * * * *
* Census inventors or inferential data now belng col.ected for these

specles.

KSC AREA ENDANGERED (E) AND THREATENED (T) SPECLIES ~ 1978
(Reference 5-1)
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study identified 11 flora that are classified as endangered, threatened,
rare, or of special concern. Table 5-2 (Reference 5-1) lists those flora
species. In accordance with the Coastal Zone Mauagement Act of 1972, the
I'lorida Bureau of Coastal Zone Planning has identified several
classifications of land and water areas at KSC that should be conserved.
Those areas are identified in Figure 5-3.

Table 5-2. ENDANGERED AND THREATENED FLORA (Reterence 5-1)

- ___Common Name Taxonomic Classification Status - Florida List_
Sea Lavender Tournefortia gnaphalode Endangered
Coontie Zamia integrifolia Threatened
Hand Fern Ophioglossum palmatum Endangered
Pond Apple Annona glabra Endangered
Satin Leat Chrysophyllum oliviforme Endangered
Curtis Milkweed Ascleplas curtissii Threateuned
Colden Leather Fern Acrogtichum aureum Rare
Water Sundew Drosera intermedia Rare
Florida Peperomia Peperomia obtusifolia Rare
Red Mangrove Rhizophora mangle Special Concern
Black Mangrove Avicennia germinans Special Concern

§pil Classification

The soil types found in the KSC area are shown in Figure 5-4. Most of
the undeveloped land out of the floodplain is characterized by Myakka, Eau
Gallie, and lmmokalee soils. These solls can be described as nearly level,
poorly drained, and sandy to a depth of 40 inches with loam below. Principal
flora is saw palmetto, wiregrass, and slash pine.

Developable Sites

The undeveloped land outside of the floodplain as indicated in Figure
5-1 consists of three substantial land areas where a large hydrogen
production system could be deployed. These large sites are identified on
Figure 5-5 asg Siter A, B, and C and are discussed below. For scale, the
gridlines on Figure 5-5 are on 7.6 km (4.7 miles) centers. Each block defined
by adjacent N-5 and E~W gridlines encompasses 58 square kilometers (22 square
miles).

It is apparent that there are a substantial number of small sites
throughout the KSC facility either within the three large sites identified
here or in smaller areas adjacent to or within major developed areas. These
small sites, which will not be discussed further here, might be available for
a hydrogen production system that utilized dispersed subsystems such as solar
photovoltaic panels, electrolyzer, liquefier, and storage. Sites "A, B, and
C" are 1dentified as prospective locations as described next.
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Site A

Site A 1s a large area of approximately 20-km2 bounded on the north by
wetlands adjacent to Mosquito Lagoon, on the east by wetlands adjacent to
Launch Pad (LP) 398, on the south by Banana Creek, and on the west by
wet lands adjacent to the Shuttle Landing Facility. The site is bisected by a
spur of the Florida East Coast Railway, Kennedy Parkway North, and by Beach
Road. Positive aspects of the site include:

Good accesgsibility by road and rail

Relatively flat

Within l-km of LP 395 at several points

Presents few problems with regard to endangered species habitats.

Negative aspects of the gite includae:

° Low public visibililty

° At least 4-km (at the closest point) from 115-kV FPL feeder

° At least 4-km (at the closest point) from the thermal and electric
load centers and utilitiec at the VAB

. Congtruction in the northern reaches of the site may be restricted re-

garding allowable height due to the Shuttle landing approach path
° Not accessible by barge.

Q}fe B

Site B 18 a large area of approximately 10-km2 bounded on the north by
the wetlands immediately adjacent to barge canal and the VAB press site, on
the east by wetlands adjacent to Banana River, on the south by wetlands
adjacent to the KSC Industrial Area, and on the west by wetlands and Kennedy
Parkway North. Site B includes the proposed location of the Polygeneration
Facility, presently under study at KSC. Positive aspects of the site include:

° Relatively flat

. High public visibility

° Less than |-km from the thermal and electric load centers and utilities
at the VAB in the UA

° Good accessibility by road and barge

. Less than l-km from the FPL feeder at the VAB

. Few problems with regard to endangered specles habitats.

Negative aspects of the site include:

. Not readily accessible by rail
® Nearly 7-km distant from LP 39.

site C
Site C is a very large, flat land area encompassing approximately 30-km?
bounded nn the north by the KSC Industrial Area, on the west by Kennedy
Parkway South, on the south by a barge canal, and on the east by the wetlands
adjacent to Banana River. The northern end of Site C had earlier been
identified as a prospective test gite for solar energy research. The KSC Rec-
reational Area Complex 99 is situated in the southern end of Site C. Several
roads cross the gite from east to west. Positive aspects of the site include:

5~9



Readily accessible by road

Accessible on the northern end by rail

Accessible on the southern end by barge to the Canaveral liarbor
Immediately adjacent (on the north end) to the FPL 115-kV feeder and KSC

substation in the Industrial Area

lmmediately adjacent (on the northern end) to thermal load centers and

utilities at the Industrial Area
. Some public visibility if system is close to Kennedy Parkway South at

the
Negative
. The
the

ity
(] The

intersection with NASA Causeway West.
aspects of the gite includet

thermal heating load at the Industrial Area will be mostly met by
incinerator project currently underway, hence no "market" for facil-
rejected heat

north end is not accessible by harge

Nearly 8-km distant from the VAB and UA

(] Nearly l4-km distant from LP 39,

Reference Cited in Section 5

5-1. "Environmental Impact Statement for tha Kennedy Space Center (1978-
1979 Revision)," Final Report prepared for the National Aeronautics
and Space Administration, October 1979.
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6. SCREENING OF TECHNOLOGY CANDIDATES
General Approach

The scope of work of this study requires that a survey of methods and
gelection of viable candidates for providing liquid hydrogen for U.S. space
lannch vehicles independent of fosoil fuels beginning as early as 1987 to
" or otherwise whenever the particular technologies and economic

e~-of fs appear favorable. The "viable candidates" identified will be used
i+ guide and support conceptual design of at least two different renewable
vvsource systems. Thus, a screening process of the numerous technological
candidates must be carried out in such a fashion as to provide two gelected
canlidates for the conceptual design portion of the study.

The first step ccnsidered is to assess the status of taechnological
development for each candidate teachnology. The Electric Power Research
Institute (EPRI) Technical Assessment Guide (Reference 6-1), as an exemplary
guide, suggests the following categories:

1. No system hardware development

2. Concept supported by laboratory studies and initial hardware development
3. Concept supported by small pilot facllity

4, Concept verified by integrated demonstration plant

5. Significant commercial experience (more than 5 commercial plants).

Ueging this categorization, certain specific guldelines are believed
reasonable and prudent. Only those technologies in the fourth and fifth
classes will be considered for the 1987 target date. Technologies in the
gecond and third classes may be appropriate for a 1992 target date, although
some of these may fall into the "beyond 1992" category. Technologies in the
first class will be placed automatically in the "beyond 1992" category.

Candidate systems can then be conceptually synthesized from the
technologies meeting the 1987 and 1992 target dates. The second level of
screening will then be performed on the comparative economics of
thus-identifled systems. Technologies falling into the post-1992 category are
judged generally not capable of economic assessment at any significant level
of accuracy.

For each technology, a brief description 1is provided. For older
candidates, references are provided wherein back-up details can be obtained.
For some of the relatively new candidates, a more detailed explanation can be
found in the Appendices of this document.

The current status of the technology 1s review and an assignment to one
of the five EPRI categories is made. Based on recent information, each
technology is assigned an applicability date of 1987, 1992, or beyond—-1992.
The primary resource required for each such energy conversion technology is
identified and the presence or alisence of the resource at KSC 1s noted. For
regources not present at KSC, an approximate distance to the nearest location
is estimated.
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Section 4 of this document indicates lack of a developable resource
sufficiently near KSC to warrant further attention in this area.

Solar Resource

Section 4 showed that the solar resource 1s abundant at KSC for global
(or diffuse) insolation suitable for non-concentrating systems. Direct
insolation, while present, is by no means as intense as in the American
Southwest. Concentrating systems capable of using the intermittent direct
radiation are possible but a careful analysis will be necessary to ascertain
technoeconomic feasibility.

Nuclear Energy

Fission Burner Reactor

These are in widespread use in the U.S. and elsewhere but at sizes far
too large at ca. 1000-MWe for the KSC requirement alone. Recently, design
studies have been completed for much smaller modular hi;h-temperature,
gas-cooled reactor (HTGR; Reference 6-2) consisting of modules which can be
factory prefabricated and assembled into a plant with high reliability due to
a number of modules in parallel. Work is proceeding in Germany at a
substantially higher level on this concept than elsewhere (Reference 6-3). A
brief overview of this approach is contained in Figure 6-1.

One, or possibly two, of these modular HTGR modules would be appropriate
insofar as sizing is concerned for a KSC-based reactor system to produce
hydrogen, especially if the units can be further downsized socmewhat., For the
KSC requirement being addressed, about a 15-MWe or 50-MWt nuclear system
would be fitting. Conversations with Dr. Garth Leeth of GE (Reference 6-4)
suggest that the modules likely could be fabricated down to 40-50 MWt. ile
stressed the intrinsic high—~level of safety of operation, as well as the
basic modular design leading to high reliability.

A time-frame of 1992, at the earliest, appears appropriate for
"first—availability" of such systems. No further developmental requirements
are claimed to be needed for operation at 700°C~800°C. Competitive costs
must, however, awalt orders in commercial quantities. With no market need
presently in general view, the time-availability for a KSC application is
highly uncertain.

Fission Breeder Reactors

A recent review in High Technology (Reference 6-5) suggests that no
commercial breeder reactor will be operating in the United States in this
century. The proposed demonstration breeder at Clinch River, Tennessee, is
beset with political policy problems unlikely to be resolved shortly. Even if
progress goes according to the current (optimistic) schedule, the five-year
demonstration phase will not be complete prior to 1994.

The long time until potential commerclalization effectively rules out
this technology for the KSC application under consideration.
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Figure 6-1. SUMMARY INFORMATION ON MODULAR HIGH TEMPERATURE GAS-COOLED
REACTOR (HTGR) SYSTEMS
(Source: General Electric Company)

6-3

7 W



Fusion Reactors

Four large Tokamak reactors, large enough to achieve breakeven
operation, are in operation or under construction (Reference 6-6). The
reactor at Princeton has operated, a British reactor is expected to be
operable soon, and a Japanese and Russian version are expected in 1985. The
first laboratory breakeven experiments at the Princeton TFTR are scheduled
for 1986.

From laboratory breakeven (the cutput of fusion power equal to the input
power) to commercialization is a long process, eliminating this technology
from serious consideration for the pre-2000 time-frame of interest.

Geothermal Energy

Section 4 of this document indicates lack of a developable resource suf-
ficiently near KSC to warrant further attention in this area.

Solar Energy

Biophotolysis

Biophotolysis 1s defined here collectively as those processes and
systems (based on those processes) that use biological mechanisms to convert
golar radiation to hydrogen. The use of blological processes to generate
hydrogen—~containing compounds requiring further processing are discussed in
another section. The status of this technology through 1979 is documented in
"Solar/Hydrogen Systems Assessment, Vol, 2, Part 1 (Reference 6-7). Recent
activity was characterized in a World Hydrogen Energy Conference-1V paper
(Reference 6~8) documenting work done at Solar Energy Research Instltute
(SERI). The abstract follows:

Certain photosynthetic bacteria (PSB), for example,
Rhodopseudomonas capsulata, evolve hydrogen when placed in an
anaerobic environment with light and a suitable organic substrate.
An engineering effort to use such bacteria for large-scale hydrogen
production from st'nlight is described in this paper. A system to
produce 28,000 m 3/day (1 x 10 6 £t3/day) of hydrogen has been
designed on a conceptual level and includes hydrogen cleanup,
substrate storage, and waste disposal. The most critical component
in the design is the solar bacterial reactor. Several designs were
developed and analyzed. A large covered pond concept appears most
attractive. Cost estimates for the aesigns show favorable
economics.

The study team contacted author Herlevich in December 1982 for
additional information. The highlights of the discussion were:

® Target process avallability timing 1s 5-10 years, 8 years nominal which
is predicated on continuing DOE funding (now in some question)

) Work to date is with indoor, small-scale (4 x 8 ft) reactors; outdoors
applications foresee two major problems: temperature control and other-
species intrusion

° SERI researchers are still attempting to understand the basic photosyn-
thetic processes involved, e.g., dark-reaction processes, need for gene-
tic engineering measures.



According to Ms. Herlevich, several en
gineering development
necessary before outdoor implementation in a prototype modepcan zea::t::;iid:

l. The reactor design must self-modulate
a temperature in the 32° ~40°C .
Below 32°C, hydrogen production is negligible, while above 40 °C t;:nge
organisms die. Existing work has utilized external sources of e;ergy to
stabllize temperatures, probably not practicing in an operating system,

2. An inexpensive hydrogen-impermeable
developed. P cover to aid collection must be

Also, the economics of hydrogen
production have not included th
obtaining and/or transporting the substrate (food) for the culture, ﬁo:osc o
remOVﬁl of wasﬁe products. The scheme is still being thought of principally
@8 a "clean up" process with hydrogen output as a valued byproduct.,

Concerning the published estimates of 5% and 10% conversion
efficiencies, and how these efficiencies were defined, SERI stated that their
efficiency is based on total irradiation from a tungsten light source, fairly
closely approximating the full solar gpectrum., Particularly, at 10%, it
appears that SERI 1s planning on achieving markedly higher efficiencies than
other investigators of similar biological hydrogen processes, e.g«, Dr.
Mitsul at Miaml.

A key point made relates to "feeding the bugs:” at BERL, the
photosynthetic organisms are supplied organic acids up to C9. Fermented peach
pits, possibly orange peel residues, etc., are usable. Such a feedstock
requirement lends the view noted above that the reacting organisms provide a
"clean-up service' while producing hydrogen as a credit byproduct.

In other words, there should logically be a clean-up/purification need
at the hydrogen production site. This seems doubtful at KSC, bringing into
focus the need for a large organic material feedstock requirement and waste
removal as well as basic insolation requirements.

General impressions are that this process is still strictly at the
controlled-laboratory stage with some basic unanswered questions, e.g.,
temperature control implications, other-species invasion and defeat of the
process. Another serious question is that of DOE financial support continuing
at sufficient levels to ensure progress. Also, the waste-stream clean-up with
hydrogen byproduct image i1s worrisome for our application. Under the best
circumstances, this process 1is certainly not deployable in the 1987-1992
time~-frame, and probably not prior to 2000,

By way of an attempt to get a "peer expert” opinion on the SERI effort
reviewed above, we contacted Dr. A. Mitsul at the University of Miami,
relating briefly what we had heard from SERI. Dr. Mitsul has a small grant
from KSC to continue certain aspects of his work with hydrogen production
from blue-green algae which he has been concentrating on for at least a
decade. Although he anticipates distinct progress in this general field
(microscopic organism production of hydrogen) in, say, 5 years, he feels that
the projection of a deployment stage in any engineering detail is premature.
He thinks in terms on one-half- to 5-liter laboratory batches, which he
attempts to keep alive and productive for the order of weeks under laboratory
conditions.
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Overall vconelusion on the biophotolysis process:

) Hot applicable to a 1987-1992 field deployment
° Wit ionable tor ca. 2000 application.
Fevimology Status Ranking is 2--gu
. o Log pported by laboratory st
primary resource--direct and global insolation--is availablg :tug;gs. he

Photolysis and Photocatalysis

IThe objective of the photolysis (non-catalytic) and photocataly:is
approdch 1s the basic water splitting reaction:

im0 gunlight He + 1/2 0
’ AG = B0 keal/mole

The basie prublem of accomplishing this process by the direct
illTumfnation of water with solar radiation 1s described by Brinkworth
(Retervence 6-9):

"It Is found that to dissoclate one water molecule requires
about 3 eV of work., If this were to be provided by a radiation
photon, that photon would have to have a wave length of less than
U4 m (400 nm). Only about 3% of sunlight at sea level has
wavelengths in this reglon. Even this might be worthy of exploiting
tf it could he done cheaply enough. The difficulty is that this
process cannot take place, even at an efficlency of this order,
because water 1ls nearly transparent at these wavelengths."

Thus, the initial problem becomes that of finding some method of
decreasing the transparency of water to photons with the required energy
level. This requites the use of some approach that "sensitizes' the water
systems This sceusitizer can also be achleved, its cost and efficlencies are
the next polnts of concern.

The technoeconomic feasibility of photocatalysis of water, with the
objective of producing hydrogen, cannot be determined at this time. Aside
From the general problem of achieving efficlent photocatalytic processes, the
materials used in processes presently belng investigated often involve rare
metals, e.g., Ruthenium. The economic practicality will be dependent upon the
amount. of such materials that are required for such systems, and to what
extent less expensive metals such as cobalt can be used. These processes are
plaed in Technology Status Ranking 2--applicability is judged post—-2000. The
insolation resource is present at KSC.
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Photoelectrocatalysis and Photoelectrolysis

The tollowing is excerpted from "Solar/Hydrogen Systems Assessment, Vol.
i1, Part 1," a JPL study done by E:F Technology, Inc. (Reference 6-7).

“The basic liquid electrochemical cell consists of some form of
container, conducting aunode and cathode pieces, and an easily-ionizable
ulectrolyte in liquid form. Similar cells can be constructed with other
electrolyte forms. The general structure of such cells is found in many
ditterent applications, including electroplating, electrolysis, energy
storage, and, of direct interest here, energy conversion systems.

"An elementary form of such a cell can be constructed of two identical
electrodes of a conducting material which can be immersed in an
appropriately—-ionized solution. It is obvious that such a system will be
stable unless some situation causes the actlvity near either of the
electrodes to be different from the other., The ability of light, incident on
one electrode, to produce this change in activity, and thus to induce
electron flow in the external circuit, was found by A.C. Becquerel in 1839.

"Additional inspection of the system discloses that two different types
of photoelectrochemical cells exist-—those in which the light energy acts on
the interface between the electrolyte and the electrode and those in which
the light energy acts on the electrolyte itself. Modern photoelectrochemical
cells, involving or not involving components that can be defined as
catalysts, are the former type. Cells in which the light energy acts on the
electrolyte are photogalvanic cells.”

During 1982, work at the University of California Berkeley (UCB) and
at Texas A&M receilved attention in the press (References 6-10 through 6~12).
The UCB work involved iron oxide electrodes 1in a solution of water and sodium
sulfate. The electrodes are "doped"--one with Silicon and the other with
magnesium. The efficiency in the laboratory is only (as yet) 0.05%, which
implies an area of about 100 Km2 to provide 10 million gallons of liquid
hydrogen per year.

The Texas A&M work reported higher efficiencies, on the order of 10%,
using p~type Silicon photocathodes in an acid solution. Photocathode
stability is still a decided problem.

Both studies sre still definitely only in Technology Status Ranking
2-~gupported by laboratory studies, and are clearly placed in the post-1992
time-frame for this study. The resource--direct and global insolation—--is
readlly available at KSC.
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A photovoltaic cell is a solid state device which converts light or
gdular radifation directly into electricity. Typically, the solar cell 18 a
tiain, tlat water of semiconductor material such as silicon although a varlety
! other materials are under development or close to commercialization.

The photovoltalc effect occurs when a junction of materials with
difterent electrical properties is illuminated and conditions are arranged so
that a small, permanent electric field is created across the region of the
junction. Light, execlting electrons to a higher energy potential, causes a
voltage to appear between the top and the bottom of the cell. The small field
in the junction prevents thilis energy from being dissipated within the device.
Thus, the electrons can be made to flow through an external circuit. This
process will continue as long as the cell is illuminated.

Following initial development for space applications, standard
nomenclature evolved as photovoltaic devices were adapted to terrestrial use,
For example, many cells connectad together and encapsuliated In a single unit
constitute a module, whereas several modules connected together are known as
a panel. Finally, a field of panels made up of modules and panels 18 known as
an array (see Flgure 6-2).

This technology is under full commercialization at present. A recap of
production and price trends is provided in Figure 6-3. A 100~-MW array is
planned by the Scaramento Municipal Utility Digtrict (Reference 6-13), with
the first l~MW subarray being acquired for less than $5/peak watt
(uninstalled) (Reference 6-14). Another large array of 16-MW 1s planned by
ARCO Solar in San Louis Obispo County, California, utilizing concentrating
mirrors and tracking heliostats (Reference 6-~15).

The Technology Status Ranking is 5--significant commercial experience.
Sufficient industry capacity should exist to allow use of this technology at
KSC in 1987. The primary resource—-global insolation--is abundant at K£C.

nELL LJ MCDULE

Figure 6-2. RELATIONSHIP BETWEEN CELLS, MODULES, PANELS, AND ARRAYS
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Thermoelectric

The phenomena of generation of voltage between the junctions of two
diwsimi lar metals when a temperature difference exigts across them, the
Seebeck etteet, is the basis of operation of thermoelectric systems. This
vlieet is commonly used to measure temperature. The thermocouple, and
thermoeleetric generators, were first developed as multiple thermocouple
arvangements, or "Thermopiles," constructed of dissimilar metal junctions.

Thermoelectric systems ©echnology has undergone some rather radical
changes atter a very extended period of relative inactivity. Recent advances
in the technology have been prompted by both the technology developments in
Lhe semlconductor and advanced materials fields and the general increase in
enerygy costs.

Solar thermoelectric generation systems have encrgy conversion
etticiencles in the range of 5% to 8% in hardware demonstratlons of solar
concentratlng systems. This efficlency includes both the solar collector
eitfleienry and thermoelectric generator (TEG) efficlency. When viewed ftrom
the standpoiot of the solar generation of hydrogen, and the fact that more
ettlefent solar energy conversion processes have been demonstrated, the
peneral conclusion is that these systems are unlikely to sce commercial
application for hydrogen production in the next two decades. Further, cost of
tahrication and materials avallability problems must also be considered.

llowever, thermoelectric generators are commercially available. They find
use in gascous, fossil-fuel-fired TEG's for remote power systems and
radio~-isotope~fueled systems for space, underwater, and remote power
generation. These applications provide the primary impetus to present limited
commerclalization of this technology.

One disadvantage to this technology is the need to provide active
cooling to the low-temperature electrode. No efforts are currently underway
toward massive implementation of this technology to solar-driven systems.
Cost estimates are in the range of $5-$10/watt with an unknown reduction
potential, Photovoltalcs increasingly enjoy both technical aud cost
advantages over thermoelectrics.

The Technology Status Ranking is 3--small pilot plant lends support. Due

to lack of current activity, this technology 1s assigned to the post-1992
t ime-frame. The resource-—concentratable insolation-—-does exist at KSC.

$-10
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Thermionic,

The following has been excerpted from "Solar/Hydrogen Systems
Assessment, Vol. LI, Part 1" (Reference 6-/).

"A thermionic converter 1s a static devire which converts heat directly
into electricity, It is composed of an emitter, or cathode, which, at one
surface, receives thermal energy which ralees electron encrgy level
sufficiently to cause the electrons to leave the emitter and travel to the
collector, or anode. The anode is usually maintailned al a temperature lower
than a cathode/.mitter by some cooling machanism.

"Extrapolation of the present status of tlhermlonic technology into the
foreseeable future, say, to 1990 and a few decades beyond, indicates that the
euergy conversion efflclency of thermionic systems will be too low to permit
thelr use as a terrestrial convarsion system for solar energy. However, these
gystems are able to operate at high input temperatures and do reject heat at
sufficiently high temperature levels for thermal inputs to heat engines.
Thus, thermionic converters can be used as "topping" cycle systems with
Brayton, Stirling, or Rankine cycle engines as "bottoming” unite.

"It has been made fairly clear that the major problem of thermionic
technology 1s low efficlency, unimpressive output power levels and high
operating temperatures, all of which combine to produce high costs per unit
power output. Only whern *he technology improves, to the point where a barrier
index of 1.3 eV can be #:hleved, can thermionics become competitive as a maln
converter or as a topplng davice for heat engines In solar

bl o

concentrator-driven systems,

"Thermionic converters have the advantage of couverlLing heat to
electricity directly with no moving parts or working medium in large
quantities. Noilse and air pollution will not be a problem. Siuce it has heen
demonstrated that thermionic converters, either used alonc or as a topping
device, will not form a more efficient alternative to an advanced heat
engine, it is safe to state that thermionic converters will not hold any
appreclable advantage in power generatlion systems prior to the year 2025. All
the projections, and related arguments, have been based upon the assumption
that no major breakthrough occurs in the technology."

The Technology Status Ranking is 2--laboratory studies leading to an

assigned time~frame of beyond 1992. The primary resource--concentratable
insolation~—-potentially exists at KSC.

6-11
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Yolar Thermal Engines

The use ot solar thermal energy to drive a heat engine with subseguent
vivelricity geners:-lon 1s a conversion approach which has recelved wide
attenatton, Low=temperature, low-efticlency systems may be constructed from
componeals readily purchased in the marketplace (Reference 6-10).

High temperature, high-efliclency systems oftering the potential of
clecttical power costs approaching conventional utility power have been
desipgned (Solar 100) and a 10-MW pilot has been constructed and is
suecesstully operating in the U.8. Southwestern desert (Barstuw, CA) (Solar
One ). Four categories of collectors may be consildered:

Solar ponds

Flat plate

Distributed concentrating (trough)
Point rvonus collectors.

®* & &

DBepending on the collectlon temperature, these can be coupled to various heat
vngine:s:

Orpanle Rankine cycle
Steam Rankine cycle
stirling cycle
Bravton cycle.

Reterence §-7 has a good discussion of these technologies with the exceptions
of solar ponds and recent examples of large polnt focus collectors (power
towers). Power Towers are described in References 6-17 and 6-18. Liquid metal
mapr 2tohydrodynamic generators, which operate from a collector to produce
e¢lectriclty directly, are covered in the review of electrical peneration
technologies (to tollow).

Types of Solar Thermal Collectors

solar Ponds

The large solar pond i a falrly recent development. The following is
cxrecrptoed from two recent review articles (References =36 and 6-37):

“There are several typa2s of solar collectors referred Lo as
solar ponds; this paper will concentrate on the salt-gradient,
non—convecting pond since this 1s the area where most practical
progress ls reported to date. Another form of solar pond--known as
the sa'urated solar pond--has been proposed and is described in
Appendix 1. The term "solar pond" or "shallow solar pond" has been
applied to a collector comprising a horizontal plastic bay tilled
with water; as the theory and technology is predominantly that of
conventional flat-plate collectors, the subject is not covered in
the present paper,

6-12
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"Ihe galt=gradient puad 18 a body ot saline water in which the
concentriation increases with depth, from a very low vilue at the
surldee to near saturation at a depth of, usually, 1-2m. This
dengity grad nt inhibits free convectlon with the result that
solar rvadtation reaching the lower region 1s trapped: temperatures
approaching the boiling point of the solution have been recorded.”

vood loucat lons tor solar ponds are in desert areas near Lo a source of

2a water which can then be evaporated untll desired concentrations are
reached. The study team contacted Bob Allen of Florida Power & Light Company
(FPL) in December 1982, and Dr. Tom Bowman of the Florida Institute of
Technology (FIT) in January 1983. Both have studied solar ponds lor Florida
locations, and Dr., Bowman has recently added ponds as a grant actlvity
sponsored by the State of Florida. A summary of the gilst of their comments on
the sultability of the KSC environment follcws.

The KSC area is characterized by muck pockets and sand dunes. An
extensive soll characterization would be needed. The soll has high thermal
comducetivity due to molsture, with aquifiers both deep and shallow, The pond
would have to be lined and insulated on the botcow~=-a costly prospect. The
high humidlty suggests that evaporatilon to achleve high salt concentrations
will not work eftectivaly. Salt would have to be shipped in and added to the
pond. Barge-shipped salt is $20/ton, trucked salt costs $35/ton. The high
rainfall means that a cover would be needed to keep fresh water from dliluting
or destabilizing the calt gradient. While thermal pgradients have been
cstablished, there 18 no evidance of large-scale extractlon of useful heat
trom a pond without destabilization.

The Technology Status Ranking assigned is 3-—supported by a small pilot
facllity. The time~frame before commerclalization is expected to be bey:nd
"992, While the solar resource needed to supply the energy 1s present at KSG,
the environment i{s otherwise decidedly hostile such that the pond would be
very oxpensive compared to ponds in desert localions.
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Flat. Plate Thermal Collectors

These are readily available from many firms (Reference 6-16) for about
$500 per 32 fe? panel, including pumps and installation. They couple quite
nicely to organic Rankine cycle engines with or without thermal storage. The
solar thermal collection efficlency is about 60%, but output cemperatures are
low, leuading to low system efficiency. Status Ranking is 5--gignificant
commercial experience and a system could be constructed by 1987. The primary
resource-~direct and global insolation--is available at KSC.

Distributed Line-Focus Concentrating Collec.ors ("Troughs")

These are readily ivailable from several firms (Reference 6-16). Several
working fluids are utilized with working temperatures up to a few hundred C°,
with efficiencies on the order of 65% for tracking collectors. These couple
nicely to the low temperature steam Rankine cycle engines or organic cycle
Rankine engines. The Technology Status Ranking is 5--significant commercial
experience and a system could be constructed by 1987. The primary
resource-~direct insolation--is available at KSC at approximately two-thirds
that of desert or arid regions in the Southwestern United States.

Distributed Point~Focus Concentrating Thermal Collectors ("Dishes”)

The use of tracking parabolic point-focus collectors singly, or ganged
in a field, provides for substantially higher temperatures than line-focus
sysems, but requires more accurate 2-axis orientation means to maintain
focused energy on the receiver. Variations on this type of collector involve
fixed- or semi~-tracked dishes with movable receivers. In some cases,
idividual heat engines are located directly in the focal-puint receiver,
e.g., Stirling engine, In others, conventional (but high-temperature) working
fluids are transported to and from the recelver. the Technology Status
Ranking is 5, with identical comments as above.

Central Receiver Collectors Using Heliostat Fields ("Power Tower")

Several demonstration plants have shown the viability of this concept,
the largest in the U.S. being Solar One at 10-MW (Reference 6-19). A detailed
design for a 100-MW plant for the California desert has been completed by
Southern California Edison, Bechtel Power Corporation, and McDonnell Douglas
Corporation (Reference 6~18). Collection efficiencies are on the order of 6U%
overall, with coupling to high-temperature steam Rankine cycle engines via
thermal storage. The Technology Status Ranking is 4--concept verified by
integrated demonstration plant. Construction of such a design is pussible by
1987, and certainly by 1992. Some questions remain concerning the
appropriateness of the KSC insolation, i.e., tramsient cloud-cover, high
diffuse content.

Types of Thermal-Collector Operated Heat-Engine

Organic Rankine Cycle Engines

These are readily available from several sources, including SPS, Inc.,
Miami, Florida. Prices are approximately $1,000/kW for inlet temperatures of
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»09°F with efficlencies on the order of 7%-8% converting heat to shaftpower.
The Technology Status Ranking is 5--significant commercial experience with a
few months delivery time. These can be utilized in any low-temperature system
at KSC by 1987, e.g., flat-plate collector. Higher temperature systems
involve longer lead times and, often, special R&D efforts.

Steam Rankine Cycle Engine

The steam Rankine cycle is probably the most widely used approach for
stationary heat-~to-shaftpower energy conversion engines. Engines are built
conmercially in sizes from a few horsepower up to several hundred thousand
horsepower. In sizes above about 10-MWe (13,400 hp), turblne/generator
systems for electrical power generation are well~developed and in utility
use up to 1500 MWe. In the smaller sizes, the steam turbine's principal
application is for industrial shaftpower, e.g., pumping. These smaller units
have, however, been mated to generators for the production of electrical
power. in many cases, the small turbine generator match is accomplished via a
gpeed-reducing gear-box.

Typical efficiency ranges for a condensing turbine steam Rankine cycle
system are shown in Figure 6-4 as a function of inlet temperature. The
Technology Status Ranking is 5~-significant commercial experience. Individual
orders for speclalized large systems can take several years to fill. Standard
units around 100-MWe can be filled in 1-1/2 to 2 years. Such steam turbine
Wystems can be implemented at KSC by 1987,

Other HMeat Engine Cycles

Stirling and Brayton cycle systems offer the promise of higher
efficiencies than Rankine cycle systems but very large systems have not been
demonstrated for shaftpower generation (Reference 6~7), These systems are
agslgned Technology Status Ranking 2-3--gupported by small pilot and
laboratory experience. They are not generally expected to be commercialized
for power generation until after 1987, but would be avallable by 1992,

Direct Thermal Water Splitting

I1f the temperature of water vapor is raised tn about 2,000 K or above
and its pressure kept low (generally less than 10 atm), the water vapor will
partially dissoclate in significant quantities. Any energy input will now be
absorbed partially by the process of dissuvciation where the product
materials, in equilibrium in fixed volume, will consist of some mixture
deriving from the following reactions:

HgOJH + 1/26) - heat
HpO0 ¢ HO + 1/2Hy - heat

Hy ¥ 2H - heat

0y ¥ 20 - heat.
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At this time, laboratory investigation into this process is being done.
A recent experiment (Reference 6-20) demonstrated small-scale hydrogen
production at 1.l% overall efficiecy using steam quenching to cool the hot
product gases. The Technology Status Ranking is 2--supported by laboratory
studies. Commercialization at large scales 18 not expected until well beyond
1992 because of the very high temperature requirement, concommitant materials
problems, and the large challenge posed by the product separation
requirement.

Thermochemical Water Splitting

There are two classes of thermochemical cycles: "closed-loop” approaches
and "open-loop" approaches. The closed-loop processes are "cycles" in that
the intermediate chemlical forms resulting from multi-step reactions are
recycled back into the loop. Open-loop systems use chemical feedstocks of one
type or another which enter the system and are transformed into byproducts of
increased value (preferably) while at the same time producing hydrogen and/or
oxygen as an output product.

There have been over 200 closed-loop thermochemical water-splitting
processes investigated by researchers worldwide (References 6-21 and 6-22).
Most of these have been rejected analytically on the basis of one, or a
combination of, such factors as probable cost, materials problems,temperature
and/or pressure demands, reaction rates and equilibrium points, net energy
efficiency, etc, Mcgt of the early work done in the field considered the use
of nuclear fission energy as the primary energy source. More recently,
investigations of the use of solar energy and thermonuclear fusion energy as
the primary energy source have been undertaken. If materials engineering
problems can be overcome, solar-driven, closed- loop thermochemical systems
may well operats well above the 1,000°C to 1,200°C limits of advanced nuclear
fission. This could add considerable flexibility to the chemistry of
thermochemical cycles, although no cycle has yet been demonstrated to take
advantage of such temperatures. However, continued steady-state process
operation is a major challenge. Any steady-state solar operation requirements
denotes the need for cost-effective, very high temperature thermal energy
storage systems, a technically difficult urea.

There is no current technology of significance for solar-driven,
open—loop thermochemical cycles.

The Technology Status Ranking 18 2--supported by laboratory studies;
with an earliest time of commercial implementation of well beyond 1992,

Hybrid Electrolytic-Thermochemical Cycles

The objective of hybrid electrolytic~thermochemical water-splitting
cycles is the same as that of basic closed- and open-loop theruochemical
cycles, i.e., the production of hydrogen more efficilently than can be
achieved with entirely electrically driven processes.

In a number of possible thermochemical hydrogen production processes, a
key reaction cannot be thermally driven. Indeed, the addition of heat Lu that
particular reaction step can produce exactly the opposite effect desired. In
those instances where such a reaction step 1s encountered, the opportunity
may exist to substitute an electrically-driven electrolysis reaction, thus
enabling the balance of the reactions needed to close the cycle to proceed.
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Such systems that combine thermal energy input to various reaction steps with
an electrically-driven step or steps are referred to as "hybrid"
thermochemical cycles.

Present research is aimed at the development of the process chemistry
and equipment designs based upon thermal energy and electrical energy sources
other than solar. The focus of present investigations is on basic chemical
engineering and materials problems, including basic process chemistry
validations. Pending success is these endeavors, the technical and economic
characteristics of this class of processes will remain undefined.

The Technology Status Ranking is 2-—-supported by laboratory studies;
with a time of commercial implementation of beyond 1992.

Wind Energy Conversion Systems

A comprehensive discussion of this piocess is8 covered in Reference 6-2.
As noted in Section 4 of this document, the nearest acceptable wind resource
for such systems is 100 to 200 miles northeast of KSC. While "wind farms"
have been developed in certain mountain and western states in the U.S., no
significant offshore—based technology has been demonstrated. Due to this, and
the lack of a local resource, this technology is dropped from further
consideration.

Ocean Thermal Energy Systems (OQTEC)

Generxral Discussion of Process and Status

An excellent review approaches to utilize thermal gradients in the ocean
as heat sources and sinks is found in Reference 6-2. To review the current
status of OTEC, the study team contacted two researchers in this field. With
clogsed-cycle systems being well-documented, the inquiry focused on the
less—developed open-cyclie approach.

Dr. Tomlinson Fort, California Polytechnic State University (formerly
Carnegie—-Mellon University, Colleague of Drs. Zener and Lavi). Dr. Fort has
been & prominent researcher and author in this fleld, working with his
colleagues at C~M, and a telephone contact was made with him at his new
position at Cal Poly (he is a University Vice President).

Dr. Abrahim Lavi, Consultant (formerly Carnegie-Mellon University,

Colleague of Drs. Zener and Fort). Dr. Lavi noted that he had gravitated
in recent years from the technical side to the financial side of OTEC.
Specifically, he was now working with Ocean Thermal Corporation (a subsidiary
of Basilc Resources, Inc., New York). A summary of the discussions follows.

Open-~cycle OTEC provides two noted advantages over the closed-cycle
approach: (1) both heat exchangers are eliminated and (2) fresh, or at least
lower salinity water 1s provided as a byproduct. The former advantage leads
to reducing hardware costs while increasing somewhat the working T, and
also eliminating the potential heat exchanger blofouling problem.

There are a number of variants on the open-cycle theme, but basically

the difference in vapor pressure between the warm surface water and the cold
depth water is used to lift water in one form or another, increasing its
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potential energy, which is subsequently converted to shaftpower and
electricity (and on to hydrogen). The variant selected by the C-M research
team is "foam OTEC" in which the rising water column is in the form of a
goap-suds like foam.

Returning to closed-cycle systems, Dr. Lavi reviewed the situation
noting the following:

. Cold-water pipe has emerged as the high cost item (formerly perceived
to be heat exchangers).

° Based largely on existing industrial practice (e.g., tube in-shell heat
exchangers), none of the "show stoppers" such as biotouling have panned
out, l.e., OTEC is imminently doable in his view.

® The "market-entry price"” of power from an OTEC plant is believed to be
in the range of 90 mills/kWh (well above conventional alternatives).

Federal Government OTEC Support and Perceived Position

Following a substantial budget funding situation over many years, the
Federal Government support for OTEC (via NSF, ERDA, and DOE in that
progression) has now been sharply reduced. The FY'84 budget request is for
only about $10 million. This 18 in sharp contrast with earlier years, e.g.,
FY'81 funding of about $34 million., To the best of the study team's
understanding from the technical literature, direct conversations with DOE
personnel, and researchers in this field, the "official position” of the
Government 1is that OTEC is now at the commercialize.lon-entry stage. This is
reflected in the strongly reduced DOE funding level in an aura emphasizing
"high-risk, long-term" research. Included are 40-MWe prototype facility
conceptual design studies by General Electric Company and by Ocean Thermal
Corporation at about $1 million apiece. Significantly, both address
shore/bottom-mounted facilities off Hawaii. One is "topped" by effluent from
several fossil-fueled utility plants.

OTEC Cable Ashore Plus Overland Wheeling

As reviewed earlier, "workable" OTEC conditions of differential
temperatures of 20 C (minimum) are available off the Eastern coast (say, 100
miles) of Florida for only part of the year, e.g., April-November. Year-round
resources are limited to the waters between Key West and Cuba, and possibly
locations in the Gulf of Mexico (but well off Florida's West Coast). To
utllize OTEC-power for an onshore electrolyzer-grid facility for hydrogen
production and liquefaction at KSC would thus require:

1. DC cable from OTEC facility to shore

2. AC power local-wheeling to KSC through FPL's system, and possibly other
Florida utilities (difficult to assess cost-wise).

OTEC: ILiquid Hydrogen On~Platform Production

Another alternative would be to produce liquid hydrogen directly on the
OTEC platform and ship or barge the product to KSC. Locations ior the OTEC
ooperation would thus be opened to sites at much greater distarces from KSC
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(than underwater cable delivery). Johns Hopkins University's Applied Physics
Laboratory has focused on such production of physical energy products, e.g.,
ammonia, liquid methane, methanol, liquid hydrogen.

Their estimates for the price of liquid hydrogen ashore seems quite
competitive. However, E:F's contacts with researchers in the OTEC field
(e.g., Dr, Lavi) strongly suggest that JHU/APL may be sharply optimistic
regarding product costs.

Summary of Findings

l. On the one hand, Federal Government is perceived to take the position
that OTEC 1s now at the commercialization-entry stage, i.e., awalting
entry of industrial gas firms, et al., in the case of OTEC/LHg. Thus,
further R&D funding for OTEC will thus likely be small, particularly in
the case of the present administration,

2. On the other hand, lack of any evident commercialization inltiatives by
U.S. industry to date would seem to signify that there will be a
multi-year "lull" period at best; it follows that a mature-technology
ca. 20-MW= plant (capable of meeting the KSC LHy production requirement)
will fall significantly later than the 1987 initial date of interest.

3. Near-Florida basing of OTEC is not particularly favorable in comparison
with Hawail, et al., and equatorial zone locations, e.g., off Brazil
in the Atlantic. Hence, far-remote (from KSC) OTEC siting is indicated.

4. Finally, with detailed design and costing analyses of alternative OTEC
facilities having been already documented at study costs far greater
than the value of the present contract, little new could be contributed
by the present study team in new-start assessments of the OTEC
alternative,

The Technology Status Ranking 1s 3--concept supported by small pilot

facility. The earliest possible time for implementation (following at least
two commercial plants) i1s seen to be the 1992 time period.

other Indirect Solar Energy Conversion Systems

Wave Systems

A good discussion of this technology can be found in Reference 6-7.
Section 4 of this document showed that an adequate resource is not available
within 1,000 miles of KSC. This, taken together with the lack of
commercially-available equipment, lead to dropping this technology from
further consideration.

Hydropower
At or near KSC no resource exists. The technology is, however, well
established. Use of this resource and technology is equivalent to purchasing

and transporting electrical power or liquid hydrogen product. The technology
itself is not of concern nor is it discussed further in this document.
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Biologlcal

The production of fuels, or energy carriers, from blomass and wastes has
boon extensively studied, Many demonstration and commercial systems are now
operating in the United States, with others planned (Reference 6-38). The
prinviple products from these systems are hydrocarbon fuels, including partially-
oxygenated products, e.g., alcohols, These hydrocarbon fuels, for Lhe most
part, are rcadily usable In present-day, fuel-using equipment. Processing to
hydrogen requires an energy investment which cannot be returned and it yields
a less deslrable fuel in terms of energy content and storability,

Given a future in which hydrogen 1s a preferred energy carrier, the
reforming of biologically produced hydrocarbons may be desirable in order to
produce a fuel compatible with the deployed system. However, even then it is
probable that these hydrocarbons will be of more value as industrial feedstocks
and thus will be retained for this market.

On the other hand, it appears that the direct combustion of biomass and
wastes In more or less conventional equipment, producing electricity (e.g.,
via steam turbines) and thence hydrogen via eluctrolysis 1s the more likely
candidate for the production of hydrogen from biomass and wastes. However,
if the fuel for this process i1s municipal refuse with plant siting near an
urban area, electricity may be the preferred energy carrier for delivery.

In any event, such electricity is likely to cost more than the conventional
fossil-fueled baseload equivalent,

Given these prospects for biomass and wast utilization, bilological tech-
niques as indirect solar energy conversilon technologles are not treater further
in this report.

Blophotolytic systems are not based upon the conversion of biomass to
other fuel forms. Hydrogen is produced as a product of growth and maintenance
of a unique biological system.

Blomass waste from biophotolytic systems might be subsequently converted

by biomass conversion techniques, but the basic fuel form arguments presented
above would still apply to such uses.
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Where the output of the energy conversion technologles is shaftpower, as
in the case of wind-power, heat-engine systems, etc., electrical generation
capabllity is required to interface the energy conversion technologies with
water electrolysls equipment to provide hydrogen product output. In these
cases, four categorice of generator designs are available: conventional AC
and DC, and unconventional DC rotating machines, and magnetohydrodynamic
generators.

Conventional AC Generators

AC rptatomg~machine generators have baan deployed for many years over a
very wide range of sizes. Efficiencles are quite high in the MWe-class
systems and the technology is state~of-the—art. However, since water
electrolyzers require DC power, hence costly transformer/rectifier units are
needed.

AC Generator Systems

In the smaller size range, the recent development of compact,
inexpensive, high-power, solid-state rectifier equipment has provided
slgnificant improvement in AC generator technology. These integral
alternator~rectifier designs provide less expensive, more reliable sources of
DC power and thelr efficiency over the rotating speed range of the AC systems
18 superior to the conventional DC generator in many applications. The
rectified alternator is the lewding contender, among those of conveniional
design, for matching some shaftpower output of energy conversion technologies
to electrolysis systems, namely low-power units.

Conventional DC Generators

Electrolysls systems require DC power input with the input voltage
varying considerably from relatively low voltages up to 1,000 volts. The
conventional DC generator design is the familiar brush-type,
commutator-equipped machine., Several limitations in the conventional DC
generator design must be considered, e.g., they are not usually as efficient
as AC equivalent designs. Large DC machines--up to several thousand KW--may
have efficiencies of about 90%~95%. AC alternators in this class may operate
at 95%4-97% efficiency with larger, hydrogen—cooled units in the 25-MWe range
achieving about 98% efficlency. DC generators are not widely available beyond
the 5-MWe size (Reference 6-23).

The requirement for a commutator-brush system in conventional DC
generators leads to maintenance problems and attendant costs, e.g., periodic
brush replacement and resurfacing of the commutators. DC macnines are
typically heavier and provide no particular capital cost advantage over their
AC counterparts.

Generally, the requirements for generating equipment to drive
electrolysis systems are not the same as the requirements for systems that
would provide grid power. There 18 no need for exact voltage control or
frequency synchronization., Since an electrolysis cell can operate over a wide
range of input currents, the operating speed of rectified alternator systems,
and DC generation equipment also, can be allowed to vary with the input

6-22



e Aty
OF K.

powets This capability s advantageous tn this particals type ob system
under study bore. This type of use could be consldered an “unconventional
use ot conventlonal genetat ing equipment .,

Hnconvent tonal DG Generation (The Acyclie Gengrdator)

A potentially attractive Lype of unconventional DU wmaechine is the
acyclicv unipolar, ot homopolar pgenerator. The acyclie penerator 18 a
low sage, hiph=current device well-sulted in the tirst analysls to
intertaclng with water electrolysls equipment, It operates on the “Faraday
Disk” princlpal, and has etticiency and cost characteristices sinilar to those
ot a4 conventional MWe class alternator, while being physically vuch simpler
than conventional units. lts compact rotor being typically a single plece of
machined stecel which does not use copper conductors. The largest acyelice
penerators known are 4.5%-MWe machlnes, tour in number, located at the Air
Force's Arnold Engineering Developmental Center near Tullahoma, Tennessee.

A preliminary assessment of the acyclic generator for powering water
electrolyzers was carried out by the Lustitute ol Gas Techuolopy's (1GT) 1n
1979 (Reterence 6-24). On the basls ot hydrogen production costs, the use of
acyclic generators proved rather tavorable under the conditiong ob the
analysis. The subject of study was a dedicated, advanced-technology, nuclear,
electrolytic hydrogen production tacility.

Low-Temperature Liquid-Metal MHD Power Systems (
6~-29_ and Appendix A)

Emphasis in magnetohydrodynamic (MHD) systems to date has been on
plasma-based systems requiring the very high tempervatures usually associated
with tossil-tuel combustlion. An alternative apprudch is Lo utllize two
working flulds=—one a compressible thermodynamice tluid; the other aun
e lectrodynamie tluid Ce.y., o Hguld metal)-=to obviate the need to create
plasma working tluid. :

This approach opens the dooe tor efficient, Low-temperature DG
electricity generation compatibhic with a range of thermal encrgy sources.
Technical articles have bevn presented since 198U by Argonne National
Lahoratory (ANL) (Refervnce 6 -26), NAbA-Langley (Reference 6~27), and
Technology (Reference 6-28) describing this approach. Low-temperature MHD
appears to be an attractive candidate tor DC power production. Initial
studles suggest electricity costs 2 to 10 times lower than conventional
solar-thermal and photovoltaic systems.

Comparison of Solar klectric Nel Costs {(5/kWh)
Solar Liquid Metal, 2- Phase MHD System 94
Solar Organic Rankine Cycle Syslem Lo
Solar Photovoltaic System 570

Sourve: Reloerence b=-28

Referring to Figure 6-5, the liquid metal constituent is heated in the
solar collector and goes to thermual storape (or directly to the mixer). Ln
the mixer, it is mixed with cold, dense (compressed) pas. 'The heated gas and
liquid metal expand as a 2-phase mixtnre and are accelerdted through the
MHD-generat ion section producing DC powel.
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Figure 6=5, SIMPLTFTED SCHEMATIC DIAGRAM OF A REPRESENTATIVE LIQUID METAL-
OPERATED MAGNETOHYDRODYNAMIC SYSTEM

Onee decelerated in the separator/diffuser, the hot gas and liquid metal
return separately in thelr respective flow loops. The gas is cooled in
vXternal-media heat exchangers which poses an opportunity for cogencration
heal recovery. The liquid metal, cooled in heating the gas, returns Lo
sLorage and then is pumped back to the solar collector. As suggested by the
ANL investigators (Reference 6-26), the system can be considerably simplified
by using an organic working fluid which would provide a pumpable liquid and a
compact mixer. It 1s suggested that an electromagnet pump be usced to simplify
the liquid metal loop. The study team also emphasizes the potential of
copuneration in this system.

In summary, this innovative and relatively recent development appears to
be a candlidate energy conversion means for thermal energy conversion (solar,
nuclear) to DC power output for interfacing with water electrolyzer systems.
A turther review of the technology and its applicability to systems of
concaern here ls contained in Appendix 1), prepared by Dr. lee, a special
consultant on the study team.

tlectrical Generation Technology Status am Timing Recap

While electrolyzer needs are DC, large machines producing DC power are
not widely available beyond the 5-MWe size, implying the need tor parallel
units. Conventional AC may be rectified to provide the needed DC. With the
exceptinn of low-temperature liquid-metal MHD generators, a technology Status
Ranking of 5--supported by significant commercial experience--may be
assigned, with a 1987 time-scale easily realizable. The low-temperature
Liquid-metal MHD generator, whether used as a topping cycle or in stand-alone
applications, is assigned a Technology Status Ranking of 2-—supported by
laboratory studies. It has a time-scale of beyond 1992.
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tlectrolyzer Design Categories and Related Considerations

Three basic water electrolysis technologies and configurations were
considered in this study. These design alternatives are broadly competitive
wver a range of power costs, with each optimizing at a difterent current
density. The three design categories are:

Unipolar (Tauk) Electrolyzer (Alkaline Electrolyte)

The Unipolar (Tank) Elertrolyzer has its active electrolytic components
supported in an open container (tank) of electroltye. Electrodes of the same
polarity are connected to form cells with about 2.0-V applied across it to
provide the relatively high current flow. Individual tank units are connected
1n series or in parallel as modules.

The tank-type unit usually costs less to construct than the filter~press
unit (discussed below), and optimizes in a capital cost/trade-off at gomewhat
lower currvent density levels than does the structurally more sophilsticated,
higher-cost, tilter-press system. In the tank-type unit, individual cells can
pe igolated for maintenance and repalr, which is not usually the case for the
tilter-press configuration,

Bipolar (Filter-Press) Electrolyzer (Alkalipe Electrolyte)

This design configuration is used by thv majority of the manufacturers

'c

stack of alternating electrodes, separators, and various gaskets and adjunct
items, forming a compact "stack"” of cells electrically connected in series.
For a typical cell stack, the applied voltage 1s the sum of the individual
cell voltages (each is about 2.0-V, or slightly lower). The resulting voltage
requirement can be in the range of several hundred volts, at a
correspondingly lower current rating as compared with tank-type unit
installations. Each electrode has an anode and a cathode face at opposite
polarities, hence the descriptor "bipolar." Filter-press electrolyzers are
typically more compact than tank-type units and are moree amenable to
electrolysis at elevated pressure. However, unlike tank-type units, 1f a cell
failure occurs, the entire stack must be shut down for repair. Filter-press
electrolyzers usually present high capital costs per unit of active area
(electrode) and accordingly, they tend to be operated at bhigher current
densities. This tends to reduce the efficlency sadvantager. Substantially more
in the way of ancillary equipment is needed (vs. uilpuviar designs).

Solid Polymer Electrolyte (SPE) Electrolyzers_ (Acid Electrolyte)

Usually configured in the filter-press, or hipolar, layout, SPE designs
use a separator material which provides for ilon exchange directly within the
solid material rather than in a liquid electrolyte. Only water is circulated
within the cell. Technically, the SPE is classified as an acid electrolyte
system. The electrode is eilther integrally imbedded in the surface of the ion
exchange material (which acts as a separator), or takes the form of separate
sheets of metal sandwiched between the SPE material. The advantages of this
design are as follows:

° A very thin sheet of electrolyte can be used, allovwing for low cell
resistance and compact cell stacks.
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. The electrolyte is entirely captive and cannot be losgt from the
vell by carry-through or leakage; water only is contailped as a
Iquid

. Very high current densitics can be used, which allow for minimizing
the amount of SPE and other cell materiale required, thus reducing
Q08LS.

It should be noted that such design features are not necessarily
exelusive to the SPE system, Similarly thin membranes can be used with equal
henetit in conventional unipolar and bipolar electrolyzer designs (Reference
l)""i()) .

High-Temperature Electrolysis of Water

One avenue for improving the effectiveness of water electrolysis is by
increasing the operating temperature of the electrolyzer system. The basic
rationale tor high-temperature electrolysis is to provide a means to
substantially reduce the amount of electricity required for the
water-splitting process. Heat energy is substituted for electrical energy as
stipulated by the Gibb's Free Energy Requirement. By this shift, the
heat-to-electricity conversion losses encountered in generating the
electrical feed to the system are reduced and the overall electrolysis
process is performed at higher efficiency. The Carnot efflciency losses in

11 5

electriclity generation are not encountered in direct heat additioo,

In high-temperature electrolysis (nominally 800*%C and higher), quite
different constructlon technologles than those used in conventlional
clectrolysis systems previously discussed are clearly required. The following
gencral advantages are stated for this approach (Reference 6-31):

. The clectrical energy requirement for the electrolytic decomposi-
tion reaction decreases with increasing temperature, leading to an
increasing opportunity for the direct utilization ot heat.

. Current densities can bhe significantly higher than at ambient
temperatures because of improved reaction kinetics and consequently
lower polarization losses are experir,nced.

. The amount of heat needed for the endothermic electrolysis reaction
can be supplied by internal resistivity losses of the electrolysis
cell itself or by direct heat input from a high-temperature heat
source, or both.

° The total energy requirement for the electrolytic process is lower
in the vapor phase and the energy for evaporation may be provided
by heat instead of "more preclous" electrical eneryy.

The net benefits are stated to be:

' A reduction in required electrical energy and, hence, primary
energy and assoclated capital and operating costs

° Pogsible reduction in electrolysis capltal costs Lhrough the use of
higher current densities in the electrolyzer.
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Teehnology Status Recap

Watvr clectrolyzer technology, with the exception of high=temperature
unity, 15 mature while being turther improved with efficiencies ot up to 8U%
dachiiovabley at eosts in large quantities expected to be as low as $200/kW
(reterencey 6=92 amd 6=33), Accordingly, a time-scale of 198/, with a
Lechimolopy Ltatus Ranking ot 3--significant commercial experience--ig
asnigned. For the high-temperature process, a Technology Status Ranking of 2
I5 piven -supported by laboratory studies. This technology ig hence rated

“hew omd 192"

Liatepoties of Llquetaction Systems

]

"Gonventlonal" Systems

In ovder to place the most appropriaste liquefaction system option in
porspect ive, the loglic leading to this singsa selaction should be pluced in
context with other alternatives. There are three basic types ol conventional
Fiquetaction system design approaches which are selected primarily -8 a
lunetion ot the scale of production. These are:

. The simple Joule=~Thomson Cycle
] The coaplex Joule-Thomson Cycle
. Low-Pressure Expander Cycle,

The gimple Joule-Thomson cycle system involves the precooling of
hydrogen feed and recycled refrigerant heat-exchanged agailnst liquid nitrogen
followed by a Joule~Thomson expansion, which forms the liquid hydrogen
product. The efticiency of this cycle depends mainly upon the liquid nitrogen
temperature level, which is reduced below normal atmospheric boiling point by
means obf a vacuum pump. Two stages of ortho-para hydrogen conversion may be
provided in this cycle~—one at the liquid nltrogen temperature level and one
at the liquid hydrogen final/stage temperature level (Reference b-34).

The complex Joule-Thomson cyc’s system is appropriate to greater
production capacity situations and 1s designed for reduced power consumption
by precooling the hydrogen against atmospheric asz well as vacuum bolling
nitrogen in a staged manner, Additional savings may be reallzed through a
double Joule-Thomson flash of tbe hydrogen. The ortho~para converslon of the
hydrogen may be accomplished at 2 to 4 temperature levels, which Increases
the thermodynamic reversibility of the process reducing energy requirements
(Reference 6-34).

The low-pressure expander cycle precools the hydrogen with cold gaseous
nitrogen and boiling liquid nitrogen. The boiling liquid nitrogen may be
congiderably above atmuspheric pressure, at atmospheric pressure, or under
vacuum, depending upon optimization determinations. Below the nitrogen
precooling level, additional refrigeration input is provided by means ot an
expansion engine. The expander may be a reclprocating or centritugal machine,
depending upon size and the operating pressure level selected for the cycle.
Below the expander level, the refrigeration input is normally by means of
Joule-Thomson expansion in two stages. The expander cycle may take advantage
ol staged conversion to increase cycle efficliency to a greater extent than
lor the simple or complex Joule~Thomson cycles (Reference 6-34).
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lable b=l prescents the power requirements for liquid hydrogen production
in thvese three basic cycle systems. L[t is dmportant to note that the
production rale ot the KSC Non-Fossil Hydrogen Production System falls in the
range ol production rate appropriate to the use of low-pressurce expander

Cye e,

Table O-10 POWER REQUIREMENTS TOR LTIQUID HYDROGEN PRODUCTTON

Pounds Liquid
Kilowatt-Hrs of Approximate Nitrogen
Powar per Pound Range of Refrigeration
of Liquid Production per Pound Liquid
Process e Jo-Hydrogen Pounds per Day | lydrogen
Joule Thomson eycele-=
simple 10 0- 4,000 11.6
loulce Thomson eyele=-
complex 8.7 ] 4,000~ 10,000 10.0
Fxpander Gyele J 5.0% 6,000-120,000

Y Ineludes power for nitrogen liquid and cold gas refrigeration.

Source: Newton, Charles L., Hydrogen Production,
Liquefaction and Use, Cryogenic Engineer-
ing News, August 1967.

The situation is even more clearly illustrated in Figure 6-6 which
presents the carnot efficlency of oxygen liquefaction equipment as a function
ol system size, This same characteristic shown is found in hydrogen
Iiquetaction systems also. This curve should clearly illustrate the
dusirability of selecting the maximum practical economic module size for a
piven production requirement. In the situdation under study herve, this
production requirement is of sufficient volume, on a daily basis, to support
the construction of equipment using conventional technologlies which will
operate at or near the best efficlency obtainable.

Conventional liquefaction has a Technology Status Ranking of
Y--supported by extensive commercial experience-—and thus a time-scale of
1987. betails on costs, power requirements, and plant size are presented in
Svetion 9 of this document under Finalist Systems Analysis.

“Unconventional" Liquefaction Equipment

The principal sources of the inefficlencies in coanventional liquefaction
systems are in the compressor systems, cooling heat exchange systems, anid gas
expanders. It is generally agreed that the maximum efficiency of these
conventional designs is about 35%-40% of carnot efficiency. 1t is highly
unlikely that any significant improvement in these performances will be
achieved with these basic technologies. The only presently-~known alternative
to these present technologles is found in systems based on the
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Figure b-h. CARNUL EFFICIENCY OF OXYGEN LIQUEFACTION EQUIPHENT AS A
FUNCTION OF SYSTEM CAPACITY
(Jource: Parrish, W.R., et al., "Selected Topics on Hydrogen Fuel,"
NBSIR 75-803, National Bureau of Standards, U.S. Department of
Commerce, Boulder, CO, January 1975)

misnetocaloric” effect or Magnetic Refrigerators. These refrigerators
exploit the temperature and magnetic field dependence of the magnetic entropy
ol a4 solid material to extract heat from a low-temperature source and
Lrausier it Lo a higher temperature sink. Work on these systems is presently
underway at the Los Alamos National Laboratory.

While this category of liquefaction equipment is only in the research
stlage, Lhe potential capabilities of this technology--as it might become
operational-—are worthy of discussion. Dr. John Barclay notes for a 20~-W,
4-stage Magnetocaloric Liquefier:

“Although a comparison with existing gas refrigerators is
somewhat unfair because no 20°K~300°K magnetic liquefier has been
built, it is interesting to compare to see what potential
advantages are projected by analysis...We see that this magnetic
liquetier potentially offers a factor of approximately 7 increase
in ¢fticiency, a factor of greater than 10 decrease in equipment
volume, and a factor of greater than 3 decrease in mass, all at
vety low operating speeds which should enhance reliability.”
(Reference 6-35.)

This promising technology is reviewed more fully in Appendix B . It is
assigned a time-frame of beyond 1992, with a Technology Status Ranking of
/= supported by laboratory studies.
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Summary of Technology and Resource-Availability Screening Results

A summary of the technology and resource~availability screening is shown
in Table 6-2, which displays technology status, estimated tliming, and resource
availability., For either the 1987 or 1992 target year, the building blocks
for the KSC 1iquid hydrogen system always involve the production of
cleetricity followed by water electrolysis ..nd conventional liquefaction. By
1987, only photovoltiaic and solar-thermal - sglne~generator systems are
available Lo produce electricity. By 1992, 1t may be pussible to invoke a
modular fission reactor/thermal engine generator system as well., For OTEC
gystems, provided cither the electricity or liquid product can be tranamitted
or shipped to K5, the earliest time seen for the system 1s about 1992. The
remaining candidates are generally considered in the "beyond 2000" category.
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Table 6--2. SUMMARY OF TECHNOLOGY AND RESOURCE-AVAILABILITY SCREENII

TECHNOLOGIES

Non-Fossil Primary Energy Resources
Nuclear Energy
Fission Burner Reactor (Modular Unit)
Fission Breeder Reactor
Fusion Systems
Geotheriial Energy
Non-Fossill Primary Energy Conversion Technologies

Direct

Photic

Biophotolysis
Photocatalysis
Photoelectrocatalysis

Electric

Photovoltaic
Thermoelectric
Thermionic

Thermal

Indirect

Thermal Engines

Direct Thermal Water Splitting

Thermochemical Water Splitting

Hybrid Electrolytic-Thermochemical Water Splitting

Mechauical

Wind Energy Conversion Systems (WECS)

Ocean Thermal Energy Conversion Systems (OTEC)
Wave Systems

Hydropower

Biological
Hydrogen Energy Production Technologies
Electrical Generation
DC Machines
AC Machines
Homopolar Machines
Magnetohydrodynamic Machines
Electrolysis Systems
Unipolar Tank Electrolyzer
Bipolar Filter-Press Electrolyzer
Solid Polymer Electrolyzer

High-Temperature Electrolyzer
Hydrogen Liquefaction Teclnologies

Joule-Thomson Expander Technology
Magnetocaloric Refrigeration Technology

FOLDOUT FasLiE

6-31/6-32

TECHNOLOGY EARLIEST
STATUS TIME
RANKING FRAME

1992
>1999
>1999

1987

NN W

2 >1992
>1992
>1992

NN

1987
>1992
>1992

NP'QU'I
W

1987
>1992
>1992
>1992

NN WK

1992
I)

1987
1987

SO W

1987
1487
+ 1987
>1992

N L i

1987
1987
1987
>1992

1987
»>1992

[XNE;] D n
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#) RESOURCE-AVAILABILITY SCREENING

TECHNOLOGY EARLIEST KSC INITIAL OPERATING CAPABILITY
STATUS TIME RESOQURCE _ AT KSC
RANKING FRAME ~~ AVAILABLE BY 1987 BY 1992 BEYOND 1992
5 1992 N.A. ;RS
2 >1999 N.A. X
2 >1999 N.A. X
4 1987 No
2 >1992 Yes X
2 >1992 Yes X
2 >1992 Yes X
5 1987 Yes 3 e i et e it e
2-3 >1992 Yes X
2 >1992 Yes X
5 1987 Yes K, e o e e o o e i 2 e i
2 >1992 Yes X
2 >1992 Yes X
2 >1992 Yes X
No
3 1992 No (X) mm e e e e
2 ? No
5 1987 No
4 1987 No
5 1987 N.A Km o e e e e e e e e e e
5 1987 N.A. : GO
5 + 1987 N.A. QO SRR PURIE ST
2 >1992 N.A X
5 1987 N.A . -
5 1987 N.A, b G e T e
5 1987 N.A. Ko o oo e e et e i e e e e e
2 »>1992 N.A X
5 1987 N.A K e e e e e e e e e
2 >1992 N.A X

£ _FoLDOUT FRAME
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7. CANDIDATE SYSTEMS CONCEPTUAL LEVEL DEFINITLON AND SCREENING

From a KStU-needs standpoint, an approximate time—scale for early
fmplementation of a large-scale, non—-fossil, liquid hydrogen production
system, as discussed earlier, is 1987-1992. While the specific technologies
involved would be a function of the specific date selected, 4 to % years
would be a reasonable estimate of project go—ahead to Initial Operating
Capability (10C).

Mis implies that cor a 1987 implementation, the constitucent
technologies would have to be commercially available today, whercas for a
1992 tmplementation, the equipment would have to be available or expected to
be available within the next five years, i.e., by 1988,

The second-level screening of system candidates will be largely an
cceonomie screcning, implying that sufficient information about Lhe involved
tuchnologies are avallable to permit reasonable cost projections to be made.
This tact limits system choices to be considered to be made up of
technologies which have advanced past the small pilot-plant stage ot
development to permit reasonable approximations to be made. The
first-screening results (Section 6) thus limit the systems to be further
considered to include: solar thermal engine systems, photovoltaic systems, !
nuclear systems, and remote shipped product systems (e.g., via OTEC). The
technical building blocks for these systems are shown in Figure 7-1.

For the purposes of this comparative economic screening step, the
downstream liquid hydrogen storage and delivery subsystems which are common
to all systems are assumed to be in place and are explicitly not included in
the screening calculations. BEach system is evaluated using the Klectric Power
Rescarch Institute's (EPRI) Technical Assessment Guide (TAG) model (Reference
7-1) using identical assumptions as follows:

bz annual inflation rate

124 discount rate

48% income tax rate

2/ property tax and insurance rate
104 Lnvestment tax credit

lo-year depreciation period
20-year book life.

Capital costs and annual operating and maintenance expenses are specitic to
edch system. Using levelized product costs, the basic objective is to rank
the svstems to allow the selection of one or two finalist candidates for
final detailed analysis and conceptual design treatment.

General Screening Approach

The water electrolysis and conventional liquefier subsystems are common
to all candidate systems. These subsystems are characterized by calculating
thelr contribution to overall levelized liquid hydrogen product cost as a
function of electrical power cost. Each system, from its non—fossil energy
sources through its electrical power output, is then evaluated via the TAG
model to obtain the levelized electricity cost. This is then used to
determine hydrogen production and liquefaction costs. Two basic approaches
for the electrolysis and liquefaction subsystems operation are considered: 24

7-1



SOLAR THERMAL ENGINE SYSTEMS

[s

s o4

(At

COLLECTOR THERMAL GENERATION ELECTROLYZER LIQUEFIER j Lauio " DELIVERY |
ENGINE STORAGE : :
SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM 'SUBSYSTEM
THERMAL
STORAGE
SUBSYSTEM PHOTOVOLTAIC SYSTEMS
PHOTOVOLTAIC LIQUID
ELECTROLYZER LIQUEFIER DELIVERY
L STORAGE :
SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM
NUCLEAR SYSTEMS
REACTOR THERMAL GENERATION ELECTROLYZER LIQUEFIER L1QUID DELIVERY
ENGINE —> STORAGE
SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM SUBSYSTEM
REMOTE SHIPPED PRODUCT SYSTEMS (e.g., OTEC)
REM LIQUID
EMOTE LHp DELIVERY
PRODUCTION 3 STORAGE
SUBSYSTEM SUBSYSTEM SUBSYSTEM

Figure 7-1.

SECOXND SCREENING CONCEPTUAL CANDIDATE SYSTE




Lo : AN
Colavs w, L0000

OF POOR QUALIVY

hour/day (around-the-clock) operation and operation only during periods of
sunlipht. First, the common-to-all systems water electrolyzer and hydrogen
Liqueticer subsystems are treated. Then will follow the various non-tossil

encrpy conversion subsystem evaluation.

Electrolyser

Water eloctrolysis facilities are highly modular, i.e., over a certain
lower-sizing llmit, as the plant capacity increases, costs increase about
Linearly, and there 1s little economy~of~scale effect inherent in the
Luplementation ot this technology. There is the possibility that with a
sullfeicotly large order of similar equipment that unit costs could be
reduced, which Is consldered later but not in this screening. Exemplary costs
and -ipace requirements were obtained from The Electrolyser Corporation In
January 1983 (Reterence 7-2). The units needed can be characterized by:

® 280 8/kW (350 CS/kW) (installed)
. 804 wtticiency
. 5 m2/Nm3/hour.

The approach taken was to estimate costs for a plant able to produce 1
milllon pounds ot hydrogen per year, then to derive costs per pound as a
tunction wt electrical power costs.,

24=tour/Dba y P 1 _ex»rlttm()‘p_c;_r;fl_q_&?_t]

Spucg required 18 981 £t2 which comes to $29,430 assuming buiflding costs
ol 530/rt“, kKlectrical requirements dre 2,555 kW. We use $350/kW as an
fustalled cost ot the electrolyzers, the 20% increase from the uninstalled
cost tepresenting labor, ancillaries, piping, and electrical busbuars. Thus,
the capital requirements—-including building-—are $923,700 for the one
million pound-per-year plant. Annual operating and maintenance costs were
taken as 2% of this number.

Sunlight Hours Only Operation

The tollowing estimate is based on using global tilted insolation which
averaged 5.%7 kWhr/day at the Florida Solar Energy Center (FSEC) from 1977 to
1982, This 1s an average of .232 kW/m2, or a factor of 4.3 below standard
peak insolation of | kW/m . Thus, to use electrical power as it is produced,
the clectrolyzer facility must be up—-scaled by a factor of 4.3. Overall
+ lectrical consumption 1s the same as in the previous case. For such a plant,
capltal requirements are $3,972,000 and 0&M expenditures are $79,000 per yeur
(again, using 2% of the total plant cost figure).

These capital and O&M costs were then input into the TAG model with
electrical power costs varied from $.03 to $.50/kWhr. Electrical use is 22.38
x 100 kWhr/ycar. The results for the two cases are shown in Figure 7-2.

Liyuelier

Basic data for conventional liquefaction plants were provided by C.R.
Buker of the Linde Division of Union Carbide Corporation, as a consultant to
the study team (sce also Appendix C). Costs and other data for a range of
plant sizes are shown in Table 7-1, and are normalized to pounds/year in
Table 7-2., Economy of scale is evident for the larger plants both in costs
and ecleetrical requirements.

7-3
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Table /=1 BASIC LIQUEFLER DATA (Source: C.R. Baker, Linde Div,, UCC)

Requiramants
Plant Size 6 Cooling 15 pei Steam 6
. Ctons/hay) 10" 1ba/yr  Elecs (kW) W0 (gpm)  _ (ib/hr)  Cost (10°$)
] 5484 4,030 2,300 280 125
20 14,00 9,490 5,500 700 24,0
24 18.25 11,800 6,800 875 2843

Table 7-2. NORMALIZED LIQUEFIER DATA

Requirements
Plant Size Cooling H20 15 psi Steam Cost
(tons/bay) Elee, (kW) (gal/lb) (1b/LlLhy) ($/1b/yr)
8 6.05 207 42 2.14
15 5.81 202 b2 1.78
20 5.69 198 Y 1.64
25 5.606 196 42 1.55

For continuous operation, a plant sized at 8 T/day 1s assumed. Such a
plant would cost $2,140,000 and have an $85,600 O&M budget (4%) exclusive of
electricity costs. For operation only during daylight hours, the plant would
be 4.7 times as large to handle periods of peak ilnsolation, or approximately
3% T/day capacity. Using costs for a 25 T/day plant as representative, the
capltal cost tor a 107 lb/year plant would be $6,665,000 with an O&M budget
ol $200,00U (34). However, a start-up requirement, due to daily warmup will
cost about 154 of capacity for the second mode of operation.

These values were input into the TAG model with the price of eclectricity
varied as In the case of the electrolyzers. The results are shown in Figure
/~3. It 1s Llnstructive to compare the graphs for electrolysis and liqueitying
costy (Figures 7-2 and 7-3). For either mode of operation, the eluctrolysis
cost lines come close to going through the origin, indicating that the costs
are dominated by the price of electricity and not capital intensiveness. The
reverse is true for the liquefier cost lines which indicates that costs are
strongly capital inteusive, being secondarily affected by electrical power
costs.

Gaseous Hydrogen Storage

The last item in common to all the systems to be screened is an assumed
one day gaseous hydrogen storage facility between the electrolyzer plant and
the liquefier facility to previde feedstock continuously. Capital costs were
taken as $.75/scf and O&M costs as 1% of capital. This yie%ﬁs $386,300 1in
capital and $3,900 per year in O&M for a plant sized at 10 lbs/year with no
economy of scale foreseen. levelized costs from the TAG model work out to
$.07/1lb under the same financial conditions cited earlier.
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Cost of VPhotovoltaic Electricity

Bach Iinstalled peak watt of PV array will yield 2.03 kWhr/year of
electrical energy based on the FSEC data for tilted global insolation during
the 197/7-1982 period. Thus, an array designed to produce 1,000 kWhr/yeur
would be sized at 493 peak watts at this location. PV installed costs over
the wide range of from $1 to $12 per peak watt were used together with an
annual D&M cost ot $50 (2% of $1U/Wp installation) to characterize a 1,000
kWhr/year array. By running these numbers through the TAG model, the
levelized electrical power costs were obtained (Figure 7-4).

To the Study 'feam's knowledge, the lowest uninstalled PV module cost to
date is on the order of $5/Wp. Discussions with representative manulacturers
(Refervnce 7-3) indicate that this number is expected to possibly drop below
$1/Wp within 5 to 7 years. Thus, for installed cost from $1/Wp to $8/Wp,
electriclty costs range from $.15/kWhr to $.68/kWhr (Figure 7-4).

Diwtributed Flat Plate (Holar Thermal) Electricity Costs

— 7 e . -

As ocue version of a solar thermal system, the flat plate collector is a
Low-temperature system, Two variants are described with and without thermal
storage (Figure 7~-5). Since no particular economy of scale seems evident in
such systems, costs are approximated for a system producing 1,000 kWe/year.

A system with thermal storage would be sized at .1l4 kWe (1,000
kWhr/8,760 hours). The engine/generator subsystem is assumed 8% wiiiclent
(Reference 7-4), so 12,500 kWghr input of thermal energy is required over the
year, Typical tlat plate collectors have a 607 efficiency (Reference 7-5)
requiring 20,830 kWhr of in olation per year for this system. Hach square
meter obf collector receiv s 2,030, kWhr/year of tilted glubal sunlight, so
lu.26 m2 of collector (3,45 32-ft” panels) 1s needed. Costs for the organic
rankine engine/generator are assumed as $1,000/kW (Reference 7-4) aud
$500/panel (installed) for the collectors.

Thermal storage costs are taken to be $8/kWghr (Reference 7-6). The
system requires about 18 hours storage and both a high~ and a low~temperature
thermal storage reservoir costs of $4ll. Without thermal storage, the
engine/generator must be sized to handle the peak power from the collector
panels: 10.26 m x 1 kiw/m? x 0.6 x 0.08 = .492 kW. A summary of these costs
is shown in Table 7-3.

Table 7-3. SUMMARY OF COSTS FOR THERMAL STORAGE

With -~ Ingrmal Storage -~ Without

Engine/Generator $114 $492
Storage 411 -
Panels 1,725 1,725
TOTAL COST 2,250 2,217

0&M © 2% 45 45
Electrical Cost $.412/kWhr $.406/kWhr
(from TAG Model)
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Power Tower (Solar Thermal) Electricity Costs

As a basic reference, the conceptual study for the “Solar 100" power
tower system (References 7-7 and 7-8) located in the U.S. Southwest provides
the following parameters:

° 489 x 100 kWhr/year electrical output
° $431 x 109 construction cost
e 2,5576 kWhr/m? direct normal insolation.

Using these numbers with a 2% O&M annual expense yields an elentrical cost of
$.16/kWhr when taken with the remaining self-consistent assumptions.

The same facility "transplanted" to KSC would yield _324 x 106 kWhr/year
due to the lower direct normal insolation of 1,705 kWhr/m?/year-—the
1977-1982 FSEC average value. This assumes that parasitic losses, etc., scale
only with insolation levelsé To produce 6 million pounds per year of liquid
hydrogen requires 171 x 10° kWhr/year of electricity. Since the Solar 100
design is a two-tower, two-field design, it appears that by simply using half
the design the KSC needs can be roughly met.

Thus, we use a caplital cost of $215 x 108 to produce 162 x 106
kWghr/year and take O&M to be 2%. The TAG model then suggests an electricity
cost of $.243/kWhr for this design in the KSC environment, some 50% over the
Southwest location situation.

Distributed Concentrating Systems

A discussion with Spencer Carlisle of Southern California Edison, who
has been evaluating these systems for the utility, indicated that costs and
land area required are approximately the same as for large point focus
collectors such as Solar One. Accordingly, the study team felt that
concentrating systems could be typified for screening purposes by the power
tower alone. Therefore, concepts such as parabolic "troughs,"” steerable
"dishes,” etc., were not specifically examined.

Modular HTGR Electrical Coqgg

No cost estimates other than the statement that costs would be generally
competitive with other nuclear generating plants was obtained for the modular
HTGR case as the leading nuclear possibility. Due to the small-size plant of
only 2 to 3 modules anticipated, the study team felt that electrical costs
would be higher than for larger plants. Accordingly, parametric electrical
costs of $.08, $.12, and $.16 per kWhr were used to characterize such a small
nuclear plant at KSC.

OTEC Electrical Costs

A recent review article on OTEC systems (Reference 7-9) suggests
$3,500/kW as an approximate capital cost. Using this value and a 3% O&M
figure, electrical power costs are estimated at $.08/kWhr. However, since no
OTEC plant has actually been constructed, the study team felt it prudent to
use values of $.08, $.12, and $.16 per kWhr to characterize this system
candidate for screening purposes.
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An OTEC platform producing liquid hydrogen as its energy product would
obviously have the water electrolysis and liquefaction facilities onboard.
This requires an additional liquid hydrogen storage facility to accumulate
product sufficient to £ill an envisioned liquid hydrogen tanker ship. A 1976
1GT study estimated shipping costs at $2/106 Btu. When inflated to 1983
dollars, this translates to a $.21/1b incremental cost. The estimate was
based on a 15,000 bbl ship (3735,000 1lbs hydrogen). A storage dewar
sulticient to accumulate this quantity of product would cost $3.18 x 108
(Retuerence 7-10) . With 1% O&M, the TAG model ylelds a levelized storage cost
increment of $.09/1b.

l.iquid Hydrogen Product Costs

With the levelized electricity costs for each system in hand, the
previously discussed costs of producing and liquafying the hydrogen (e.g.,
gsue Figures 7-2, 7-3), were integrated to obtain final product liquid
hydrogen costs at the KSC site. The results are pregented in Table 7-4.

Table 7-4,
Non-~Fossil GHjp
Elec. Cost Prop. GHp Liq. Shipping/
($/kWhr)  Cost Storage Cost Storage Total

System $/1b -
Power Tower 24 5.50 .07 1.93 —— 7.50
bistributed Flat Plate
~ With Thermal Storage 41 9.30 .07 2.95 - 12.32
- W/0 Thermal Storage o4l 9.90 .07 4,30 - 14.27
Photovoltaic
- $8/Watt .68 15.90 07 6.10 - 22.07
- $b/WaLt 053 12060 007 5.10 - 17077
~ $4/Watt .38 9.20 .07 4,10 - 13.37
- $1/Watt .15 4.20 .07 2.55 —— 6.82
OTEC
- $'08/kWhr 008 2.00 007 -95 -30 3.32
- $.12/kWhr W12 2.85 .07 1.20 -30 4.42
- $.16/kWhr .16 3.70 .07 1.45 .30 5.52
Modular HTGR
~ $.08/kWhr .08 2.00 .07 .95 —— 3.02
- $,12/kWhr .12 2.85 .07 1.20 - 4,12
- $|16/kWhr .16 3-70 007 1-45 == 5022
Conventional (Ref.) - - - - - 5.63

In order to provide some basis for evaluating these cost, the present
cost of $2.72/1b as delivered to KSC was subjected to 6% inflation and a 3%
escalation over inflation to characterlze increases in natural gas and
electricity costs. The levelized cost for a 20-year period is $5.63/1lb as
noted.
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The power tower uses its thermal molten salt storage to provide

electricity 24-hours/day, as does the distributed flat plate system with its
thermal storage. OTEC and the modular HTGR are assumed to operate
24~hours/day. The distributed flat plate system without thermal storage and
the PV system are assumed to operate only during daylight hours and hence use
the upper curves in Figures 7~2 and 7-3.
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8. FINALIST CANDIDATE SYSTEMS CONCEPTUAL DESIGN AND COST ANALYSIS

[ntroduction and Overview

The sceon’ economle screening of the aystem candidates shows that to
meet a 1987, 1992, or a somewhat later I0C deadline, only a handful of
candidate systems can be practically considered, While OTEC and the modular
HTGR systems offer signifticant promise of providing a competitively~-priced
product, until more experlence with these systems 1s galned including actual
tull-scale implementations, little more can be added through a study of the
present scope to alter the stance of the advocates: "electricity from these
systems will be competitively priced.”

The lack of certain physical and energy resources at the KSC facility
also helps reduce the number of systems admitted to the "finalist" category.
The two finalist systems chosen for further, in-depth investigation are those
which depend on the solar resource (insolation). In the case of direct
(specular or beam) Llnsolation, the distributed central recelver point focus
system (Power Tower) has been jdentified as the most promising candidate.
Capitalizing on the relatively high quantity of global or indirect insolation
at KSC, the photovoltaic system has been identified as a prime choice.

Sufficient land at KSC has been identified, as will be seen, to permit
the construction of such systems. When potential coproducts are considered,
only the liquid oxygen coproduct 18 practicable considering the
characteristics of both water electrolysis and conventionual liquefaction
technologies. Solar electricity itself is too expensive to compete with the
local utility (see Section 6 for approximate costs), snd the low-grade reject
heat from the electrolyzers, though interesting in potential, is not of
sufficient value to mount a major effort for its reclamation, e.g., for
driving absorption chillers.

Provided the trend toward less expensive Photovoltaice (PV) installed
costs can continue (see Figure 8-1), both the PV and Power Tower (PT) systems
can begin to compete with conventional liquid hydrogen product costs when the
latter 1s escalated by 3% per year over inflation. While a detailed design of
a PT system exists for desert insolation producing grid a.c., no large-scale
design for a PV system devoted to producing hydrogen exists to the study
team's knowledge. The loglc of approach used in detailing the two selected
systems analyses was, accordingly:

® PV-~estimate a representative "module” sub-array size to integrate into
a full-scale PV array system; determine the cost/throughput implica-
tions of several methods of interconnecting these modules (i.e.,
a.c. grid, d.c. bus, distributed electrolyzers with gas-main grid)

° Pr--estimate the output of Solar 100 type of hardware in the KSC
reduced-intensity solar environment.,

Final estimated product liquid hydrogen cost: are then derivable and can
be compared to projections of those for today's conventionally-produced
liquid hydrogen on a common basis,
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Related to the Study Team's in-process conceptual design activities for
the PV "finalist" system, a technical paper was prepared and presented at the
20th Space Congress meeting in Cocoa Beach, Florida, 26~28 April 1983. This
paper, reproduced in Appendix D, evaluated three configurations of
interconnected 400-kWp PV "modules" or sub~arrays to achieve approximately 6
million pounds ot product liquid hydrogen from a 100~MWp PV array. In all
three cases, two arrays are defined. The first (67.6-MWp) provides power to
the electrolyzers which operate only during periods of sunshine. The second
(32-MWp), via a.c. inverters and battery storage, is used to power a
Liquet ter plant 24 hours/day. The round-the-clock liquefier powering
requirement is a consequernce of the basic upsizing capital costs plus
opurational difficulties (and further costs) if the liquefier facility must
be cycled off and on. Two versions of a central electrolyzer faclility were
considered (plus, as will beseen, a "distributed electrolyzer" version):

° Modules produce a.c. power via inverters, distribute this conventionally
to the electrolyzer plant, where it is rectified back to d.c. power

. Modules connected by a d.c. copper bus array directly to the electro~
lyzer facility, eliminating the inverter/rectifier losses and capital
cogts.

Especially since the electrolyzer reject—~heat turns out to have minimal
value, a third alternative
electrolyzer and gas mains used to deliver the hydrogen and oxygen gas to the
Ilquefier was evaluated., This is referred to as the "distributed
vlectrolyzer" approach. Whereas collection of low-temperature electrolyzer
waste heat is deemed practical in the "central electrolyzer" approach, it is
not considered practical in this case.

It was shown that of the three options considered, the "distributed
¢lectrolyzer-gas mains"” option involved the lowest specitic capital cost
($/1b hydrogen/year), closely followed by the d.c. busbar centralized
electrolyzer option. The "obvious” choice--the use of inverters and
rectitiers and an a.c. grid--was the most expensive.

The Space Congress paper provided a solid "early on" starting basis for
a more refined conceptual design of a PV stand—-alone system for KSC liquid
hydrogen production. The reader is8 urged to examine the paper for the basic
desgn approaches, detailed trade-—offs, etc., since this information is not
repeated in the present text. However, subsequent investigation revealed
several small opportunities for improvement in the overall system design. In
addition, it was determined that the land area could be reduced by assuming
somewhat higher PV-module efficiencies, and switching to the use of a fixed
array, rather than the periodic—variable tilt system. Using the general
t ramework of experience of this earlier design, small changes were introduced
by working “backwards" from a liquid hydrogen output of 5.9 million lbs/year
(10 million gallons) with corresponding liquid oxygen coproduct.

Hydrogen and Oxygen Liquefaction

In this study, Linde provided a nominal conceptual design of a suitable
hydrogen and oxygen liquefaction system based on current conventional
Ltechnology. Details are discussed directly in correspondence from Mr. C.R.
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Baker ot Linde (Appendix C). With stoichiometric quantities of oxygen being
avallable trom the electrolysis process, this oxygen can be liquefied in the
hasle hydrogen liquefaction facility. This can be accomplished by
substautially up-sizing the built—-in nitrogen liquefier subsystem so that
sutticient liquid nitrogen is produced to directly liquefy the oxygen by
hedt-exchange.

Ihe resulting hydrogen and oxygen liquefaction system is configured as
schematically shown in Figure 8-2, with key input/product characteristics
quantitied. Note is made that the input hydrogen amounts are some 2.5% higher
Lhan the output amount. This difference is explained below, in perspective
with conventional industrial practice.

Figure 8-3 shows a rough plan layout of the product Iiquefaction
facllity as it would serve both the liquid hydrogen and oxygen product
requirements. Included are liquid storage dewars capable of storing
approximately 3 weeks' production amounts. This timing roughly matches
projected S8TS operations as estimated for ca. early 1990's.

The basic liquefier costs for a range of sizes from 8 to 25 tons/day LH,
are presented below as provided by Linde,

BASTC HYDROGEN LIQUEFIER COSTS AND INPUT REQUIREMENTS

Plant Size (Tons/Hy per day)

8 15 20 25
Plant Cost (109%) 12.5  19.5 24.0 28.3
Klectriclty (kW) 4,030 7,260 9,490 11,800
Cooling H20 (gal/min) 2,300 4,200 5,500 6,800
15 psi steam (lb/hr) 280 525 700 875
Annual OsM (103%) 730 840 910 970

ADDITIONAL TO LIQUEFY THE OXYGEN AS WELL:

02 Rate (T/day) 63.5 119.0 158.7 198.4
Plant Cost (\06$) 2.1 3.0 3.6 4.1
lectricity (kW) 1,450 2,600 3,400 4,200
Annual 0&M (107$) 21 30 36 41

Costs are for battery limits, complete liquefier installed. Existence of
cooling H,0, 15 psig saturated steam, electrical substation, and storage
tanks for liquid assumed at or just ocutside of battery limits.

Conventionally, there is a significant physical loss of hydrogen in the
liquefaction process due to leakage. Linde estimates that this loss,
originating mainly at the compressor and turbine shaft seals and in the cold
box can be held to 2.5% for only moderate added cost. This is in contrast to
an 8.3% loss with many systems installed today. Because of the relatively
expensive hydrogen, these improvements are cost effective for solar-based
production facilities, The $80,000 added cost for an 8 ton/day plant is,
hence, quite tolerable (Reference 8-1).
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Water Lleetrolysis

Thus, to achieve 5,9 million pounds of liquid hydrogen (10 million
pallon nomial target), we must electrolyze water to produce 6.05 million
pounds ol paseous hydrogen per year. Based on liquid product and operating
3 days/ycar, a lijquetier must be sized at 8.08 tons/day at a capital cost
ot G148 % 10, The electrical requirements are 5.53 MW around the clock. We
atssume 8 houry operation from the PV array and 16 hours operation from
hattery storage (0.7 storage efticlency, $100/kWhr), requiring i71.0
MWhr/day, Assuming the inverters are 95% efficient, an average PV daily
requirement of 180 MWhr/day is required to liquefy the product gases (both
hydrogen and oxygen) trom the electrolyzer,

Liquid BLOthL to cover 22 days operations at KSC, as discussed next,
costs 2.4 x 109§ tor the hydrogen and 1.2 x 100 § for the oxygen (Reference
B=2). Une day's gas storuge for both gases usng LPG container technology is
estimated at 4.6 x 109 $, Electrolysis requires 22.38 kWhr/lb Hy at 80%
etiiciency, requiring 370.6 Mwhr/day for the 8.28 T/day needed as iuput to
the liguetler, Speciiic 1llustrations of the elactrolyzer hurdware approaches
selected are provided in the systems—-laevel deacriptions of the PV~ and
PP-based tinalist systems.

Kluctrolyzer costs are oased on the assumption of large-scale production
coonomics and are taken to apply equally to all manufacturers and types
(viz., alkaline unipolar, alkaline bipolar, SPE). Costs are assumed to be
er0n kW fostalled, without and with power conditioning.

e won-kWp Modular PV Sub-Array

Changlng the tilt angle of much & large PV array 10 times per year as
gusumed (o the previously mentioned Space Congress paper was judged by
Mucller Assoclates' engineaers to introduce needless complications raising the
mount Lng structures costs and increasing O&M manpowet costs. Also, 1t was
telt that the assumption of 8% efficlent panels was excessively conservative.
Accordingly, the panels are now projected to be placed at a Fixed angle based
on the latltude. This allows the spacing betwaen rows to be reduced to 7.62
m, thus saving land area. Using 12% ae an achlevable efficiency rveduces the
sub=array size to 88.9 m by 91.4 m with 12 rows of panels running Last and
West (Reterence 8-3). Figure 8-4 shows the basic geometry of the 400-kWp
modular subarray.

Based on comparisons between the experimental FSEC solar PV residence
(Lixed array) and the tilted global insolation measured with varying tilt
angles throughout the year, the fixed array 1s estimated to receive 107% less
insolation throughout the year than the configuration used in the Space
Congress paper. Kach 400-kWp module will produce 2.01 MWhr/day based on a 10%
reduct ion of the 1977-1982 FSEC measured tilted insolaticn. It the array is
directly interfaced (i.e., without maximum power tracking) to the
vlectrolyzer, there 1s estimated to be a 4% average mlsmatch and low
insolation loss, resulting in 1.93 MWhr/day energy actually applied to the
clectrolyzers.,

Overall System Pv Array

Flgure 8-5 schematically shows the system design and integrati.n layout
of the total system using the previously-discussed (e.g., see Appendix D)
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"distributed electrolyzer" approach. A representative electrolyzer unit for
this multi-unit application is suggested in Figure 8-6, Although the Teledyne
50-kWe design shown is about one-tenth that required, the physical layout and
dimensions would not be expected to change much in the needed upsizing.
Basically, the "cell stack" central to the unit would use an increased—-area
cell and, perhaps, additional cells in the stack. Since directly-connected DGC
power L& avallable from the adjacent PV array, the large rectangular power
conditioning unit (rear of sketch) could be eliminated, or at least
substuntially reduced in size. The perspective-view sketch of Figure 8-7
reflects the essentials of the design in which the various arrays will be
repeated in a close~packed, regular-geometry fashion as noted below.

The array to drive the electrolyzers is composed of 192 400-kWp
DC-producing sub—array modules, while the array for the liquefier is composed
of 90 such modules. The latter providea AC power through storage-battery
inverter equipment. Peak power for the two arrays is 76.8 MW and 36 MW,
respectlively. The overall sizing of the facility is indicated in Figure 8-8
and a nominal KS7T-siting situation is shown in Figure 8-9,

Summary of Capital and 0&M Costs for PV Systems

Capital® 0&M

PV for electrolyzer 38.4 - 153.6 -

PY for liquefier 18.0 - 72.0 ——

TOTAL PV 56.4 = 225.6 1.1
Liquefier i4.8 76
Gas Storage 9.2 «092
Liquid Storage 3.6 «036
Interconnections & Electrolyzer 15.4 .308
Inverters, Grids & Batteriee 9.3 +56
TOTALS 108.,7 - 277.9 2.856

* Note: PV capital costs are as installed for two values~~$.50 and

$2.00/Wp, respectively.

The estimation of liquid hydrogen product costs (based on these costs)
is provided subsequently, following the characterization of the Power Tower
system.

Power Tower System

A set of excellent design and analysis reports covering the proposed
"Solar 100" Power Tower 100 MWe (net) generating facility concept has been
prepared by Southern California Edison, Bechtel, and McDonnell Douglas for a
southwest U.S. desert location. Liaison with these organizations was carried
out in the course of the study. This design provides for 100-MWe net design
output for 16 hours per day, producing conventional grid a.c. power
(References 8-4 and 8-5).

As derived in the PV system analysis above, the basic requirement for 10

million gallons of liqid hydrogen is equivalent to 180.0 MWhr/day for the
liquefier subsystem and 370.6 MWhr/day d.c. to operate the water electrolyzer

8-10




Figure 8-6.

.OR!GH\'F\\L L ‘r"w
OF PGOR QUALITY *

TYPICAL WATER ELECTROLYZER

8-11




IR A CEEY

_.
) [
R
I L
N R ;]
IR N TP L SRR Y SR R

TROLYZER

MARY PV
ARRAY/DiSTRIBUTED

E
——

-
co

-t
(v 4
(@

[
et -
2 i
= =
o [V 5y
o W <
- 35
- 5 5
i —d )
[§Y]
[
<
=
~
>
P
o W
< [0 4
g & Z
=
a. = > oe
Do L=
> m O
o — O -
<< & &
=z - 0
- D W >
o == >
A, o= bl o
a
P
o
(@]
wi
v

DISTRIBUTED BATTERY

AND INVERTER

PHOTOVOLTAIC SYSTEM

g-7.

Fgiur -



1.14 MILES
1820m

=) 1

ORIGH. ¥ %

OF POOR QUALIY

0.77 MILES
1245m

/L—‘ PRIMARY PV ARRAY
T4.4MW FOR

GH AND GO
PRODUCTION

1"""""""'"'I.___.T

T BECONDARY PV ARRAY
36.5MW FOR
QA8 LIQUEFACTION

CLIQUEFIER AND STORAQGE FACILITY

TOTAL GROSS AREA = 0.88 8Q. MILES

Figure 8-8. PHOTOVOLTAIC SYSTEM

8-13

w J



= 0.88 SQ. MILE

AREA

.....

PHOTOVOLTAIC SYSTEM

Figure 8-9.

8-14



subsystem. Allowing 5% for AC to DC power conditioning losses at the assumed
central electrolyzer facility, the daily energy input requirement is 570.1
MWhr/day, which translates to 208.1 x 100 kWhr/year total a.c. power.

Insolation Required

The average values for direct (specular, as required in concentrating
systems) insolation for each month from 1977 through 1982 as measured by FSEC
are shown in Figure 8-10. The 1980 data (plotted as Q) appears to be a good
choice to represent a typlcal year. The average daily direct insolation in
1980 is only l.1% below the 6-year daily average.

Tower Efficiencies

In a Power Tower system, losses occur due to numerous factors (Figure
8-11):

field geometry
receiver absorbtivity.

® cosine effect

(] reflectivity

° shadowing and blocking
] attenuation

® interception

]

°

For Solar 100, a typical conversion efficiency curve from insolation to
thermal energy in the tower 1is shown as Figure 8-12. The "waterfail"” chari in
Figure 8-11 shows additional factors which must be considered in converting
insolation into electricity:

] piping/steam generator losses
] gross turbine efficiency
] net turbine efficiency.

Solar Energy Converted With KSC Insolation

The approach taken here was, figuratively, to "move" the solar resource
to the Solar 100 location, or vice versa. The minor latitude shift in going
from KSC to the Southwestern desert 1is not expected to produce significant
changes in the results. What is to be investigated is the substantially lower
KSC direct solar resource, which is only approximately 2/3 thac of the desert
site.

Using the efficliency curves in Figure 8-12 for each 10-day interval in
the year (19 in all), curves for efficlency vs. time of day were generated.
Half-hour values were interpolated from curves added between the original
hourly value curves. The cut—-off times shown in Figure 8-12 correspond to
solar altitudes above the horizon of 10°-13°, where atmospheric altenuation
amounts to 60% or wore of the sunlight incident at the top of the atmosphere
(Reference 8-6). FSEC measured 1/2 hour average integrated direct radiation
values as a function of Eastern Standard Time. Using the "equation of time"
(Reference 8-7), these values were converted to solar time.

Using the 1980 data, a numerical integral of radiation incident at the
earth's surface (FSEC data), modified by the capture-efficiency (Solar 100
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curves as titted ) was performed., The spread of dally values of energy at the
collector is shown in Figure 8~13. The yearly value for one square meter of
heliostat collector (corrected for 16 days of miesing data) is 1.1l x 100
kWht/u’ year at the central receiver. For comparisgon, the Kbc—site insolation
uncorrected for collection efficiengy 18 1.714 x 10° kWur/m? year compared Lo
the desert-site value of 2.576 x 10” kWhr/m* year.

A histogram of the number of days with stated net thermal energy at the
collector vs. energy value is shown in Figure 8-14. The overall Power Tower
collection system is assumed inoperative below 20% of peak power. Note that
there are 60 days below an average of 1 kWt /m? day in the 980 FSLC -data. On
such days, the system would not generate usable power and would resort to a
gelf~heating mode to keep the salt molten.

Figure 8~15 shows the monthly variation. "Gross" means measured direct
insolation and "net" indicates energy collectible at the recelver. Note that
except for December, the "net" curve is relatively flat,

In the Solar 100 design, each heliostat has a reflective area of 57 m2
80 each can contribute 63.27 MWhr/year of energy to the central receliver.
Correcting this for piping losses and turbine efiiclencles ylelds 22,57
MWebr/year from each heliostat. One field of 7,712 helioetatg with one
central receiver tower then is capable of producing 174 x 10° kWhr/year gross
electrical output. This number must be corrected for plant auxiliary loads,
i.e., pumps, heliocstat drives, trace and panel heatersg, etc., nominally using
1/2 the Solar 100 design (one, rather than two fields) number us
representative for this analysis~-31 x 106 kWhr/year value was obtained. Due
to the lower insolation, pumping requirements will be lower, but heating
requirements to keep the salt molten will be higher for the KSC location.

The net output from one field and tgwer is then 143 x 106 kWhr/year. In
order to meet the KSC load of 208.1 x 10° kWhr/year, one Solar 10U type
collection field, scaled up a factor of 1.455, i8 required. Alternatively, a
two~-field design with each field scaled down to .73 of the original desert
design would work. Including plant auxiliary loads, ghe annual net electrical
load produced from the turbine generator is 253 x 10° kWhr/year, which can be
met with a 28.9 MW unit operating 8,760 hours/year.

Power Tower-Based System Design

In contrast to the PV-based system as shown 1n the functional schematic
illustration of Figure 8-16, the centrally-generated power feature calls for
a corresponding centralized electrolyzer subsystem. This latter Includes
typical transformer-rectifier power conditioning equipment since AC power 1s
assumed.

The alternatives of direct DC generation were not examined, although
this approach is of potential interest since the costs and efficiency-loss
related to power conditioning might be avolded. An obvious candidate approach
is shaftpower-driven DC generators, both conventional and unconventional
(e.g., acyclic). Also, the liquid metal MHD approach could well fit in this
role with potential promise or reduced capital costs and higher efficiencies
(see Appendix A for a discussion of technology statusg).
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A representative central electrolyzer installation is presented In the
perspective layout sketch of Figure 8-17, show™ *¢ a unipolar (tank)
installation as pursued by Electrolyser, Inc., of Canada. The discussed power
conditioning equipment 1is shown in the left foreground and the
series-installed unipolar cells can be seen connected by large copper buses.

Figure 8-18 18 a simplified view of the overall installation showing the
key subsystems. the heliostat field, thermal storage, turbine-generator,
centra! electrolyzer with feedastock water treatment and short-term product
gas storage, and finally product liquefaction and storage.

The tact that, as in the case of the PV-based gystem, the solar
collectlon component is physically dominant 18 brought out in Figure 8-=19. As
discussed, the circular heliostat field/single tower configuration
corresponds to "half a Solar 100," although the field area is upsized by a
factor of 1.455 as stated earlier.

I'inally, for overall perspective in the sense of "physical fit" at KS5C,
Figure 8-20 presents a nominal siting view. Here, the installation ig shown
located near the VAB.

Power Tower System Costs

Based on costs shown (Reference 8-5), and considering tnat the KSC
requirements are for 0.73 the solar components, 1/2 the thermal storage and
1/3 the electrical generation capability of the larger Solar 100 model, the
costs from heliogtats to a.c. power are:

Capital (100 )

Collector/Recelver/Tower 150.7
Thermal Storage 26,2
Steam Generator/Turbine Generator 7.8
Plant Master Control 4.0
Balance of Plant 11.9
Switchyard/Transmission 1.2

TOTAL 201.8

Annual 0&M expenses were astimated at $4 x 106 for this gcaled down
implementation. Gas storage, liquid storage, and liquefier costs are the same
as for the PV system. The electrolyzers in this case are operated 24
hours/day, so only 15 MW is needed, which at $220/kW installed including
rectifier comes to $3.3 x 105, The complete cost breakdown for the power
tower system to LH2 including storage 1s then:

Capital (109 $)  0&M

Entire Solar-Energy Conversion System

(Heliostats through Elec. Generation) 201.8 (126.5) 4.00
Electrolyzer 3.3 0.066
Gas Storage 9.2 0.092
Liquefier 14.8 0.76
Liquid Storage 3.6 0.036

TOTAL 232.7 (157.4) 4,954
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It is estimated that 1f a significant number of power tower systems are
eventually constructed, the solar components (first item in list) could be
reduced in cost by a factor of as much as 2 (Reference 8-8). This is the
basis for the numbers in parentheses above, which may be taken as more
optimistic future costs. The ramifications to liquid hydrogen product costs
are covered in following sections.

Estimated PV—- and PT-Based Systems and Reference Liquid Hydrogen Product
Costs —_— bt vwtefiogl Lol

-

General Approach

Using the capital, operating and maintenance, and other input (i.e.,
electricity) costs presented earlier for the two “"finalist" systems,
estimated liquid hydrogen and liquid oxygen (coproduct) costs are developed
in this section. In the next-following section, certain reference comparison
costs are developed to provide a basis of judgment for the non-fossil
energy-based systems. All costs are then compared on both a dollar and a
normalized (to comparison cases) basis to complete this section of the
report.

Costing Methodology

As in the cost-based second screening activity reported in Section 7,
the same cost estimation methodology 1s used in evaluating these PV- and
PT-based systems. In review, this is based on the EPRI TAG estimation
procedure (Reference 7-1) using (early) 1983 dollars. The following financial
assumptions, corresponding to typical "industrial financing rules,"” are used:

6% inflation

50% debt/50% equity
127 discount rate
487% income tax rate

2% property tax/insurance
10% investment tax credit
10~year depreciation
20-year book life.

The TAG model provides 20-year levelized costs of product taken,
nominally, over the period: 1990-2010. Again, first-quarter 1983 dollars are
used throughout.

For energy-input-rellated expenses, particularly for electricity and
natural gas, an escalation—-above-inflation factor 1s used. Mainly affected
are the comparison reference cases: (1) conventional (present) supply by
steam-reforming of natural gas and (2) utility-electricity operated on-site
electrolyzer/liquefier system. Such escalation is taken over the range of
1%-5% per year with 3% representing the nominal case. This percentage is
applied to the total cost (not just the energy—input cost contribution) in
the cases affected, as will be seen.

Liquid Oxygen Coproduct Cost Crediting Approach

As discussed earlier, in view of the fact that water electrolysis
intrinsically provides oxygen coproduct, along with hydrogen product, the
additional step of liquefying the oxygen for KSC use is taken. As fueled,
rocket systems such as the Space Shuttle use liquid hydrogen and oxygen at
about an oxygen—to-hydrogen mass ratio of 6. With the stoichiometric ratio
being 8 (i.e., from the basic water-splitting reaction), and with hydrogen
losses in storage and transfer, etc., being relatively higher than that for
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oxygen, this suggests more liquid oxygen than required is to be produced. Un
the other hand, KSC currently launches expendible space vehicles which use
liquid oxygen, but other than liquid hydrogen fuel., This tends to counter the
"surplus liquid oxygen" situation. However, with the future stress placed on
hydrogen/oxygen-powered vehicles, compounded by the planned phase-out of
these expendible vehicles (Atlass-Centaur, Delta), this compensating factor
1s likely small.

Nevertheless, for coproduct crediting purposes, it was assumed that all
the liquid oxygen produced is taken by KSC (which, in principle, could
"market” the surplus elsewhere). The cost basis used was KSC's current
estimated cost of industrially-supplied liquid oxygen of $.036/1b. To place
this cost in equitable terms, it was escalated at 3% and, using the TAG
routine, this equates to a levelized 20-year cost of $.075/lb. Since 8
pounds of oxygen accompany 1 pound of hydrogen, as a coproduct credit in
terms of liquid hydrogen cost-offset, this amounts to $.60/1lb LHy (i.e., 8 x
$.075).

PV-Based System Levellized Liquid Hydrogen Costs

For the stand-alone PV-based system described, liquid hydrogen costs are
dominated by the installed PV-module capital costs (e.g., as shown in
Appendix D). Hence, hydrogen costs were calculated over a raunge of assumed
module costs. Judgmentally, this cost-range was cast in an "optimistic"” vein
of from $.50 to $2.00/Wp (installed). This fact can be clearly seen if the
trends of Figure 8-1 are examined; recall these latter are on an uninstalled
basis. The basic stand-alone, PV-based system levelized (1990~2010) costs in
early-1983 dollars, including the liquid oxygen coproduct credit, are:

Stand-Alone Basis

PV installed Costs Liquid Hydrogen Cost
($/wp) ($/1b)
«50 2.96
1'00 4040
2,00 7.30

A variant of the system, in which the liquefier was powered directly by
electric utility-supplied electricity, was examined. Although, in a sense,
this somewhat violates the "non-fossil" nature of the system, it allowed for
the deletion of major expense items, e.g., auxiliary PV field, batteries,
inverters. Two assumed nominal electric rates were used parametrically: $.03
and $.06/kWhr. Although no "official" rates could be stated by the Florida
Power and Light Company (FPL), discussions with company technical
representatives were taken into account in choosing this range of costs.

Utility-Powered Liquefier

Liquid Hydrogen Costs at
Stated Utility Electricity Costs

PV Installed Costs $.03/kWhr $.06/kWhr
<50 2.53 3.04
1.00 3.51 4.02
2.00 5.48 6.00



Two hydrogen costs were calculated for the power tower-based system
detailed above. These corresponded to taking the directly-related solar
energy conversion equipment (e.g., heliostats, central receiver tower)
capital costs at two levels: (1) as assumed in the Solar 100 study and (2)
50% of these costs (see previous details). In this, the non-solar equipment
(e.g., turbine-generator, electrolyzer, liquefier) was held at the single
set of costs stated. On this basis, the basic stand-alone PT-based sgystem
levelized (1Y90-2010) costs in early-1983 dollars with the coproduct credit
are:

Liquid Hydrogen Cost

.. PI-System Case __ (8/1b)
(with 50% reduction in

Solar equipment) 4.77

Nominal Case 6.70

Reference Comparison Cases

Conventional Steam-Reformed Natural Gas Industrially-Provided
Liquid Hydrogen

Using a current estimated cost of liquid hydrogen delivered to KSC from
the Air Products and Chemicals, Inc., 60-ton/day New Orleans, LA, facility of
$2.73/1b (Reference 8-9), an equivalent set of 1990-2010 levelized costs were
developed. The key parameter was the amount of escalation assumed, this being
a highly energy-related production process, viz., natural gas and
electricity. The range of escalation was 17%Z-5%, with 3% assumed as the
"nominal"” estimate.

Assumed Escalation Liquid Hydrogen Costs
Over loflation ($/1b) o
1z 4.69
3% 3.63
5% 6.82

Utility—-Powered Electrolyzer/Liquefier Facility (No Solar-Knergy
Conversion

In this final comparison case, the situation of directly planning the
electrolyzer ind liquefier subsystems with utility-provided electricity was
examined. Round—-the-clock operation was assumed, obviously without
stand-alone capability. The same cost oi electricity ranges as used in the
PV-case variant were used. These costs were escalated at 3% and the coproduct
credit then taken.

Assumed Average Utility  Liquid Hydrogen Costs

___Electricity Costs (¢/1b)
$.03/kWhr 2.42
$.06/kWhr 4.4l
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Cost Comparisun Summary

Levelized liquid hydrogen costs* were obtained for the nominal 20~year
period 1990~2010 using the EPRI TAG model for the two finalist systems—--
Phutovoltaic (PV) and Power Tower (PT). These are shown in Table 8-1, together
with two comparison cases and comparative cost ratios. The ratios reflect
relative costs under the financial assumptions used, and are more reliable
than absolute preduct costs. Both the PV and PT systems are presented for
solar apparatus costs which bracket those anticipated in 1990,

The conventional baseline system, the first comparison case, is derived
by taking today's delivered product cost based on natural gas steam reforma-
tion and levelizing over a 20-year period with various (1%, 3%, or 5%) escala-
tors over the assumed inflation rate (6%) to reflect the energy intensiveness
of obtaining the product conventionally.

The utllity power-based system, the second comparison case, consists of
electrolyzer and liquefier subsystems at KSC operated 24 hours/day for assumed
1983 power costs of $.03 and $.06/kWhr. These costs are also levelized.

For the PV system, a variant using utility power (at the above two rates)
to operate the liquefiler was also estimated. This system retains only the
primary PV array with distributed electrulyzers to produce the hydrogen and
oxygen product gases. Liguefaction takes place around the clock using pur-
chased electricity,

The resulting sets of comparison ratios are provided at the right of
Table 8-1, one using the estimated levelized cost using today's method as the
reference, the other using a utility-powered system as the reference.

It is apparent that with sharp price reductions for the solar-based sys-
tems, as an expectation, that product costs comparable to the conventional may
be¢ poasible in the 1990-2010 period. Further, the utility-based system appears
to offer the lowest anticipated cost relying, however, in part on fossil re-
sources in the case of the Florida Power and Light Company, within whose ser-
vice area KSC lies.

In summary, as reflected in Table 8-1's right-hand columns (reference
cases are emphasized):

. PV-gystem costs range from about 60% to 130% and PT-system costs are
85% to 120% of the conventional reference case (at 3% escalation)

® PV-system costs are estimated from about 807% to 165% and PT-system costs
are 110% to 150% of the utility reference case.

* Levelized costs can be viewed as long~term average product costs in
essentially current 1983 dollars.
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Table 8-1. SUMMARY OF LEVELIZED LH, COSTS (199£-2010)
NOTE: Escalation on Energy Costs 3% Unless Otherwise Noted
Nominal Ratios
$/1b LHp Conventional Baseline Systems "Conventional® "Utility"
4.69 1% Escalation .83 1.08
5.63 3% Escalation 1.00 1.28
6.82 5% Escalation 1.21 1.55
$2/Wp  $1/Wp PV-Based Systems $2/Wp $1/Wp $2/Wp S1/HWp
7.30 4.40 Stand-Alone (No Utility) 1.30 .78 1.66 1.00
5.48 3.51 Utility-Powered Liquefier at $.03/kWh .97 .62 1.24 .80
6.00 4.02 Utility-Powered Liquefier at $.06/kWh 1.07 .7 1.36 .91
Power Tower-Based Systems
6.70 Nominal Case 1.19 i.52
4.77 Reduced-Cost Case (50% as noted) .85 1.08
Utility Power-Based Systems
2.42 Average Power at $.03/kWh (3% Escalation) .43 .BE
4.41 Average Power at $.06/kWh (3% Escalation) .78 1.0G
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9. TECHNOLOGY TRACKING

A principal objective of this project has been to provide information to
support management decision-making regarding non-fossil liquid hydrogen
production possibilities. This 1s an element in planning and selecting means
to meet STS (e.g., Space Shuttle) and other KSC liquid hydrogen requirements
in the tuture. Three options are currently of interest and/or under
preliminary investigation: continuation of the present natural gas-—-based
system, the use of coal-based cogeneration production systems
("Polygeneration" concept), and that alternative addressed in the present
study~--non~-fossil hydrogen production,

The nature of any future decisions is obviously significantly dependent
upon the potential benefits to be derived from any "new" hydrogen production
system vs. those provided by continuing the use of the already in-place
natural gas-based industrial-supplier system. It appears quite possible that
a4 decision to implement any such "new" system may be deferred for a
conglderable period of time. If this 1s the case, it is obvious that the
technologies and systems studied herein will, as a rule, advance in R&D
status during that time perlod. Some of the alternatives may have even moved
into demonstration and early deployment stages.

Thus, the objective of this section 18 to provide background and
recommendations covering technological tracking activities in related fields
to be carried out over what may be a significant period of time.

The Development of New Technologies—-A General Discussion

In most cases, the evolution of a new technology can be characterized in
terms of five phases. Four of these phases are illustrated in Figure 9-1.
These are the conceptual development, raplid growth, ccnsolidation, and
maturation phases. The fifth phase (not shown in Figure 9-1) is the period of
replacement of what was once a new technolugy with an even more advanced
technology and the evolution of the firet technology to an "old" technology
with its phasing down in the marketplace.

The dynamics of this process have been a subject of rather extensive
investigation. These investigations have been movitated by the congideration
that market penetration analysis 1s an integral requirement of industrial
marketing planning where technologies are involved. A recent investigation,
carried out by the Electric Power Research Institute (EPRI; Reterence 9-1),
is recommended to the reader as providing a good overview of methods of
analyzing the market penetration of end-use technologies.

Fisher and Pry further defined the "logistic" or "sigmold" curve
previously illustrated in Figure 9~1 to produce the curve shown in Figure
9-2. which defines the portion of the market penetrated vs. a function of a
ratio of time periods. In plotting the actual penetration of these 17
technological product systems, a great deal of consistency was found as
illustrated in Figure 9-3a and 9-3b.

One such investigation which can provide us with a better understanding
of what we are discussing here was carried out by Fisher and Pry of the
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General Electrle Company in 1970 (Reference 9-2), Fisher and Pry investigated
Lhe 17 technological “"displacements" of old products by new products listed
in Table Y=1. The reader should especially ncte the characteristic long-term
nature of development and deployment of a technelogy (quantity "tg" in years)
as presented Ln this table.

Table Y=~1. REPRESENTATIVE NEW TECHNOLOGY/OLD TECHNOLOGY RLEPLACEMENT
CHARACTERISTIC TIMES
(NOTE: See Figures 9~1 and 9~2 and accompanying text.)

Substitution t, Years t;, Year
Synthetice/Natural Rubber 58 1956
Synthetie/Natural Fibers 58 1969
I"lastic/Natural Leather 57 1957
Margarine/Natural Butter 56 1957
Lleetrie Are/Open Hearth Speclalty Steels 47 1947
WaLer—Based/0L]1-Based House Paint 43 1967
Upen Hearth/Bessemer Steel 42 1907
Sultfate/Tree-Tapped Turpentine 42 1959
Ti0y/Pb0~Z4n0 Paint Pigments 26 1949
Plastic/Hardwood Residence Floors 25 1966
Plastic/Uther Pleasure Boat Hulls 20 1966
Organlc/Inorganic Insecticlides 19 194y
Synthetic/Natural Tire Fibers 175 1948
Plastics/Matal Cars 16 1981
BOF/Open Hearth Steels 10.5 1968
Detergent/Natural Soap (US) 8.75 1951
Detergent/Natural Soap (Japan) 8.25 1962

The work by Fisher and Pry demonstrates that once a product begins to
penetrate the market, l.e., it 18 judged a product desired by the market and
becomes subject to "market—pull"” rather than "technology-push," that market
penetration will proceed along a generally clearly-definable path. However,
in the original reference, the suthors note that this trend-methodology is
often not applicable until after a product has achieved at least a 4%-5%
market penetration. Thus, for the subject at hand which may be a "first up"
example, we must be particularly concerned with that time period preceding
that sccond point in time where the product bhegins market penctration under
such market—-pull influences.

The nature of this initial time period (Part 1) was studied by
Battelle-Columbus Laboratories in 1973 and the general tindings from this
study are presented in Table 9~2 (Reference 9-3). The reader should note this
mean time period of 19.2 years is the time from "first conception” to "first
realization” which, in the subject study, ends (within the accuracy of such
detinition) with the beginning of the period of rapid growth in the market
penctration rate under apparent market-pull conditions, i.e., Part 2 of thoe
curve in Figure 9-2.
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Table 9-2. TIME LAGS FROM "FIRST CONCEPTION" TO “"FIRST REALIZATLON" FOR
NOTABLE TECHNOLOGICAL INNOVATIONS

l. Heart Pacemaker 32 years
2. Hybrld Corn 25 years
3. Hybrid Small Grains 19 years
4. Creen Revolution Wheat 16 years
D Electrophotography 22 years
b Ipput ~OQutput Economic Analysis 26 years
7. Organophosphourous Insecticides 13 years
K. Oral Contraceptives 9 years
9. Magnetic Ferrites 22 years
10, Video Tape Recorder 6 years
Mean Duration: 19.2 years

Relevance to This Study

Consistent with KSC guidance, the present study has prefarentially
considered systems predicated on those technologies that might be placed in
operacion at K8C as early as 1987. However, a declision to delay such system
implementation to a time further in the future 18 a possibility, if not a
probabllity. Hence, two additional time periods were considered as a basis
tor evaluation of the technologies under consideration. These time periods
were about 1992 and 2000. Thus, the nearly two decades may elapse prior to
any "technology freeze" nacessity in the extireme-option case,

in order to be responsive to actually meeting these requiremente at a
given Lime of need, a successful candidate technology must be essentially
fully implementable as working hardware. Put generally, the need is to
design, install, operate, and mrintain a product-producing system delivering
that product reliably and at an acceptahle cost. All pricr work related to
moving the technology to a commercial status (R&D, etc.) must have been
completed by the time-period selected for heginning actual construction.

In recapitulation, the previous discussion should clearly demonstrate
one salient point: while we way wish it were not eo, historical evidence
indicates that the process of developing a technology Lo a marketable status
is a process that takes decades. For the study-purpose at hand, we can draw
the tollowing basic conclusions:

1. If the implementation date selected 1s 1987, any candidate technology
must be fully developed and already demonstrated as a commercial-product
status system.

2. Lf the 1992 time period is selected for the date of implementation,
there 1is about a 5-year time period in which in-development technolo-
gies, which are not presently commercialized, can be signiticantly
improved and during which present commercialized technologies may be
further improved. This is a short but utilizasble time period with the
possibility of concommitant significant advances.

3. If the ca. 2000 time frame is selected for the time of implementation,
the possibility of using presently "emergent"” techuologies with their
technoeconomic advantages must be considered.
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We can also conclude from previous discussions that the tracking of
non-tossil hydrogen related technologies during the ensuing time period will
not require any intensive efforts by/for KSC--the maturing of technologies is
clearly not a “"fast—paced" process. In fact, it would appear that technology
tracking is not really required if a 1987 implementation date is selected;
in-commercialization hardware only will be applicable. Technology tracking
becomes increasingly important, however, as later implementation dates are
considered. On the other hand, then, the time available for such continuing
assessment is then available.

Bruakthroughs - Step—Function Technological Advances

Up to this point, our discussion has been based on the assumption that
the evolution of a technology 18 a relatively continuous process without
major discontinuities. Historically, this is sometimes not the case.
Technological breakthroughs must be congldered if only to place such #vents
in context with the overall problem of technology Lracking.

We define a "breakthrough” as being an unpredictable event in which very
significant improvements are made on one or more ctitical performance
parameters over a raelatively short period of time. I the system under study
here, the leading critical performance parameter 1s suggested tc be a sharp
impact in the direction of reducing end-product cost of ligquid hydrogen,
liquid oxygen, ard any coproducts,

Thorough study of the relevant technologles can provide some indication
of which ones have a greater chance of experiencing a breakthrough than
others. However, we find no consistent or guaranteed utility in such an
eftort because of the intrinsic unpredictable nature of the "breakthrough
process."” No specific action to implement any special effort to attempt to
predict or search for such events is recommended. However, 1f such events do
occur, any substantial technology tracking efforts should provide for the
earliest practicable detection of their occurrence.

Recommended Considerations in Technology Tracking

It is recommend that any technology tracking effort be carried out from
two specific points of view:

l. Technologies should be tratked as "groups” encompassing the three
primary areas of technology comprising the proposed non-fossil hydrogen
production system as illustrated in Figucre 9-4. Thug, technologies
should be tracked in three groups: non-fosslil energy conversion, hydro-
gen production, and liquefaction technologies. Energy form or finished
product storage technology, where required, should be considered as a
subset within each of these three principal technological areas.

2. As improvements in any or all of these principal technologies are de-
tected, their impact should be assessed on the final product costs con-
sidering all subsystem design options as illustrated in Figure 9-5.

As an example, the fant that a certain technological improvement may
make & cogeneration application or a particular design option, not
previously considered, practical to implement must not fail to be
detected.
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Technological Options to be Tracked

Viewing the KSC-expressed period of interest broadly including post-2000
implementation, the time span of consideration is sufficiently broad, even
considering the "by decades"” historical development rates previously
discussed, that no technological option should be deleted from the full list
of options presented in Table 9-3 and those discussed elsewhere in the

report.

Information to be Gathered

In review, the basic reason for establishing and maintaining some
organized approach to technology tracking is to maintain a focused,
continuing awareness of the status of a broad range of applicable
technologles in terms of meeting specific KS( requirements. The
appropriateness in terms technology-readiness, is in the framework of systems
capable of producing specific quantities of specific products at specific
costs and on specific schedules. Until a technology evolves to a
commercializable technology, it 1is most lilkely not a candidate for
implementation at KSC.

As the range of technological options 1is broad, so also is the range of
considerations in evaluating any candidate technology. A detailed listing of
representative screening criteria is presented in Table 9-4. The developments
in any area of technology may be impressive in a technological sense, but it
must be constantly recalled that their true significance is in a systems
applications setting. A technology simply cannot be considered as a real
candidate unless the construction and operation of a liquid hydrogen
production system using that technology can be undertaken with full
confidence that schedules and budgets will be met.

General Programmatic Approach Recommended

Two basic options of approach exist and either may be selected by KSC:

1. To provide adequate manpower resources to maintain a continuous tech-
nology-trackirg activity for the purposes at hand, or

2. To implement a scheduled, periodic effort to survey such technological
development, (e.g., annual update of a basic technology assessment docu-
ment).

The basic resources required, methods of carrying out the technological
assessments, etc., are broadly known but planning should be detailed 1if a
technology—~tracking effort is tc be mounted (beyond the scope of the present
study). It is roughly estimated that 1/4 man-year per year would be an
appropriate level of effort for such a technology tracking activity. This
level would only be required to be increased where some specific development,
or a set of significant cumulative developments, appear to indicate that a
more thorough systems analysis is required to assess impacts on potential
system performance. Such events are not predictable but might generally be
expected at 3-5 year intervals.



Table 9-3. SUMMARY OF CATEGORIES OF TECHNOLOGICAL OPTIONS FOR THE PRODUCTION
OF LIQUID HYDROGEN FROM NON~FOSSIL PRIMARY ENERGY RESOURCES

Non-iossil Primary Energy Resources for Evaluation
Solar Energy
Non—-Coucentrating
Concentrating
Nuclear Energy
Figssion Burner Reactor
Fission Br ‘er Reactor
Fuslon Systems
Geothermal Energy

Non-Fossil Primary Energy Conversion Technologies for Evaluation
Direct
Photic
Biophotolysis
Photocatalysis
Photoelectrocatalyeis
Electric
Photovoltaic
Thermoelectric
Thermionic
Thermal
Thermal Engines
Direct Thermal Water Splitting
Thermochemical Water Splitting
Hybrid Electrolytic~Thermochemical Water Splitting
Indirect
Mechanical
Wind Energy Conversion Systems (WECS)
Ocean Thermdl Energy Conversion Systems (OTEC)
Wave Systems
Hydropower
Biological

Hydrogen Energy Production Technologies for Evaluation
Electrical Generation
DC Machines
AC Machines
Homopolar Machines
Magnetohydrodynamic Machines
Electrolysis Systems
Unipolar Tanik Electrolyzer
Bipolar Filter—Press Electrolyzer
Solid Polymer Electrolyzer
High-Temperature Electrolyzer

Hydrogen Liquefaction Techi'nlogies

Joule-Thomson Expandecr Technology
Magnetocaloric Refrigeration Technology
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Table Y 4. 2nd LEVEL SCREENING CRITERIA LIST

Applicability of Technology
) Ability to quantify lst level attributes of the technology
° Reliability or confidence 1n quantitative evaluation of lst level
attributes
. Effect of Time on lst level attributes evaluation
~Areas of improvement
-Resources requirements for subject improvement
-Probability improvement will be achieved
° Use of rare, costly, or strategic materials

Application of a technology to a system that meets all operational
requirements over the system life cycle under site-specific conditions

Operational requirement: to deliver liquid hydrogen (and oxygen) of specified
properties, in specified quantities, to a specified location at specified
times at a contracted cost per unit product over a specified multi-year time
period with a specified first delivery date.

o Design and specification for procurement under site-specific conditions
~System, subsystem, assemblies, and components defined to support
design detailing level
-Reliable delivery dates avallable in appropriate quantities
~Reliable pricing available in appropriate quantities
] Construction
~Amenability to construction under site-specific conditions
~Pre-planning capability
-Scheduling controllability
~Costs controllabililty
-Reasonableness of instructlion requirements
-Organization controllability
-Control and expediting controllability
-Superviseability
-Progress monitorability
~Acceptance and turnover control
-Maintenance and operation follow-up requirements
@ Operation under site-~specific conditions
-Efficieucy
-Ducy cycle
~Under full load
—Under part load
-While load tracking
-Age effects
-Outage characteristics (EPRI-TAG definitions)
~System
-Subsystems
—-Assemblies
—Critical components
-Useful life with maintenance and repair
-System preventive maintenance program (PMP) effectiveness
-Subsystems PMP effectiveness
~Assemblies PMP effectiveness
-Critical components PMP effectiveness
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Table 9-4, Continued

-~ Feedstock requirements
-Description and sgpeclification
-Amount required per unit of plant output
~Storage, treatment, and feed rsquirements
-Waste products
-Degeription and characteristics
-Amount generated per unit of plant output
-Storage, treatment, and disposition requirements
=~Coproducts
~Type and characteristics
~Amount generated
-Realistic economic value and disposition options
-Other operational considerations
—-Amenability to modularity and modularity effects expected
=Minimum economic module size
~Manufacturing learning and cost reduction potential
-Construction learning and cost reduction potential
-Preventive malntenance plan module definition
-Ability to track KSC long-term load development
-Start-up requirements
-Personnel related
-Materials related
~Equipment related
-Other start—up unique operational requirements
—-Ambient conditions compatibility
~Environmental corrosion susceptibility
-Weather conditions survival
-Operating temperature limits
~Environmental impact
-Site area requirements ranked with alternatives
-Locating/siting options ranked with alternatives
-Site options economic comparisons
-Envirconmental evaluation of candidate non-fossil hydrogen
production systems solid, liquid, and gaseous wastes,
feedwater requirements and presence of hazardous
compounds
~Environmental consequences
~Manmade resources:
Land use
Recreation and scenic resources
Cultural resources
Socioeconomic impact
-Natural Resources:
Alr quality
Surface water (availability and impacts on quality)
Ground water
Aquatic ecology and figheries
Upland vegetation and wildlife
Threatened and endangered species
Wetlands and wetlands wildlife
Floodplains
Geology and soils
Environmental noise
Radiological impacts
Solid, liquid, and gaseous waste disposal
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Table 9~4, Continued

) Operating economics characteristics per EPRI-TAG Methodology
—-Cost analysis boundary definition
~General attributes
~-Under government ownership (cost/million Btu of delivered product)
~Under utility ownership (cost/million Btu of delivered product)
=~Under public ownership under renewable energy technologles
incentives, advantages, and limitations (cost/million Btu
of delivered product)

General Considerations

. Security of product supply to KSC for the system life-cycle
[ Overall ability to meet shuttle program requirements

° Contribution to KSC mission objectives

] Contribution to NASA mission objectives

Specific Examples of Technology Tracking Significant Future Milestones

For the projected KSC non~fossil liquid hydrogen produclion system's
long~term interest, future progress in the related technologies and systens
areas is thus to be appropriately tracked. Again, the three "technology
groups" of Figure 9-4 18 a helpful categorical breakout and will be adapted
here. To close out this discussion, a number of pertinent examples of “futura
milestones" will be presented to provide a further techn’cal focus.

The logic of approach here is to seek developmen.al “"thresholds of
progress" in the non-fossil liquid hydrogen technological arena indicative of
major readiness status, including "quasi-breakthroughs" when and 1f these
occur. Once such milestones are reached, it will be pertinent to re-estimate
ultimate liquid hydrogen-plus—coproduct costs. AB usual, these must then be
compared with the alternatives as input for decision-making, e.g., with
regard to tnen developing the non-fossil-based capability, or not.

In relating the followlng examples, it is noted that, first, emphasis
remains on the 1987~2000 time-period which suggests that those technologies
at the concept-level, or just entering basic research, will--in general--not
be in the running. Nevertheless, emphatically, this class of technologies
should be studiously monitored. Breakthroughs are always possible.

Secondly, the considerations here lean heavily toward a KSC-siting
approach with certain obvious exceptions, e.g., OTLC. This means that such
poscibiiities which have been suggested, such as importing Canadian-produced
liquid hydrogen (from low-cost nuclear or hydropower) are not considered.
This does not mean that such alternatives are to be discounted; they may
indeed make sense.

Finally, the items below are only i1llustrations and examples. Many other
possibillities remain to be ildentified and characterized using an updating
methodology. Such 1is considered beyond the acope of this study. For
convenience, these examples are assembled in tabular form (Table 9-5).
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Table 9~5. EXAMPLES OF TECHNOLOGY-TRACKING FUTURE MILESTONES

LTechnology Arcas

WA e e e . Sh—

Suggested Key Progress Thresholds

(Group 1: Non-Fossil Energy Conversion Technologies)

Photovoltaic Modules
Solar Thermal Ceuntral Recelver
Systems (Power Tower)

Ocean Thermal Energy Conversion
(UTEC) Systems

High Temperature Gas-Cooled
Reactor Modules

Solar Ponds

Wind Energy Conversion Systems
(WECS)

Biological Convergilon

50 MWp/yr U.S. production, $2.50/Wp
(installed) price

3 installations @ 50+ MWe

5 "commercial facilities" operating
worldwide

3 installations @ ca. 25 MWe
operating capaclty

5 MWe-gized installations fully opera-
tional; KSC-gite peculiar problems
solved (e.g., "rain cover")

3 offshore WECS "commercial facilities;"
or commercialization of cost-competitive
"ultra=-low wind speed (3-5 mph ecut-in, 8
mph average speed)" systems

Several "multi-acre" installations oper-
ating stablly over many months under con-
ditions practical at KSC (e.g., feed~-
stocks, waste-stream removal)

(Group 2: Hydrogen Energy Production Technologies)

High-Temperature Water Electroly-
zers

Thermochemical or Hybrid Water-
Splitting Systems

Direct Thermal Water-Splitting
Systems

Photolysis, Photocatalysis,
Photoelectrocatalysis, et al.,
Water-Splitting-Based Systems

Demonstrated economic MWe-slzed units
operating at cell voltages of 1,l-1.2 v
and life-proven materials makeup

Pilot-plant scale demonstration reflec~-
ting parked cost/efficiency gains over
equivalent-technology electrolyzers

(Same as above)
Cost-effective (materials, efficiency,

etc.) bench-gcale full systems operation
assuming multi-year, stable operation

(Group 3: Hydrogen Liquefaction Technologies)

Magne-ocaloric Refrigeration~
Based Liquefier Systems

Commerciallized hydrogen-liquefier units
on the market in the fractional-ton/day
range or larger
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l0. KEY OBSERVATIONS, CONCLUSIONS, AND RECOMMENDATIONS

Key Obsgervations

In review and summary of the material presentaed in this report, a number

of salient tindings stand out of key importance:

Lo

J.

by

6.

7.

lol

For the 1990-2010 time~frame, non-foseil-derived liquid hydrogen (and
liquid oxygen) systems, represented here by the "finallst" solar photo~-
voltale (PV)=-basad and powaer towavr (PT)~based systems, are found to be
potentially cost competitive with projected conventional industrial
sources based on fossll energy and feedstock, e.g., natural gas ste«m
reforming.

For the assumed range of capital costs, the PV- aid PT~based liquid
hydrogen production systam approaches were observed to yield roughly
equivalent product costs.

Not given “"finaliet" status examination in this aseessment, two other
candidate non-fossil liquid hydrogen production approaches appear to
yleld potentlally equivalent-range product costs: OTEC- and modular
nuclear fission (HTGR)~based systems. Neither can be counted on, how-
ever, to be avallable at assumed costs within the 1987~1992 I0C window.

Other than the modular-HTIGR system, which could conceivable be sited
at KSC, no other nuclear~based known options (fission or fusion) qualify
as candidates during this century.,

Geothermal energy~based systems of those types under active investiga~
tion are not promising because of Florida's low-resource and limiting
geophysical characteristica.

Solar-based indirect~conversion approacnes, which may be well~proven or
are promising technologies at certain other sites, are clearly deci-
sively input-resource limited for KSC siting: hydropower, wind-energy,
OTEC, wave~enargy.

Advanced, in-research stage solar hydrogen prodiction concepts, often
involving direct water-splitting reactions, even if ultimately success-
fully developed, cannot be counted on with any reasonable confidence
level until after 2000.

Through 2000, systems to meet the KSC liquid hydrogen production goals
will most probably be based on (1) conventional water electrolysis, and
(2) conventional liquefaction technologles and systems.

With oxygen, as well as hydrogen, belng inherently avallable at the
stolchlometric ratio (8:1 by mass) from the water electrolysils process
(as with any direct water-splitting process), and with its liquefaction
being readily accomodated in a slightly modified, otherwise conventional
hydrogen liquefier, the provision of liquid oxygen coproduct adequate
for KSC's overall needs is economically practical.

Returning to the nominally selected "finalist" systems (PV—, PT-based),
it should be emphasized that attaining competitive product cost statur
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11,

12,

depends fundamentally on achieving significantly lower PV-module and
heliostat capital costs than those quoted presently by me:uafacturers.
Additionally, further detailed assesement of PT-solar subsystem perfor—
mance in the KSC non~desert insolation environment is critically needed
(the study made signiticartly optimistic assumptions here).

Although considerable liaison was carried out with the electric
utility serving KSC (Florida Power & Light Company) in the course

of the study, the issue of utility interfacing with a KSC-sited direct
solar energy—~based system remains cloudy, and should be further ex-
plored in view off possible synerglstic interactions.

For a set of assumed (but not FPL derived) electricity costs of $.03 and

$.06/kWhr (average, around-the-clock), direct powering of a KSC-sited
electrolyzer/liquefier resulted in quite competitive product costs, as
low as one~half conventional-source liquid hydrogen. Additionally,
utility-augmented solar-based oparation was shown to offer significant
product cost benefits.

Conclusions

From these key observations and other findings presented herein, a

number of first—order conclusions can be tentatively supperted:

1.

2.

Non-fogeil 1liquid hydreogen production mseting KSC rsguirements as a
basic approach, 1is technically feasible based on current state-of-the-
art developments. Further, exemplary candidate systems (e.g., solar-—
operated) are compatible with KSC-siting from a resource-availability,
land-use, and environmental impact standpoint.

Based primarily on achieving "optimistic but achlevable' solar-related
equipment capital coets (e.g., PV modules, heliostats), and assuming
nominal (e.g., 3%) cost-escalations (above inflation rates) for the
present conventional and energy-intensive fossil-based product-supply
means, the leading non-fogsil production candidates are also poten-
tially cost-competitive in the 1990-2010 period.

For the 1987-1992 initial operating capabllity (IOC) "window" con-
straint, along with the KSC-site characteristics taken generally, the
leading candidate non-fcesil technical approaches are solar-direct in
nature, speciflically those based on photovoltaic and concentrating
solar-thermal energy conversion (the latter represented by the power
tower approach).

Potentially meeting a 1992-2000 IOC, given considerably accelerated
development over that perceived otherwise to occur, one solar-irdirect-
based and one nuclear-based candidate comes st view: (1) OTEC with re-
mote siting and (2) modular-HTGR on, or neay, KSC.

Through a 2000 IOC, it is highly predictable that the non-fossil oper-
ated sequential water-splitting and product liquefaction steps will be
based on "conventional, improved" technologies and systems, namely,
water electrolysis and thermomechanical-refrigeration liquefaction
processes.
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Recommendations

It logically follows from the findings developed in this study that, 1if

KSC-interest in the non-fossil liquid hydrogen production alternative 1s to
be tollowed-up, certain priority actions can be recommended:

1.

2.

The PV- and PT-based leading candidates should now be further evaluated
with the following emphasis:

PV: hands-on experience at KSC, including detail engineering
design and implementation of a "representative modular system”
based on state-of-the-art equipment, and specifically examine
"intrinsic matching" ve. incorporating maximum-power tracking

PT: critical evaluation of solar-conversion equipment in the spec~
ific KSC insolation and operating environments including cer-
taln interesting variants on the heat-to-electricity step
(e.g., acyclic d.c. generator).

A formal technology~tracking activity should be supported by/at KSC
(along the lines outlined in Secticn 9).

KSC should support, on a continuing basis, systems engineering treatmert
and documentation of leading non-fogsll liquid hydrogen production sys=—~
tem approaches, the "finalist” systems of Section 8 and others as appro-
priate, this should be developed beyond the present-study scope and then
maintainad at roughly equivalent level-of-depth as for any fossil-based
options, to permit meaningful comparisons and reliable input for
decision-making.

Based on definite positive indications, but not confirmed within thea
present study, KSC should consider establishing active lialson and
cooperative studies with Florida Power & Light Company to address
electric utility/non~fossil production system interfacing potential
payoffs to both parties.
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SOLAR-DRLIVEN LIQUID METAL MHD GENERATORS FOR HYDROGEN PRODUCTION BY WATER
KLECTROLYSIS
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ABSTRACT

Solar-driven liquid-metal MHD generators are reviewed as a possible
non-fossil power source for a large-scale hydrogen-production facility. The
LMMHD technology base warrants a feasibility of such application but the
employment of a high-efficiency system for near-term hydrogen productiou is
premature. However, for the significant advantages in the efficlency and cost
of the system, it is recommended tn develop the solar LMMHD cycle as the
topping cycle to be retrofitted tc a solar steam power generator which meets
the near-term requirements.

INTRODUCTION

Large-scale production of liquid hydrogen (LH2) and liquid oxygen (LOj)
is required for supporting frequent launches of the Space Shuttle in the near
tfuture. For long-term supplies, it is desirable to produce the LH2 and LO2 by
non-tossil, renewable energy sources.

The solar-driven liquid-metal MHD generator 18 one of possible
approaches identified earlier by E:F studies for NASA-Kennedy Space Center
planners (Reference A-1)., In this review, which 1s part of the E:F studies,
first the historical background and the basic arrangement of the LMMHD system
are outlined, then the status of the LMMHD technology on its components and
system is evaluated. Advantages of the solar LMMHD system for hydrogen
production are pointed out and the review 18 concluded with recommendations.

LIQUID METAL MHD GENERATORS

A liquid metal MHD generator was originally proposed by D. Elliott (Jet
Propulsion Laboratory) as part of a space power system using a nuclear
reactor. Two metals--cesium and lithium--were considered as the working
fluids of the generator., The cesium (Cs) leaving the radiator as a condensate
is pumped through the regenerative heat exchanger to the nozzle where it
vaporizes as it comes in contact with the liquid metal lithium (Li) from the
liquid loop. The Cs accelerates the L1 in the nozzle, thus imparting an
increased kinetic energy to the separator and then passes back to the
radiator, The L1 leaves the separator at a relatively high velocity (= 150
m/s) and flows through the MHD generator. The cooled Li is reheated in the
heat source and pumped back to the nozzle.

The disadvantages of Elliott's cycle (1.e., a fixed and high operating
temperature range, > 1700 K, and the difficulty in handling the liquid flow
in the MHD channel) were alleviated later by the adoption of a two-phase
mixture at Argonne National Laboratory. The basic idea was to utilize the
fact that a two-phase mixture is a compressible fluid and thus is an
effective thermodynamic working fluid that could be expanded directly through
the MHD generator like a gas expanding through a turbine from which electric
power is extracted. The mixture, as it leaves the generator, is further
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expanded In a nozzle to increase its kinetic energy and is then sent to a
separator. There, the liquilid metal is separated from the gas and 18 returned
via a diftuser through the heat source to the mixer. The gaseous working
fluid is then handled as in a normal Brayton cycle. It is passed through the
regenerative heat exchanger to the heat sink and 1is then compressed and sent
back to the mixer via the heat source. The gaseous component 1is the
thermodynamic working fluid, and the liquid metal (which remains in a closed
loop) is the electrodynamic working fluid. At ANL, a Nak-Np LMMHD generator
has been tested and an efficiency of greater than 50% at 1500 K was
estimated.

The heat sources considered by ANL researchers were fossil combustion,
high-temperature gas-cooled nuclear reactors (HTGCNR), fuslion reactors, and
liquid metal fast breeder reactors. Recently, utilization of the solar
radiation as the heat source of LMMHD for space power production has been
proposed. Also, the terrestrial applications of the solar LMMHD have been
studied by the ANL group.

The liquid metal MHD (LMMHD) power systems can be classified in tow
types, namely, Rankine cycle and Brayton cycle systems, depending on the
choice of thermodynamic fluid. Figure A-1 is one kind of Rankine cycle LMMHD
system in which an organic liquid with low-temperature boiling point is used
a thermodynamic fluid. This system is suitable for heat/electricity
cogeneration at a temperature < 1009 K, but the electrical efficiency 1s
limited to 10% (Reference A-2). Therefore, this type of LMMHD system is ruled
out a priorl as an efficlent sclar electric power scurce for electrolytic
hydrogen production process which should render near-term application. The
following discussion is, therefore, limited to the Brayton cycle LMMHD
systems.

Figure A-2 shows a Brayton cycle LMMHD system in which the liquid metal
is heated by a solar collector via a heat exchanger. As analyzed by Pierson,
et al. (Reference A-2), this system could be operated at a temperature up to
1500 K and, consequently, a high sy~tem efficlency (up to 50%) is projected.
Table A~] lists the component performance parameters of the Brayton cycle
adopted in his analysis. Among other alkaline matals, sodium was chosen for
the working liquid metal qhich has good heat transfer properties and low
vapor pressure at high temperature (up to 1000 K) which are lmportant
requirements of the efficient LMMHD cycle. However, the temperature above 900
K L[i should be used as the working metal. This is due to the efficiency
reduction by the excessive vapor pressure of the liquid metal which i1s
carried over with the gas from the separator. The mixer temperature limit of
LI is 1300 K. The mixer exit pressure is kept 50.07 MPa (735 psia). The cycle
employs a primary heat exchanger to couple the collector supplied solar
energy with the liquid metal. The gas (helium) is heated by the liquid in the
mixer. Although this cycle may be adapted to many different heat sources such
as coal, oil, geothermal, etc., a more simplified and efficient cycle could
be developed with the solar energy by eliminating the primary heat exchangers
and utilizing a focusing optics for coupling the solar energy directly with
the working fluids.

Figure A-3 is a schematic of the direct-heating solar LMMHD system
(Reference A-3). The system consists of (a) a large solar collector, (b) an
oven heated by solar energy, (c¢) a mixer for mixing the gas and liquid metal,
(d) a MHD generator including a magnet, inverters, and a power transmission
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Table A-4. COMPONENT PERFORMANCE PARAMETERS, LMMHD BRAYTON CYCLE

(Source: Reference A-2)

PRESSURE DROP:

Apmixer = 34.5 kPa (5 psi)

Apprimhx = 68.9 kPa (10 pai)

Apsep = 0 Aprejhx = 0.025 preg hot

Apreg hot = 0,015 pturbApreg cold = 0.015 prejhx

EFFICIENCIES:

Compressor 0.38 Dif fuser 0.9
Turbine 0.9 Lig. Metal Pump .85
Nozzle 0.9 LMMHD Gen. 0.8

HEAT REJECTION CONDITIONS:

Ambient Temperature: 297.2 K (75%F)
Pinch Point: 11.1 K (20°F)

OTHER:
Three Compressor Stages With Intercooling

Regenerator Effectiveness: 0.9
Separator Loss: 10% of kinetic energy at inlet.
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12.
13,
15,
17.
19,

21,22
23,

Figu

solar radiation

directing mirror

solar oven

liquid metal inlet
,10,11 MHD generator with magnet and power conditioner

diffuser

separator

compressor

gas loop

hot gas inlet
cold gas line

valve

2., solar collector
4, oven window

6. working gas inlet
8, mixer

14, radiator

16, liquid metal pump
18, liquid metal loop
20, gas outlet

24, gas reservoir

re A-3. DIRECT-HEATING SOLAR LMMHD CYCLE
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circuit, (e) a gas/liquid metal scparator, (f) a pump for recycling the
liquid metal and a compresssor for the working gas, and (g) a cooling unit
for the gas. The advantages of direct-heating solar-driven LMMHD are:

The solar collector could be conatructed with very light material of
high reflectance to focus solar radiation at very high concentrations
gimilar to solar furnace systems.

No primary heat exchanger is required since the mixture itself functions

also as a solar absorber thus improving the gystem efficiency and saving
the ccst.

STATUS OF IMMHD TECHNOLOGY

Since 196!, the LMMHD development has 20 years of history, and numerous

institutions worldwide have participated in hope to couple the cycle with
various heat sources. Some of these institutions are:

1.

o <o 3

Jet Propulsion Laboratory: Ce-Li flow with up to 150 m/s speed and
temperature up to 1250 K has been studied for a LMMHD channel (Reference
A-4)-

Argonne National Laboratory: the LMMHD component development was pursued
and the most active experimental and theoretical analysis center until
recently (Reference A-5).,

Ben—Gurion University of the Negev: since 1975, applications of LMMHD to
solar collectors and other low temperature heat sources have been
studied. A low temperature (<500°C), 10-kW LMMHD system with organic
vapor 1s in the prototype engineering stage (Reference A-6).

Massachusetts Institute of Technology: LMMHD generators and pumps
were studied earlier than 1961 and later its sepace application with &
high-temperature system was investigated (Reference A-7).

Atomics International: LMMHD induction generators were studied in the
1970's (Reference A-8).

Cie Electro-Mecanique, France: an "emulsion LMMHD" concept was devel-
oped. Recently, solar LMMHD systems have been gtudied (Reference A-9).

Technische Universitat Berlin, Germany: a large MHD program was carried
out in the 1960's and 1970's (Reference A-10)}.

Brookhaven National Laboratory: repetitive liquid metal slug MHD
studied (Reference A-11).

NASA-Langley Research Center: direct solar—-driven LMMHD generator is
proposed recently and a solar-oven experiment has been planned (Refer-
ence A-3).

Although most of the above institutes have now phased out the LMMHD

program from their main-line efforts, the technology base required to build a
practical LMMHD power system can be extracted from their contributions. The
status of development of the major components in the LLMMHD system, i.e., the

mixer, generator, two—phase nozzle, separator, diffuser, and solar collector,

E SN |

are briefly reviewed below.
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Generator

The two-phase LMMHD generator is the key component in the cycle.
Therefore, attendant loes mechanliems have been extenslvely studied. These are
end, viscous, and shunt ele-:trical, slip losses. The Ben-Gurion University
program has tocused on reducing these losses cxperimentally while analytical
efftorts have been made at Argonne National Laboratory where three types of
computer models have been developed. The results of the experimmts and the
analyses show that the generator effici+ .cy goal of 0.8 can be met with even
small generators and easily attained wit!: larger generacors. One crucial test
that remaing to be done is that liquid-metal foams can indeed be generated
with the acceptable vold fractlion of 0.7. Utilization of surfactants has been
helpful for increasing the void fractiom at ANL.

Separator

High-performance gas-liquid separators have been developed for many
industrial applications. Surface separators, rotating separators, and
flat-plate separators have been tested. Rotating separators have shown that a
gas~tree liquid layer can be established and maintained and that kinetic
energy ratios of in- and out-flows of near 0.9 are attainable.

Mixers, Nozzles, and Diffusers

These components have been extensively tested at ANL, BGUN, JPL, and
Tzchnical University Berlin. Excellent agreements between experimental and
tueoretical results have been obtained and design requirements can be met

easily.
Solar Collectors

For solar LMMHD systems, a solar collector field with a central
recelving tower such as SOLAR 100 is most sultable. Such collectors provide
near 1000 K temperature to the absorber at the receiving tower thus adaptable
to high temperature Brayton LMMHD generators. Since these facilities are well
developed and the technology 18 already applied commercially, it is not
reviewed here.

In summary, it is recognized that liquid metal MHD generators appear
attractive when coupled to solar collectors, and technologies on the overall
system and its components are readily available. However, there is no
operational experience of high—-temperature cycles which demonstrated
high-efficiency power generation by a total LMMHD system to date. Therefore,
near-term application of solar LMMHD cycles for large-scale hydrogen
production is not recommended.

ADVANTAGES OF A SOLAR IMMHD GENERATOR FOR WATER ELECTROLYSIS

Several advantages of using solar-LMMHD for hydrogen production via
water electrolysis are recognlzed as foliows:

l. Solar LMMHD generators produce high DC power at low voltages. An invert-
er is necessary to feed a conventional AC utility. However, water elec-
trolyzer requires DC power at low voltage (<1000 V) and the LMMHD power
output could be coupled directly with the electrolyzer. When the elec-
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trolyzer is located nearby, little "ohmic loss"” w''l tax on power dis-
tribution. If an AC-powered hydrogen liquefier wh'. i will consume ap-
proximately one-third of total power generated is usad, an Inverter may
still be required.

Solar LMMHD generator is an ideal topping cycle for retrofitting solar
steam powerplants for efficlency promotion. For near-term application of
solar energy to hydrogen production, a steam powerplant placed on the
central receilving tower of a solar collector field (such as SOLAR 100)
may be advisable. After the LMMHD technology is matur :d, a LMMHD genera-
tor could be adapted as a topping cycle for the plant. An open-cycle
LMMHD system has been considered for retrofitting coal-fired steam powar
plants which shows that over 40% increase in the plant efficlency

could be realized by topping. There i1s no detailed study on the sole :
power systea, but a parallel result is expected since the principle in-
volved is identical, that is, the LMMHD cycle has a very small temper-~
ature difference (V10 K) between the entrance and exit two-phase flows,
thus alters little the efficlency of the bottoming heat engine.

Unlike other heat sources, the golar energy is high-~grade and clean,
Therefore, the selection of gas and liquid metal for the MHD system is
free from other considerations, such as chemical comtaminations by the
heat sources (coal, oil, etc.,. Also, the operating temperature range
can be predetermined easily by the solar collector geometry and the
absorber to be used.

The economic advantage of the solar-driven LMMHD compared with a solar
photovoltalcs power generator is seen by the following examples. For
electric power generation alone, the capital cost for the LMMHD sys-
tem is estimated at $88,000,000 for a 100-MWp plant comsisting of

four 25-MWp units (Table A-2), while the photovoltaic generator would
cost over 5100,000,000 as estimated by Spratke, et al. (Reference A-12).
This difference will) reflect to the estimates of solar electric net
costs ($/kWh) in favor of the LMMHD system.

CONCLUSIONS AND RECOMMENDATIONS

The concept of a solar-driven liquid-metal MHD power generator for

hydrogen production by water electrolysis is reviewed. The technology base
soundly laid by the past 20 years of LMMHD research pursued worldwide has
shown a feasibility of successful operation of thae golar-driven sgystem.
However, there 1s no oparational experience with system integration for a
high~efficiency LMMHD system, thus excluding an early adaptation of the
system to fulfill the near-term hydrogen production requirements.

It is recommended, in view of its projected advantages in the system

efficliency and cost, that the solar-driven LMMHD system should be adapted and
developed as a topping cycle to the gsolar steam powerplant which is
immediately employable for the near-term requlrements.
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Table A-2. 25-kW LMMHU CAPITAL COSTS ($ THOUSAND), EXISTING TECHNOLOGY,
NO COGENERATION (Source: E.S. Pierson, et al., January 1981, unpub-

Tished)
Unit Sub Installation

Equipment Cost  Units Total Factor Total
Mixer 16 4 64 1.3 83
[.MMHD Generator 30 4 120 1.3 156
Magnet 225 1 225 1.3 292
Nozzle 11 4 44 1.3 57
Separator/Diftuser 37 4 148 1.3 192

Power Conversion
Equipment 1,090 1 set 1,090 1.3 1,417
Bus Bavs 190 1 set 190 1.3 247
Compressor w/Drive 1,650 1 set 1,650 1.3 2,145
Piping 6 1 set 6 1.3 8
Reject Heat Exchanger 195 1 195 1.3 254
Regenerator 1,020 I 1,020 1.3 1,316
Subtotal: 6,177
Instrumentation & Controls (10% of Subtotal): 618
Miscellaneous Items (10% of Subtotal): __618
LMMHD TOTAL: 7,413
Collectors $270/m2 41667 w? 11,250 1.0 11,250
Tower 810 i 810 1.3 1,053
Receiver 1,800 i 1,800 1.3 7,340
POWER TOWER TOTAL: 14,643
TOTAL COST: 22,056
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LOS ALAMOS MAGNETIC REFRIGERATION PROJECT
()vqpviqw

Our overall objective 18 to develop a more efficient, more reliable,
less magsive, and smaller refrigerator that is cheaper than existing
gas-cycle refrigerators. Our major applications for such new refrigeration
are liquefaction of cryogens such as hydrogen and LNG, air separation for
oxygen production, liquia helium for superconducting accelerators and
generators, and spacecraft refrigerators for a variety of scientific and
defense migsions.

We are approaching this project from 4 K upward because the data-base 1is
more established in the 4-20 K regime than in higher temperature regimes
excluding room temperature. Qur program h&s a research component designed to
produce the data-base for refrigerators from 20 K to 300 K or higher. This
includes basic work on magnetic materials, heat transfer, fluld dynamics, and
pumps. The other major component of our program is the development of
experimental prototypes that will test and, hopefully, prove that magnetic
refrigerators can satisfy the high expectations that calculations on these
systems promise.

The present status 1is that the basic research work 18 progressing well
with major emphasis on the 20-77 K reglon at present. An excellent
refrigerant, GdNi (T,=68K), has been fully characterized and initial results
on general other materials indicate that there should be plenty of magnetic
materfals. Cost of the raw materisl, Gd, has been 1lnvestigated and found to
be reasonable (supplies are plentiful although not fully developed). The heat
transfer and fluid dynamic work is well underway with indications that
several possible geometries will provide the necessary high heat transfer.
New ideas for low-temperature pumps indicate that greater than 65% overall
efficiency is possible (with high reliability and long 1ifetime). Work is
proceeding with several designs.

The development effort is focused on the 4-20 K, 1-W, wheel-type
refrigerator that 1is undergoing initial testing at present. Several
improvements have already been made on the magnet and dewar system for this
refrigerator and prospects look excellent for this device. We are also in the
process of designing a 20-77 K refrigerator to perform as a 10 liter/h
hydrogen liquefier with LN precooling. The initial design calculations have
been done but the detailed specifications are not complete. Work is
proceeding on this project. Several other key design types have been
identified and experiments are underway to test the main concepts, e.g., a
charge/discharge circuit for a 9T magnet, operating a 0.5 Hz (efficiency is
the question?).

With about 16 months of full-time operation on this program, I have
learned a great deal but have not found anything that has dampened my
enthusiasm for the eventual success of this program.

J. Barclay, LANL
31 May 1443
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Notes on Apparatus

Basic Research Equipment:

1. Maghetic susceptability and typical result Item {1
2. Magncetization and typical result Item {2
J. Heat capacity and typical result Item #3
4., Heat transfer and typical result Item #4.

Oxygen Production Possibilities

You will note from Figure B-11l from the rough draft of the Phase I KSC report
(f'tem #5) that the hydrogen gas stream is completely separate from the magnetic
refrigerator heat-transfer fluid which will be helium gas. The production of
oxygen would be zimple in that the cold helium gas streams from higher tempera-
ture stages couid be split into two separate etreams (or more) to cool incoming
Clly, incoming €Oy, and also to cool parasitic loads such as from shields, etc.
The net thermal load at a particular temperature dictates the amount of magnetic
material required for that stage (and higher stages) so given the loads as a
function of temperature, a refrigerator can be designed to provide the cooling
powers required. I can design a system like this as soon as I complete the
20-77 K LH2 refrigerator.
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ASSESSMENT OF PRACTICAL APPLICATION OF MAGHETTC REFRIGERATION
IN THE LIQUEFACTION OF HYDROGEN

The magnetocaloric effect (MCE) has been known for half a century. Its
application in paramagnetic heat pumping to produce temperatures below those
previously attainable was first suggested independently by both Giaque and
Debye and has been used extensively ever since i researrch laboratories to
obtain temperatures approaching absolute zero. T': validity of the technique
1s well established and is not subject to question.

The topic of interest is the use of MCE in a magnetic refrigerator and
its application to the liquefaction of hydrogen on a commercial scale. The
development of the magnetic refrigerator has been pursued by Dr, John A.
Barclay of the Los Alamos Natlional Laboratory (LANL) for several years. Many
theoretical analyses have been published (References B-1 throupgh B-5)
concerning the performance of this device and all studies have suggested that
the magnetic refrigerator represents a potential breakthrough with regard to
thermodynamic performance. Efficiencies which are in the order of double
those attainable via gas compression/expansion cycles appear to be possible.
Because hydrogen liquefaction is an energy intensive process, and the cost of
this energy is a substantial portion of the cost of producing liquid
hydrogen, an improvement 1in operating efficiency of this magnitude would mean
a slgnificant reduction in the cost of liquid hydrogen.

However, all analyses have been made only on the concept and
mathematical models thereof; it is not known that any working models exist.
Although Dr. Barclay has addressed and evaluated a number of recognizable
contributions to process inefficlency and has pointed out a number of problem
areas requiring considerable development effort, there is no assurance that
all contingencies have been foreseen. This 18 the nature of R&D. Only by
building and operating an actual working device of appropriate scale can one
be assured that his predictions are valid.

Dr. Barclay points out (Reference B -1) that one of the critical
elements of the process 1s the regenerative heat exchange between the
magnetic material and the working fluid. Very high thermal efficlencies must
be obtained if serious reductions in overall process efficiency are to be
avoided, and it must not be obtained at the expense of high frictional
pressure loss. The necessary efficiencies are within the state-of-the-art by
the use of porous matrices but must be considerably greater than is the
current commercial practice using brazed aluminum plate and fin exchangers.

Finally, Dr. Barclay examines (Reference B-5) the hydrogen
liquefaction process using magnetic refrigeration. There are differences
between a refrigerator and a liquefier and these differences require
modifications in the refrigerator design which are both advantageous and
disadvantageous. It appears that a practical hydrogen liquefier would be a
staged device of several refrigerators in series. The staging would improve
the effectiveness of the refrigerators but would introduce irreversible
losses in the heat exchange between the working fluid and the feed/product
stream. The problem of ortho-para conversion must also be addressed. Most of
the conversion occurs belcw 100 K and imposes a large additional heat load on
the liquefier. A staged liquefier implies staged conversion which is less
efficient than equilibrium corversion. Liquefaction processes which feature a
near approach to equilibrium conversion are in current commercial practice.

B-14
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There are also a myriad of not-so-minor mechanical problems which must
be solved, particularly with the rotary wheel concept. Problems such as
seals, leakage, flow control, insulation, and fluid pumping, among others,
are certaln to exist and must be overcome on a practical basis.

The preceding comments are not to be interpreted as a denigration of the
magnetic refrigerator concept but rather to emphasize that there must be a
congsiderable development effort befcre the concept can be converted to a
commercial reality. The traditional development route of model fabrication
and testing and prototype construction leading to small commercial units for
specialized applications will require time. Given enough incentive,
sufficient resources could be brought to bear to reduce the duration of the
development period considerably, but this is not likely to occur in the
present energy environmenc. It is foreseen, then, that the magnetic
refrigerator will not play a significant role in the large-scale liquefaction
of hydrogen in the current decade and probably not within this century.
However, its promise is sufficiently great that the presently-foreseen
problems will eventually be solved.

References Cited in Appendix B-2

B-1, Barclay, J.A., "An Analysels of Liquefaction of Heltum Using Mag~
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E Union Carbide Corporatiun
Linde Division
& .. v'ON CARBIDE P.O. Box 44 4
Tonawanda, New York 14150
Telex 91-311

January 31, 1983

Mr. William J.D. Escher
E:F Technology, Inc,
1405 N. U.8. 27

P,O. Box 189

Bt. Johns, MI 488798-0180

Dear Bill:

This package of information confirms that which 1
sent to you earlier via Telecopy. The work which you
originally requested is only partially complete, although
well along. Some of the information is presented both
graphically and in tabular form although I expect that
you will want to redraft the graphs for final formal use
for both appearance and conaistency with your other artwork,

The facility described is a complete hydrogen lique-
faction unit, self-sustaining except for electricity, cooling
water and low pressure steam, and includes a nitrogen lique-
fier to produce liquid as well as cold nitrogen gas to meet
refrigeration needs at the 80-~100K level. There is also a
small nitrogen-only alir separation plant to provide makeup
nitrogen so that it need not be imported from an outside
source. This is more economical than purchasing trucked-in
liquid.

The electricity, cooling water and steam are utilities
assumed to be avallable at battery limits. If water and
steam are unavailable, a cooling tower and small boiler will
have to be provided at additional cost.

The hydrogen feedstock is assumed to be that produced
electrolytically in the units described by the Teledyne papers.
The purity of this hydrogen is very good and poses no problems
for the purification equipment that is provided with the
liquefier. 1In fact, we can probably handle considerably higher
impurity levels and I will be investigating exactly what the
upper limit may be.

I have given you turndown power requirements to 50% of

design point. I have trouble going much below this capacity
because of surge limitations on certain of the centrifugal

C-1




Mr. William J.D. Escher - 2 - January 31, 1983
L:F Technology, Inc.

compressors. The best way around this is probably using
dual-train 50% units. However, this would produce some
increase in the cost of the facility. The problem involves
only the nitrogen liquefier and the air separation plant.
Dual-train compression has been provided for the hydrogen
liquefier,

In response to your question concerning liquefaction
of by-product oxygen, I think that this feature can readily
be designed into the nitrogen liquefier unit already being
provided in support of the hydrogen liquefier. At 20 TPD
of 1iquid hydrogen capacity, there would be 175 TPD of
oxygen gas avallable for liquefaction. This would nearly
double the size of the No liquefier. Space shuttle launch
requirements based upon NASA's Polygeneration solicitation
are 12 TPD of liguid hydrogen which equates stoichiometrically
to 85 TPD of liquid oxygen. A nice feature of the electrolytic
unit is that it produces stoilchiometric quantities of hydrogen
and oxygen.

I've checked briefly into the cost of liquid hydrogen
storage tanks. An approximate figure for a 400,000 gallon
tank would be about $2,000,000 today. I'll be checking this
further.

There was also the question about personnel requirements
for the plant. I have not addressed this question yet but
this information is easily developed.

All costs are based on first quarter 1983 dollars.

I have addressed, here, all of the work items which I
understood that you assigned to me., If there are any omissions
or any items overlooked, please let me know. I expect to be
available for any questions or further effort in support of
the project.

Best regards,

C. R. Baker
CRB/ fmm
Attachments
ce: Mr. A. W. Bailey
c-2
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HYDROGEN FEED REQUIREMENT
20 TPD HYDROGEN LIQUEFIER

Flow, CFH-NTP 350,000

Pressure, paig 75

Temperature, Op 80

Composition * 2 99.999% (tentative)

Water Content Saturated at 75 psig
and B0CF

* Lower purity level may be acceptable.
1s being investigated.

NTP = 70°F & 1 atmosphere

i



131S -~ HYDROGEN PLANT COSTS

Cost is for battery limits, complete hydrogen liquefier

installed,

1.

2.

[54]

including:
Hydrogen Liquefier Unit
Nitrogen Liquefier Supporting Unit

Air Separation Plant to Provide
Nitrogen Makeup

Foundations

Buildings for Hydrogen Compressors,
Control Room, Maintenance and Electrical
Switchgear.

Instrumentation/Computer Control

Site Work, Grading, Drains, Sewers, Fire
Protection, Paving, Potable Water, Fencing.

Availability of cooling water at battery limits is assumed,
no cooling tower has been provided.

Existence
limits.

of electrical substation is assumed outside battery

Storage tank for liquid hydrogen is not included.

Availability of 15 psig saturated steam at battery limits
is assumed.

TOTAL COST
HYDROGEN LIQUEFIER

Capacity
TPD of
Liquid Hydrogen Cost (1Q 83)
8 $12,500,000
15 19,500,000
20 24,000,000
25 28,300,000

C-4



UTILITY REQUIREMENTS
HYDROGEN LIQUEFIER

LIQUEFIER CAPACITY, TPD 8 15
ELECTRICITY, KW 4030 7260
COOLING WATER, GAL/MIN 2300 4200
15 PSI STEAM, L3/HR 280 525

TURNDOWN POWER REQUIREMENT
20 TPD H, LIQUEFIER

PLANT CAPACITY POWER
% _1pD LH KV
110 22 10, 390
100 20 ' 9,490
90 18 8,635
80 16 7,805
70 14 6,985
60 12 6,160
50 10 5,320

ORIGINAL P& %
OF POOR QUALITY

20 23
9490 11800
5500 6800

700 875
UNIT POWER
KWH/LB LH,_

5.67
5.69
5.76
5.85
5,99
6.16
6.38

-
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S Union Carbide Corpordteu..
.‘-:-:-:-m v N DE Linde Division
- Y ) P.O. Box 44

Tonawanda, New York 14150
Telex 91 311

February 4, 1983

Mr. William J.D., Escher
I Technology, Inc,
1405 N, U,S8, 27

P.O, Box 189

St. Johns, MI 48879-0189

Dear Bill:

I now have additional information to forward to you
which cither adds to or supersedes that presented in my
letter of January 31.

First of all, the feed hydrogen purity. The adsorption
purification system provided with the hydrogen liquefier is
capable of handling up to 50 ppm impurities in the hydrogen
feed, including oxygen and nitrogen. For higher impurity
levels, additional purification capacity would have to be
provided.

Concerning the cost of liquid hydrogen storage tanks,
I have a firm current quotation from CB&I of $1,600,000 for
a 400,000 gallon spherical, vacuum insulated tank. Founda-
tions would add another $20,000 but otherwise the cost is on
an installed basis. The cost of tanks of different sizes
have historically shown a linear dependence upon capacity.,
Thus, a 200,000 gallon tank would be expected to cost
$800,000 and a 600,000 gallon size would cost $2,400,000,

Plant personnel requirements are shown on the attached
sheet. The list was selected to pro‘ide not only the require-
ments for plant operation but also to provide at least two
persons in attendance at all times for personnel safety.

This pretty much represents a fixed roster and would not
vary with plant capacity over the 8-25 TPD capacity range.
The plant manager might not be kept too busy, however, and
he might be able to devote only half-time to this plant if
there were other responsibilities available to him such as
the management of another plant in same locality.

Operation and maintenance costs are tabulated on an
attached sheet for all four plant capacities. Included are
labor, supervision, administration and overhead, operating
supplies and wmaintenance supplies and parts. They run from
3.4 to 5.8% of plant investment.

C-8
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Mr, William J.D. Escher ~ 2 - February 4, 1983
I:F Technology, Ine.,

Concerning plant turndown, if dual train nitrogen
compressors are provided for the nitrogen liquefier, then
by shutting down one train of compressors, the plant could
be turned down to 25% of design capacity. Further turn-
down should be a complete plant shutdown. The added investi-
ment for the duwl train nitrogen compressors is estimated to
be $190,000 or 0.8% of plant investment for the 20 Ti'L
capacity. The same percentage of investment can be used for
other plant capacities., I have also added a page showing
turndown power requirements to 25% of design capacity for
the 20 TPD liquefier,

Restart of the plant after a modest shutdown (e.g. over-
night) should not be time consuming. The cold hoxes are vory
well insulated and very little warmup of equipment will occur
in this period. Most of the time would be spent in going
through the checklist for startup procedure and readying the
plant for operation. Operation at full capacity can usually
be achieved within an hour. I have also sketched out a block
flow diagram and included a copy to give a better appreciation
of the facility.

I hope this answers all your questions and trust you had
a successful presentation at the recent briefing

Best regards,

<2'47 Agi&éZL//’

C. R. Baker

CRB/ fmm
Attachments

Cc-9
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PERSONNEL REQUIREMENTS

20-TPD HYDROGEN LIQUEFIER

1 - Plant Operator - 3 shifts per day
To man control room and operate facility.
1 - Instrument/Control Operator - 1 shift per day

To maintain instruments and computer in
operation and calibration.

1 - Maintenance Mechanic - 2 shifts per day
To maintain plant in mechanical repair
1 - Production Supervisor - 1 shift per day

To supervise ple . and instrument/contr. |l
operation.

1 - Maintenance Supervisor - 1 shift per day
To supervise plant maintenance operations.
1 - Plant Manager

1 - Secretarial Assistant

C-10
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OPERATING AND MAINTENANCE COSTS

HYDROGEN LIQUEFACTION FACILITY

Annual
Plant Capacity Operating and
TPD LHZ Maintc¢nance Costs
8 $730,000
15 840,000
20 210,000
25 970,000

Cc-11"



TURNDOWN POWER REQUIREMENT

20 TPD H, LIQUEFIER

2
ONE COMPRESSOR TRAIN IN OPERATION

PLANT CAPACITY POWER UNIT POWER
% TPD LH, KW KWH/LB H,_
10 8 4020 6.03
30 6 3220 6.44
25 5 2810 6.74

C-12
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';:_-':W . NDE Union Carbide Corporation
e [ ’ Linde Division
- . YON CARBIDE P.O. Box 44

Tonawanda, New York 14150
Telox 91-311

February 17, 1983

Mr. William J.D. Bscher
E:F Technology, Inc.
1465 N. U.S. 27

P.0. Box 189

St. Johns, MI 48879-0189

Dear Bill:

This will confirm the information on oxygen lique-
faction which I provided to Ray Tison via telephone on
Feb. 15, 1983.

The cost of tanks for liquid oxygen is considerably
less than for liquid hydrogen. NASA's solicitation on their
polygeneration facility places the quantity of liquid hydro-
gen required for one shuttle launch at 180 tons, or 610,000
gallons. The stoichiometric equivalent of liquid oxygen is
1430 tons,; 300,000 gallens cor 35,000,000 SCF. Our designa-
tion for a tank of this capacity is LR-35 and it's cost is
$480,000 or $1.60 per gallon. If you would like a different
size tank, a scaling exponent of 0.56 will apply over the
range of 200,000 to 600,000 gallons. You will also need a
$60,000 foundation which is in addition to the $48u,000
purchase price.

The oxygen liquefaction unit can be integrated into
the nitrogen liquefier which produces refrigeration for the
hydrogen liquefier. The estimate is based on increasing
the nitrogen liquefier capacity and heat exchanging the
liquid nitrogen with the oxygen. The following table
summarizes the power requirement and investment for oxygen
liquefaction capability for the four different hydrogen
liquefier sizes.

LH; Plant 02 Liquefaction
Size Rate Power Cost
TPD TPD KW $ Million
8 63.5 1450 2.1
15 119.0 2600 3.0
20 158.7 3400 3.6
25 198.4 4200 4.1
C-14

N i



Mr. Willaim J.D. Escher -2 - February 17, 1983
E:IF Technology, Inc.

Operation of the oxygen liquefier will require no additional
personnel. The manpower ro:.! r which I specified in my Feb. 4
letter will be able to handle this additional activity,

Best regards,

C[f u/([( -

C. R. Baker

CRB/ fmm

cc: A. W. Bailey

C-15



‘, ’ NDE Union Carbide Corporatiun
Linde Division
® NN CARBIDE P.O. Box 44

Tonawanda, New York 14150
Telex 81 311

B

="

March 10, 1983

Mr. William J.D. Bscher
:F Technology, inc.

P.0. Box 189

St. Johns, MI 48879-0189

Dear Bill,

I have read with interest the proposed paper on photo-
voltaic hydrogen by you and your associates. T would say
that you have done an outstanding job and the material pre-
sented clearly shows the depth of background ir solar energy
systems possessed by your organization. I doiu't have suffi-
cient familiarity with such technology to make meaningful
comments on most of the material but I do have some remarks
on one or two items with which I am familiar.

Your liquid hydrogen requirement of 6 million 1b per
year for the space shuttle is somewhat less than the level
which T understand is needed. According to NASA's solicitation
10-2-0150-2 for the Polygeneration Study, a single shuttle
launch will use 612,600 gallons or 181 tons of liquid hydrogen.
At 18 launches per year, this comes out to be 6.52 million
pounds, or about 9% greater than your figure.

I also don't think that your 8 TPD plant is quite large
enough. At a uniform launch rate, and assuming 5% plant
outage for maintenance and repair, a liquefaction capacity of
9.4 tons/day would be required. NASA points out that they are
contemplating a non-uniform launch schedule and that a maximum
effective interval of 15 days between launches should be used
for plant sizing, placing it at 12 tons/day.

You have also indicated that you would be providing two
weeks' storage for both liquid oxygen and liquid hydrogen.
At 181 tons of LH2 consumption per launch and LH2 production
at 8 tons/day, 22 days' storage would be needed to meet shuttle
launch requirements. Two weeks' storage is not enough.

These capacity differences really relate to differcnces in
concept; whether you want to project an ideal portrayal or
whether you want to be more realistic. I would readily agree
with either route.

C-16
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Mr. William J.D. EBscher March 11, 1983
L:F Technology, Inc.
Page 2

On page 5, water and product gas mains are laid in a
common trench. TFor safety reasons, this may not be advisable.
Open trenches have a way of collecting flammable muterials,
often oil or grease. A leak in the oxygen jiping could result
in a severe fire. A closed trench, while keeping out com-
bustiblec matter, would pose a hazard -hould there be leakage
in both hydrogen and oxygen lines. T would see no problem
if the oxygen gas main, at least, were buried. An alternative
would be to place both H2 and 02 gas mains in above-ground pipe
racks st low elevation so as not to shade the collector array.

In the same paragraph, gas pressures are assumed to bhe
10 psi at the central collection point. I assumcd the hydrogen
feed to the liquefier to be 75 psig while the oxygen was
available at 35 psig. I'm not certain that these differences
have been addressed with respect to power requirements.

I have also received some literature from John Rarclay on
his magnetic refrigerator and am reviewing it. My present,
but not necessarily final, perception of his technology is that
it seems to have high potential but it will be quite some time
before it can be developed to the point where it becomes a
reliable method for producing refrigeration for large-scale
industrial plants. It will obviously have first use in small
specialized applications.

I also expect to take some vacation time over the Raster
holidays and will not be available from March 28 until April 7.
I will be fully available for any consultation both before and
after this period.

Best regirds,

(/(\(CL( (L,L_.._,

C. R. Baker

CRB/ fmm

c-17
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Union Carbide Corporativn
Linde Division
- (v N ARBIDE P.O. Box 44

Tonawunda, New York 14150
Telex 91-311

June 29, 1983

Mr. Robert J. Sprafka
E:F Technology, Inc.

1405 N. U.S. 27

P.0O. Box 189

St. Johns, MI 48879-0189

Dear Bob:

This will confirm the information concerning hydrogen
losses which I provided you verbally over the phone earlier
this week,

The original block flow diagram for the 20 TPD hydrogen
liquefier showed that a 349,000 cfh feedrate was required to
produce 320,000 c¢fh of liquid hydrogen product. The differ-
ence of 29,000 cfh (8.3% of the feedstock) represents leakage
losses, mostly through the shaft seals for the compressor and
turbines as well as through valves.

B8y implementing the anti-leakage measures described in
Section 9 of NASA report CR-145077, "Study of the Potentials
for Improving the Efficiency and Economics of Liquid Hydrogen
Produced from Coal'", July, 1976, I estimate that total leak-
age losses can realistically be reduced to 8,000 cfh or 2.5%
of the feedstock rate. This would be distributed roughly as
follows:

Compressor Shaft Seals - 45%
Turbine Shaft Seals -  30%
Cold Box - 257

The leakage rate may be scaled proportional to plant
capacity so that for a 10 TPD liquefier, the expected leakage
rate would be 4,000 cfh. The cost of providing these anti-
leak measures is estimated to cost $100,000 for a 10 TPD
liquefier capacity. This is an economically attractive invest-
ment compared with the value of the hydrogen saved.

Best regards,
C il
C. R. Baker

CRB/ fmm

Cc-18
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Paper presented at the 20th Space Congress,
Cocoa Beach, Florida, 27 April 1983

HYDROGEN FROM RENEWABLE ENERGY: PHOTOVOLTALC/WATER
ELECTROLYSIS AS AN EXEMPLARY APPROACH

Dr. Robert J. Sprafka
Mr. Raywond R. Tison
Mr., Wiliiam J.D. Escher

E:F Technology, Inc.
Sc. Johne, Michigan

ABSTRACT

Potential large-scale production of liquid
hydrogen ané liquid oxygen from wataer using
photovoltaic solar energy conversion at the
NASA Kennedy Space Center is examined in this
paper. The example non~optimized, stand-alone
fucility describad produces about 5.76 mil=-
lion pounds of liquid hydrogen per year, and
8 times that much liquid oxygen, which could
support about 18 Space Shuttle Lleunches per
year.

A 100-MWp flat-plate photovoltaic array,
measuriang l.05 square miles, 18 required. The
full array is made up of 249 wodular 400~kWp
arrays with several electrical/gas product
"grids” considered. Hydrogen and oxygan are
produced with either dispersed or central
water aelectrolyzers. A central product lique~
faceion facility with 2-weeks' storage 1is
provided.

Egtinated liquid h,drogen product costs,
levellized over a 20~-year facility life, range
from about $3.00 to §7.50/1lb liquid hydrogen,
depaending mainly on the cwst of installed
photovoltaics. (The range ¢xamined was $.50
to 82/Wp.) At about §1.50/Wp, a liquid hy-
drogen conventional/non~-fosgil cost parity
would seem to be achiuvable over the period
1990 to 2010.

Keywords: liquid hydrogen, liquid oxygen,
solar ene gy, photovoltalcs, water electroly-
zers, liquefiers, Space Shuttle propellants.

SUMMARY

This paper addresses the large-scale, stand-
alone production of liquid hydrcgen and ox~
ygen via water electrolysis powered by elec~
tricity from a photovoltaic array lucated on
or near the NASA-Kennedy Space Cent2r (KSC).
Liquefaction of product gases is accomplished
by a conventional plant powered by a dedica-
ted photovoltaic array with battery storage.

The system was sizaed to produce on the order
of 6 wmillfon lb/year ot liquid hydrogen (5.76
X 109), and 46 x 10% pounds/year of liquid
oxygen are produced as well. For perspective,
this equates to full Lliquid hydrogen/liquid
oxygen logistics support tor the Space Shut-
tle Progrem operating at about 18 launches
per year.

A total photoveltaic array powar racing of
about 100 MWp {8 required based on recorded
insolation received at KSC. The resulting
arvay power aplit s 67.6 Mip for wate
electrolyzear facility operation and 32 MWp
for the hydrogen and oxygen liquefier opera~
tion. Hydrogen and oxygen production from
Jater occurs only when the photovoltaic array
is active under direct and diffuse 1{illumine-
tion by the sun, Howaver, product liquefac~
tion proceeds around the clock with night-
time onergy supplied from battery storage
charged photovoltaically during the day.

Jaing estimated capital costs and operating
and maintenance expenses, levelized costs are
calculated for liquid hyvdrogen and liquid
oxygen produced over the 20-year facility
life. Gosting 1is based on standardized
guidelines for electric wutility facilities by
the Electric Power Research Insticute (EPRL).

BACKGROUND

At presant, KSC's liquid hydrogen demands are
met by conventional industrial gas supply
means quite similar to other merchant hydro—
gen customeérs. Specificully, liquid hydrogen
i8 purchased under contract trom Air Products
& Chemicals, Inc. The hydrogen is produced by
the conventional natural gas (methane) steam
cveforming process and liquefied at Air Pro-
ducts' New Orleans facility, From there, it
is transported by KSC-owned-and-operated
13,000~gallon tractor-trailer units. Recent-
ly, trial runs have begun on rail tank car
delivery as a way of supplementing over—the-~
road delivery.
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Natural gae, the basic teredstock, {3 a de-
plecable fossil fuel resvurce subject to
near-term cost escalations and unavailabil-
ity. Accordingly, NASA planners have {nitia-
ted studies of alternative sources or liquid
hydrogen by way ot opening up possible op-
tions for ensuring long~term <continuation of
supplien. The contliaued use of natural Jas
will, ot course, be a competitive option.

Another approach under congsideration at KSC
is on~site coal yaeification in a "Polygen~
eration” facility, 1i.e., one providing sev-
eral wuseful products in addition to hydrogen.
Yet another category of options i@ non~foseil
production of liquid hydrogen. Based on a
compaetitive procurement, KSC awarded a con-
tract to a dtudy team led by E:F Technology,
Inc., in late-September 1982 (Ref. ). 7o
addresas this possibility, this paper was ae
veloped from {nformation gathered/analyzed
for this contract (see Acknowledgments).

This paper addresses one of the nearer~term,
KSC-siced, solar energy-operated alterna~
tives: a photovoltaic-based (solar cell)/
water electrolysis, liquid hydrogen/liquid
oxygen production gystem, This system was
identafied aearlier by B&:F as one of four
solar/hydrogen p.oduction  approaches which
were commercializable by the year 2000 (Ref.
2). A8 next discussed, the example systea to
be described {8 no: optimized nor i{s iL ne-
cesgarily related to those one or two systems
called out to be studied in some dapth by the
contractor team,

The basic objective of this presentation is
to illustrate one specific approach for pro-
viding non-fossil-produced liquid hydrogen
and oxygen as an alternative to today's fos~
gil-based production means. Being {lluetra-
tive and not reflecting trade-offs and “fine
tuning” advantages, this exemplary systea
demongtrates basic feasibility while sug-
pesting the order of product costs which may
be expected, in a generic sense, trom solar-
based hydrogen productinn.

SYSTEM REQUIREMENTS

The tollowing basic guidelines were adopted
in configuring the exemplary system:

e Photovoltalc solar energy conversion to be
used on a stand-alone basis (no utility
power or other energy inputs)

e KSC facility location (insolation data
used 1s that measured by the Florida Solar
Energy Center at Cape Canaveral)

o Techuology and estimated costs applicable
to the 1987-1992 time period

¢ Nominally, the Space Shuttle's 18
launches/year to be tully supported; this

equates to a nominal 6 million !b/year of
liquid hydrogen use (final tactlity siz=-
tog: 5.76 X 10% lb/yr)

e Coproduct oxygen also to be coilected and
liquetied (leading to some excese liquid
oxygen over Shuttle nceds as met by the
liquid hydrogen produced).

TECHNICAL ACPROACH

The basic makeup of the exemplury system 1is
show in block diagram form in Figure 1., Dis~
played here are subsysteme operating in a
series flow-through manner. These are:

e Photovoltaic Array--provides direct con~
version of received sunlight, both direct
and dif.used, i{nto d-c electricity

¢ Water Electrolyzer--provides electrochemi-
cal separation of the constituents of
watar using photovoltaic electricity into
molecular hydrogen and oxygen as smbient
temperature gases

e Product Liquefiers--converts the ambient-
temparature gaswous eleccrolyzer products
into cryogenic liquid hydrogen and oxygen,
as used in the Space Shuttle.

Associated with these subsystems, various
kinds of energy and product dtorage are pro-
vided, e.g., batteries and gaseous and liquid
storage.

SYSTEM SIZING AND LAYOUT

In order to produce six million pounds of
hydrogen gas per year, 294.3-MW hours/day of
energy must be stored {n the form of hydro-
gen, Using sunlight at 5 to 6 hours/day of
full-esun equivalent implies that a system of
50- to 60-MW peak power (without considering
losses in the process) is required.

To date, no photovoltaic system of this size
has been constructed, although at Lleast one
is planned--with the initial ftew Megawatts of
capacity under construction (Ret. 3). In-
cluding the Iliquefler facility, the system
discussed here will occupy approximately 1.5
square miles. Again for perspective, space
availability at a facility such as KSC should
not be a problem.

Typically, the output of exlsting and planned
PV installations has been a-c cleciricity.
With hydrogen as the product, several uncon-
ventional syetenm approaches are possible,
ecach having 1its own set ot advantages/
disadvantages. Those approaches covered {n
this paper rely on a basic building block: a
400-kWp PV sub~array or wmodule (to bc de-
scribed later). The method of Iinking the
required 170 or so modules leads to several
posseibilities to be further discussed:
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. 'V omodaie c tnverter g e prtd
ventral et ilter * econtral
clecvtro! yaer ' gascouy product storcdpe
] P oodule  d ¢ busbar ¢ central

eloctrolyzer © gaseous product stocage

» PV aodule  *distribuced electrolyzer
Ky malog  * Ydecous product storage.

The liquetfer ttselt will be  powersd by the
ticst option ueing its own “dedlcated” array,
Distrvibuted battery stocayge provides 24
hour/day ovperation (lLiquetiers only),

THE, U0=kHp PV, MODULE

Fallowing more or less conventional practice,
PV panels which dre  J.12% wmaeters high are
arranged in rows U metaers apart as shown (n
Figure 2, The panels are mounted on a hori-
zontal “torque  tube” permitting rotattion
along an cast-west axis. Throughout the year,
the til: angle ot the panels (s changed sev-
¢ral times to kcep the insolation nearly
normal to the panel surface at solar noon. An
vxampld ot guch a tilt achedule is given In
Table ). Using values trom this table (used
at Florida Solar knergy Csnter, PSEC, 28.5°N
Latitude), at winter soletice, che lU-meter
spacing together with a scheduled 48° tilt
angle results in gome #hading of panels at
sun altttudes less than 16°. Unshuded opera-
tion is then possgible trom 8:30 a.m. to 3:30
p.m. At the 24° tilt angle associated with
the equinoxes (mid-March, mid-September), no
shading occurs since at gun altitudes lesas
than lu” (which the panels would block), the
sun 18 behind the south-facing collectors. No
shading oceurs when the sun {8 further north
(¢.g., Summer).

Table 1. TILT ANGLE AND APPLICABLE DATES

Tilt tn Degrees Date Range
48 3 Nov - 9 Feb
44 1) Feb - 4 Mar
Je 5 Mar - 24 Mar
24 25 Mar - {3 Apr
lb 4 Apr - 7 May
L] 8 May -~ 7 Aug
1] 8 Aug - 30 Aug
24 JI Aug - 20 Sep
32 21 sep - 10 Oct
44 Il et - 2 Nov

In order to determine the optimum dimensions
tor the 40U-kWp module, t.e., the number of
rows and the corresponding row length, we
assume rectangular arrays were laid out with
the d=-c power tie-point .t the rough geomet-
ric center ot the rectangle. The cost of
copper conductors was to be minimized. The
number of rows was varied trom | (1,600 m
long) to 180 (10 m long) each. The PV panels

were taken  to be B et b ent oaoa pane] area
hadis==a number which  combtiaer  coll obti=
cluncy and poometric packimi tract ton,

Copper tequtrements  wete calculated  tor each
conttguratton 8o that  there cxants  at most A
1-V drop trom each 500=v submodule of the
400~kWp aub-arrvay to the power-tie point.
copper coute per peak  watt were calculated
using «cable and wire at  Yarpound 1ngtalled,
The results are shown In Flpure ), It can be
sewn  that a clear mlntoum exiyts ot 1) rows
of vollectorn, implying 12) m long rows,

Gollection at H0U=-V wae arrived ot after
constdering worker eatety, yood inverter of-
flciencies (1t usaed) , and electrolyzer
matching without dependonce on d=¢  to  d=¢
converters. Higher voltagen would reduce the
copper requirement but would detract trum
PV-electrolyzer matching. (5ee  next dectica.)
PV cull operacing experfence a4t 1,000 V and
highe: hae - :ulced 1n arcing trom the call
through the potting materials to ground. Lt
L8 noted that the moet rcecent Block v
photovoltaics govearnment buy speciflan
1,000-V oparation. Lower collection voltage
(than 500-V) would lead to excesslve copper
cabling as well a8 lower a-c Lnverter etfi-
ciencies.

Thus, as shown in Figure o, the 4UU~kWp sub=-
array module {8 physically 123 x 130 m iu
extent and provides d-c at 499 V and 800 A.
The 499 V reflects a power loss of 80U W out
of the total produced--an 0.2% luss.

Based on availabla PV codt predictions, e.g.,
Reference 4, we are wusing installed costs
from $.50 to $2.0U per peak watt 48 spanning
the range of coats generally antlcipated by
1968. Thase costs, as used here, retlect only
the PV panela, their mounting, and connecting
cupper cabling as described above. Pouer
conditioning, storage, etc., dJare otherwise
covered as discussed in a later section
dealing with combining these modules tnto the
overall system. The ingtalled module cost
then {8 $200,000 to $8UL,U00 tor the 400~kWp
module excluding land costy.

THE ELECTROLYZER MODULE

Today's electrolysis plants dre predicacved on
power from an a~c¢ grid which (s rectitied and
then fed to the electrolyzers through an ac-
tive power controller which teeds the units
optimally. A8 a ronsequence,  electrolyzer
optimization has tended toward larger cell
areas and lower voltage and higher current
than those considered here (i.e., 200~-v,
1,000-A units in series as opposed to 500-V,
800-A). For this atudy, it is assumed that a
block purchase of 60~ to 10U-MW of electro-
lyzer will permit production-basis construc-
tion of wunivs meeting the aeeds of the ta-
cilfey.
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whoen  voangideration  1d given  to usirg eluce
trodvders o conjunction with a PV array a8
the  oluctricity soutee,  the usual design ap-
prosich encompasyss Jd=¢ to  d=¢  power condl-

tionlig  dystems Lo track”  the psak  powet
point ot the PV array while meeting the cur-
tent/vaitege polarizat ion  curve requirumwats
ut  the rlectrolyzer and also adjusting to
varyiny 1ngolation levels throughout tae day.
wch conditioniay dystems can tesult in the
lusg ot Vv to |UX ot the power ahead of the
glegtrolyzer,

Based on studles at EiF (Ref. 35, and else-
where (¢.)., Rat., 6), it s possible, how=~
ever, to achieve good matching of the PV pou-
wer  source to  the elactrolyzer without the
use ol an Jdetive control systeums Thie mrtch-
1tay wimply requires that the PV array and
vlectrolyser be s4peclally designed ao that
the  locus of the peak  power points of the
drray, as ingolatifon varies, approximates the
voltaga~current characteristics (polarization
curve) ot the electrolyzer.

An  example of gsuch a match tor a 4UU~kWp
module (s  shown 1o Figure 5. Also Indicated
In the ttgure are the boundaries in which the
polarization curve must remain to kuep mig-
matceh  losses below 5%. The PV-eluctrolyzar
mateh will rematn good over a wide cange of
operating conditions @ince thermal etffects
(L.e., operating temperatures) cause the jlo-
cus of peak power points and the polarization
curve to shitt tn che same general direction
(to the Llett tor higher temperatures; to the
right tor iower temperatures). The wmost se-
vere mismatch likely to oceur (n a well=
designed system will result from compouent
aging and PV cell tfallures. As the electro-
lyzer ages, tts polarization curve will
shitt to the right, while a deteriorating PV
array will nave the lorus of peak powvar
puints shifted to the latt in Figure 5. When,
atter seversl years, the mismatch becomes
larye, maintenance on both the array and the
electrolyzer 13 mandated to restore efficient
operation.

fhe direct «coupling of an electrolyzer to a
PV array is not a new 1idea (Refs., 7 and 8);
however, directly coupled, wall-matched sys-
tems have not yet heen demonatrated. To this
end, FSEC 18 currently implementing such a
demonstration using a 2-kW electrolyzar spe-
c1ally butlt by Teledyne to E:v''s specitica~
tions.

It 18 possible to design the electrolyzer so
that 4t tnsolation levels above [25-W/m*,
rhere L3 suttlctent cell voltage for elec-
trotysis to proceed. Below this level, the
electrolyzer ceases tunctioning. In order to
quantiiy potential losses due to pertods of
low innsolatlion, solar data tor calendar year
1981 (obtained trom FSEC) has been examined.
0f  the annual tilted surtface global 1nsola-

tion owasured, 97.8% was above the 129-W/m*
threshold, In this enalysis, the |5=-minute
data  potnts  Ae wwasured were combined inte
hourly valuew su that the 2,2% lose of
avatiable tnsolation probably represents an
upper limit to the traction of radlation
which (s unusable by & directiy-connectud
¢lactrolyeer ot the type describad.

[t {w expected that losses irom the mismatchn
shown {n Figure $ will oaot exceed 2%. The
addicional loes of 21 unusable tinsoclacton
results (n a net 4X lose in matching. Note
that this 1s better than that ubtalnahle by
using active power trackers and that this
lavel should be achievable at . additional
ceat {n contrast to the power-tracker situa-
tion,

Available electrolyzers in the 400~kW rcange
are approximstely BUX effictent (Ret. 9),
t.0,, Lt takes |.25-kWhr of «electricity to
produce j-kWhr of chemical energy in the hy~
drogen produced (higher heating vaiuae). Thase
unitn, with nao pover conditioning, should
cost approximacely §$200/kW. The electrulyzers
require double~deionized taedwatar for sat-
tsfactory operation. Such a water condition-
ing plant for a 100-MW pnlant coaets approxi-
macely $100,000 (Ref. 10).

INTEGRATION OF 400-kWp PV _MODULES

The full PV array (“super grid") size, using
the staced 802 efficienc electrolyzerr and
considering the usable average tilted surlace
global insolation weasured by FSEC (1977~
1982), turns out to be 67.5 MWp. Thus, 169 of
the 400~kWp PV modules discussed previously
are integrated into a ‘“super grid” comprising
the overall hydrogen—oxygen production sys-
tem. The super ,-id 1is ashown Lo Figure 6, and
is 1,69 x 1.60 km {n extent. This corrssponds
to 9.9 acres/MW, couparing favorably with the
9 acres/MW described for the SMUD array (Ret.
2). At $.50 to 52 per peak watt installed,
such an array would cost $33.8 to §135.2
miilion not fncluding the elactrolyzers.

Three options [or linking the array ({into a
hydrogen-producing system are predented next.
It will be recalled that these are: (1) a-c
grid, (2) d~=c grid, and (3) gaseous products
grid (dispersed electrolyzers). For all the
options investigated, cthe [{nter. cnnections
followed the routing shown {n Figure 6, with
a wain trunk 1.69-km long with 26 branches ot
0.8-km each. This provides optimal grid con-
ditions for all three options considered.

Of the three options cited, the filrst two
allow for the possible reclamation of the
rejected low-temperature heat trom a central
electrolyzer facility. The heat (s a direct
result of electrolyzer inefficlency (20%) and
amounts to about 250 million Btu/day 4t about
200°F. For perspective, this heat vource is
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cquazalent to o large tlat-plate solar ther-
ukil arrtay which  ds antrinsle  to the central
el truiyzer approdch. In each case, central
4ater purttleation L8 accomplished startliog
with municipal potable water. Water costy
turn out to be negliyitbhle, For the diapersed
eluctrolyzer couantiyuration only, & pump with
Jo-ypm  capacity to fued water to the die~
porved glectrolyzers 1o adsumad In each at 50
pst nead to compensate for pipe friction.

Hach ot the three grid configuratioh options
in didcusded naxt.

(1) Distributed Inverters and an s-c Network

Thia design approach equates to that used
when  teeding a convencional utilicty a-c grid
with power from the PV modules. An {nvarter-
traustormer {8 placed at the power-cie point
ol each 40U-kWp PV module which then feeds a
J5-kV a-c grid. At the central electrolyzer
tacilfity (on the north side of the overall
array), the power g fed to a transformer-
rectitfier and power conditioning unit batorw
beiny bused to the electrolyzers. losses are
taken as S% in the {nverters and 4% in cthe
power conditioning for a 91X gystem through-
put to the eclectrolyzer cells.

fhe principal advantage of thie schome is the
use of existing technology aud available
components trom inverter through product ga®
vollection. Anruther advantage is that early-
4.m. 4ana late-p.m. low levels of {insolation
van be used to drive an appropriate subset of
the electrolyzer wunits maintalning optimal
vurrent and voltage control,

Costs for the a-c 1lines were taken as $10/
toot installed, which, for the 13 ailes of
iine, 14 approximately $700,000. The invert-
ery were taken as  $50/kW for a total of $3.4
million, Power conditioning at the central
electrolyzer planc at $20/kW amounts to $1.3
million. The electrolyzecrs themselves, at
$20U/kW, amount to $i2.3 millioa and are
housed {n 4 $200,000 building.

(2) d=c Busbar Integration and Central Elec-

trolysis

In this option, the |69 PV modules are tied
by «copper busbars carrying 500~V d-c power
along the branches to the main trunk. Copper
cabling costs were taken at $4.: {nstalled.

The grid pattern shown (n Figure 6 resulted
in  the wuse of 223.5 metric tons of copper
beinyg installed at a cost of $2 million. Re-
sulting ohmic losses in this design were
4.3-MW at peak 1insolation~-6.4% of total
power. At less than peak power conditions,
the losses are less. The overall ohmic loss
is estimated at 5% throughout the day. Doub=
ling the amount of copper would result in
roughly halving peak ohmic losses.

An  alternative des:ign with 13 d-c busbars
running north and wsouth and tied to a col-
lector bus on  the norch edge ot the full ar-
ray was also considered. Thig resulted Ln
376.5 metric tons ot copper (nstalled at a
coet of $3.,3 million and a pesk chmic lows of
364 MW,

A comparison of the two designe indicstes a
trade-off between $1.3 million 1in copper and
+65 MW of array (assumed to make up for the
losses). At installead PV couts of less than
84/W (peak), cthis rapressuts a cost penalty;
at §2/W (peak), there is & breakeven eitua-
tion,

Total costs for this option au used L{n the
following analyeis are 512.8 million tor
electrolyzers housed in a $2N00,000 building;
32 willion for the copper busbaras lnstallud
into the grid pattern., Losses {n the d-c
busbar case are 5% in ohmic losses in the
copper, and the 42 in cthreshold {usolation
and tracking oismatch mentioned in the elec~
trolyzer discussion above, for a total system
energy throughput efficiency of 91%,

(3) Distributed Electrolyzer Network

In this opilon, a 400-kW electrolyzer matched
to the 400-kWp PV array i{s ingtalled at the
power-tie poin:. within each bagic module and
the hydrogen and oxygen produced are fed
through & low-pressure gao distribution
pipeline to a cenival collection point. Water
im pilped to aach electrolyzer from a central
purifier facility.

The water and product gus mains are laid in a
common trench following the trunk and branch
pattern of Figure 6. Pipe and main sizing and
costs ware calculated from Ref. 11 and were
updated to 1982 dollars wusing a 7%/year 1lo-~
flation rate. Gas pressures were taken to be
70 pei at the electrolyzers and i0 psi at the
central collection point. The water aupply
system to feed the water pipe is rated at
54.3 gpm.

Costs for this design are $13.52 million for
che ealectrolyzers and $! millioa for the
threa pipe grids (of properly varying didme-
ter) ae installed 1in the common trench. Los-
ses in this design are only the 4% resulting
from less than threshold insolarion and non-
optimized tracking between the PV array and
the electrolyzer.

CAPITAL COST COMPARISON OF THE THREE OPTLONS

Table 2 recaps the costs assoclated with
constructing the three options considered tor
tying the system modules 1into an overall
gystem which can provide hydrogen and oxygen
to the liquefier facility., Elements of the
overall syastem commor. to all three options
(PV array, water conditioning, and gasous
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storage) have been omitted in order to focus
on interconnection coste alone, Using as a
crude screening Index the capital cost of the

divided by yearly hydrogen ca~
pacity, we tind that the most obvious candli~-
date==-distributed inverters==is the worst
chotce ot the three options considered.

tnterconnect

Ihe central electrolyzer options, which allow
electrolyzer-rejected heat recovery, have the
potential ot reducing hydrogen costs by
5.10/1b  (f 70% of the waste heat could be
reclaimed at no capital cost. The comparison
(s based on fuel otl at §8/100 Btu. Because
ot additional piping costs and, wmore signif-~
fcantly, heat loss 1in a hot water collection
4rid, the distribuced ele2ctrolyser option
does not appear capable of heat reclamation.
Note t'iac the capital cost per yearly pound
ot hydiogen produced s a screening calcula-
tion only: T™e actual levelizad cost over a
20-year period 1s derived in the last section
of this paper. What can be deduced from the
screening calculation presented herein is
only the ranking of the three options.

Table 2. CAPITAL COST® (in 10%$) FOR THREE
INTERCONNECTION OPTIONS

Options (1) (2) (3)
[nverters J.4 - -—
a-c¢ Grid ol -— —
Power Cond. 1.3 - -
d=c Bus -— 2.0 —
Gas/Water Mains - -~ 1.0
Electrolyzers 12.5 12.8 13.5
TOTAL 17.9 14.8 14.5
System Losses 9% 9 [}
GH? Proauction
(lbs/year) 5.46 5.46 5.76
Specific
Capital Cost
(%/1b Hy/year) 3.28 2.71 2.52
Based on these results, the distributed
electrolyzer aporoach is tentatively seen to
be the best choice, having 7.5% lower spe-
citic capital costs than the all-d-c/central
electrolyzer option and 30X below the dis-
tributed (nverter option. Howevar, if elec~-
trolyzer rejected heat coproduct value (s
substantial, the cholice might be the all-

d-c/central electrolyzer option,

REMAINDER OF THE SYSTEM
Liquid hydrogen s often the required form
from the using system viewpoint (e.g., Space
Shuttle). Also, large-scale delivery of hy-
drogen over distances of, say, 100 miles re~
quires the liquid form (unless a gas pipeline
is available). In order to render the hydro~-

gen and oxygen Into & truly usable form In
such a large-wcale tacility, a liquefaction
capability 18 included in the systeam.

To provide continuous operation of the Ili-
quetier, tha system provides for one-day of
gas storage. Two weeks of storage for the
liquefied gases are also included. The i~
quefler chosen Ls an 8 ton/day hydrogen unit
(5.84 X 10% lbe/year), with a corresponding
liquefaction capacity for 63.5 tona/day oxy-
gen. Capital coets for this plant are $14.6
million and the electrical input required 1is
$.48 MW for 24 hours/day (Ref. 12).

To support such a plant wholly on renewable
energy, J2-MWp of PV array 1s required (80
wodules at 400-kWp each). This would be con-
figured in the distributed inverter wode de~
scribed esrlier aince the conventional Ii-
quefaction facility requires a-c power (d-c
power might be used, but this option was not
examined). This array size provides 8-hour
wperation of the plant directly, while charg-
ing 87.7-MWhr of battery storage to operate
the liquefier during the other 16 hours of
operation per day. It is important to operate
the liquefier around-the-clock for both cost
minimization and operating reasons, as next
discussed.

Consideration was given to different size
liquefiers and amounts of battery storage.
Basically, this is a case of the trade-o f
between liquefier facility, photovoltaic -
ray, and battery costs. At the extreme ol no
etorage and operation on the PV array only, a
35 ton/day hydrogen unit would be required.
Various intermediate sizes with some battery
stor 'gqe wars also considered. The continuous
opavn'ion of the liquefier plant selected was
cheaper by §$8 to $20 wmillion than the no-
storage alternative, and was esesentially the
same cost as the larger units which run at
part capacity through the non-sun part of the
day to reduce battery storage costs.

In the dedicated liquefier array, a 68.5-kW
inverter capacity and |.l-MWhr of battery
storage are placed at each 400-kWp module.
During the day when the PV module output ex-
ceeds 68.5 kW, the extra power (s directed to
storage. The placement of storayge at the PV
module allows the same {nverter to be used
for processing both the PV and battery out-

puts. The alternative is to wuse larger in-
verters and place battery storage at the li-
quefier plant--invoking rectification and
increased {inverter costs. This costs $1.6

million wmore than the configuration prasented
here.

Costs for the liquefier subsystem then are
§14.6 million for the hydrogen and oxygen
liquef ier complex, $16 to $64 million for the
dedicated PV array to power the liguerier,
$270,000 for inverters, $330,000 tor the a-c
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wrid, and 34./7 million for the batteries (at
IO/ kWhr) . One day's gas storage for two
Mdses 18 estimated at $4.6 million using in-
production LPG-type containers. Two weeks'
storage tor ligquid oxygen costs $400,000; for
ltquid hydrogen, the cost (s $1.6 milllon.
Conventional spherical, vacuum~jacketed,
tield-constructed essels of 217,000 and

400,000 gallons, respectively, are needed.

Figure 7 shows the overall facility physical
layout as dominated by the two PV arrays. It
Is 1.65 square miles in area.

SUMMARY OF _CAPLTAL AND OPERATING & MAINTE-
NANCE COST EST[MATES

he combined costs for
including tinal liquid storage,

the entire system,
are presented

in Table ). The range of costs shown repre-
sents the ettects of considering inetalled PV
wodule costs of from $.50 to $2 per pesk
watt.
Table 3. COST SUMMARY (MILLIONS OF DOLLARS)
Capital O&M
PV tor Electrolyzer 33.8-135.2 -
PV for Liquefier 16 = 64 -
TOTAL PV 49.8-199.2 1.8-3.4
Liquerier 14.6 .75
Gas Storage 4.6 46
Liquid Storage 2.0 .20
Interconnections
5 klectrolyzer 14.5 .29
Inverters, Grid
& Batteries 9.4 .56
TOTALS 94.9-244.3  4.06-5.66
(4.3%-2,3%)
Operating and maintenance (0&M) costs were
taken trom Ref., 12 for the liquefier. The
storage tacility O8M coets were taken a8 IX

ot purchase cost, per year. The electrolyzer
0&M cost was taken as 2X. The O&M costa for
the power supply for the liquefier plant in-
clude the replacement of 5% of the battaries
per year over the lite of the systea.

For the PV array, !t s assumed that 3 kW cr
array 1s replaced each day to account fur
tield fratlures. A crew of 50 ‘ndividucls
working a one-shitt, 5-day week 18 included

to perform inspections, do maintenance, and
adjust the tilt of the a)vays 10 times per
year.

In review, photovoltaic array installed coets
are dominant bheing 53X to 82X of the re~-
quired investment at $.50/Wp and $2/Wp, re=
spectively., O&M cos.s related to the PV ar-
rays are also prominent at 44X and 60X, re-
spectively. The electrolyzer and the hydro-
gen/oxygen |1 ;efier represent equal capital

0

costs at 15X and 6% of the total, respec-
tively, for the two PV installed costs.
One-day product gas storage costs wmore than

double 2-weeks' of liquid storage, but to-
gether are less than half cthe Iliquefier or
electrolyzer costs. Actually, combined stor-
age costs are only about two-thirde that of
the sum of the inverter, electric or gas
grid, and battery costs.

FINAL PRODUCT LEVELIZb. QOST

These capital coets and O&M expenses were
evaluated by means of the Electric Power Re-
search Institute's (EPRI) TAG model (Ref. 13)
assuming 6% inflation and a 12X discount
rate. Income taxes were taken as 48X; and
property taxes and {insurance at 2X. A 10%
investment tax credit was taken and all
equipment was depreciated over |U years with
a 20~year facility book life.

Under these assumptions, the levelized pro=-
duct coet for one pound of liquid hydrogen
and the stoichiometrically-equivalent of Ii-
quid oxygen (8 lbs) is presented (n Table 4.

in order to arrive at a liquid hydrogen cost
alone, the cost of the oxygen must be sub-
tracted from the above numbers. Uaing today's
values (Ref. 12), with a 06X inflaticn rate,
and & 3X escalation over inflation rate to
ref lect increasing electrical costs, the 20~
year levelized cost of liquid oxygen corre-

sponding to one pound of hydrogen s §$.60,
1.e., $.075/1b of liquid oxygen. Liquid hy=-
drogen costs per pound, then, are §$7.38,

$4.05, and $3.01
arcay coets of $2,
ly, per peak watct.

for installed photovoltalic
and $.50, respective~

Table 4. LEVELIZED HYDROGEN AND OXYGEN COSTS
Product Costs
%)
PV Installed Costs 1 1b LHy +
($/wWp) 8 lb LO, 1 1b LH,
.50 3.6l 3.0l
1.00 4.65 4.05
2.00 7.98 /.38
DISCUSSION
Current delivered KSC costs are about $2.72
lb for liquid hydrogen (Ref. 14) and about

$.045/1b for liquid oxygen (Ref. 15). As
noted earlier, the hydrogen plant operating
costs are tied to the price of natural gas,
while oxygen plant ojerating costs are tied
to electricity prices (to operate large air
compressors mainly).

non-fossil pro-
4) appear
these

By ionitia. comparison, the
duct costs presented here (Table
non-competitive. However, recall that
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ire levelized costs for a 20-year period,
beglnnt oy o wdarller than 1987, It conven=
tionally-produced hydrogen and onygen  are
compared on  the same basis, with appropriate

escalation-above~int lation of natural gas (or
any tossil fteedstock) and electricity, the
non-tossil production falls into the compe~
titive range., Using the same 6% inflation and
J4 ¢scalation rates as were used earlier for
liquid oxygen, the 20-~year levelized cost for
liquld hydrogen becomes $5.63/1b--within the
range ot the costs presented for PV. If the
photovoltaic installed costs were to be about
51.50/Wp, cost parity between conventionally-
produced and the subject facility-produced
liquid hydrogen could be achievable.

By 1990, installed PV arrays without power
conditloning costing $2/Wp seem likely (kKet.
4). It is possible that, using such tech.ol~
ogles  as amorphoug thin-film cells and .ano~-
vative balance-of-system design, costs could
be even lower, although the §.50/Wp number
used as the low end of the cost range in this
paper may not, in tfact, be attainable.

Une possible means of reducing costs would be
consideration ot fully-tracking PV arrays,
which would produce approximately 20X more
energy per year than the essentially fixed,
manually ctilted arrays considered here. O&M
costs would be correspondingly reduced. The
tracking would not have to be anywhere near
48 precise as that for a power tower, for
which operating examples exist. Several PV
projects have been recently announced which
ptovide this full-tracking capability. How~
ever, it should be noted that as inetalled PV
panel costs are brought down, the system
cost-fraction required for full-tracking goass
up proportionately.

We have ot addressed the automatic monitor=
ing of (i performance of the 400-kWp mod-
ules, or the submodules which constitute the
module., [t (s poseible that the use of mi-
crocomputer chips with A-D converters could
be lnstalled to provide the monitoring, but
assoclated costs have not been estimated and
the size of the smallest element Lo be moni-
tored has not been dJdetermined. This may be
anvther avenue tor decreasing O&M costs.

As should be clearly evident 1in the fore-
Kgoing presentation, the tacility described is
entirely stand-alone, requiring only solar
energy and water and no other input energy,
e.8., utility power, fuel. Alternatively,
there appears to be a number of powerful in-
centives for 1introducing electric wutilicy
wrid interfacing to the benefit of resulting
product costs. For example, operating the
liquefier on wutility power during non-sun
periods would reduce the associated PV array
size and costs, and eliminate the need for
batteries. From the utility point of view,
this might equaste generally to an off-peak,

night=time load, providing for favorable
rates.

Guing the other way, mid-day PV power might
be supplied In some fractional part to the
utility during peak-load periods at favorable
purchase rates by che wutility., Electrolyzer
fnput could be correspondingly reduced at
those times which would act to raise the ef~-
ficiency ot the electrolysis process. [t may
even be the case that the utility might take
some of the hydrogen and oxygen products for
fts own use at a price (e.g., for peaking
power). Such prospective facility ‘“coopera-
tive ygrid interaction,” though of high {n-
terest and to be initially explored in the
present KSC study contract, remains beyond
the scope of this paper.

CONCLUDING REMARKS

As an exemplary non-foseil liquid hydrogen/
liquid oxygen production approach, the 1.65
square mile, 100~-MWp facility laid out (but
not optimized) here could provide competi~
tively~-priced product for the 2-decade period
beginning around 1987-1992. Product costs
remain highly wensitive to (nstalled photo-
voltaic costs assumed since these dominate
the totel facility capital costs (the range
of 50% to 85%).

Further study of the PV approach should be
made, in perspeactive with alternative non=
fossil hydrogen production approaches, to
deepen this (inquiry (sensitivity studies,
funovative designe, etc.). Such variants as
tull-tracking arrays and electric utilicy
interfacing ehould be (Included. Realistic
projections for coanventional (and unconven=-
tional) fossil~based production costs for the
same period wehould obviously be daveloped as
a basis for comparison and future decision-
making.

It would appear from this and other contem=
porary assessments, Cthat energy planners
within NASA and elsewhere can begin to look
seriously at this one avenue w»ad others sup-
portive of the long~term (ransition to a
sustainable, ron-fossll energy system.
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