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SUMMARY AND EINDINGS

An advanced nuclear-electrolytic hydrogen—prdductipn facility concept
has been synthesized at a conceptual level with the objective of minimizing
estimated hydrogen-production costs. The concept is a closely~integrated,
fully -dedicated (only hydrogen energy is produced) system whose components
and subsystems are predicated on ''1985 technology." Such a facility would
become available in the 1990's assuming a requislite research and develo’pment

program.
The principal components of the advanced-facility concept are —

o High-temperature gas-cooled reactor {HTGR) operating a helium-
Brayton/ammonia-Rankine binary cycle with a helium reactor-core
exit temperature of 980°C (1800°F)

@ Acyclic d-c generators (obviates rectification)

e High-pressure, high-current-density electrolyzers based on solid- X
polymer electrolyte (SPE) technology (obviates mechanical compres sion).

Based on an assumed 3000 MWt HTGR the facility is capablé of producing
8.7 million std cu m/day {325 million SCF/day) of hydrogen at pipeline con-
ditions, 6900 kPa (1000 psia). Coproduct oxygen is also available at pipeline

conditions at one-half this volume.

The gtudy"s basic thesis that a fully-dedicated, nuclear-based hydrogen-
production facility employing water electrolysis can proxfide hydrogen com-
petitively priced with other nuclear water-splitting processes seems sub-

stantiated.

Further, it has been shown that the incorporation of advanced technology
throughout in the synthesis of the nuclear-electrolytic facility concept provides
for a step-function improvement in overall nuclear-to-hydrogen energy-
conversion efficiency. It provides an overall efficiency of about 43%, as
compared with 25% for a contemporary nuclear-electric plant powering close-~

coupled contemporary industrial electrolyzers,

The corresponding hydrogen-production cost estimates (mid-1975 dollars
and utility financing) are $4.81/GJ vs. $9.36/GJ ($5.07/million Btu vs. $9.88/
million Btu). This is a cost reduction of 48% from the baseline contempora‘ry

facility concept.
iii
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Significant further hydrogen cost reductions are possible if one or more

of the following departures from the néminal case for the advanced concept

are made:

Facility capacity factor is increased above 80%

Coproduct oxygen is sold.for byptoduct credit (as opposed to being
vented to the environment) ) )

Multiples of the facility are constructed in an optimum time-sequence,
and operated as an integrated hydrogen-production complex supplying
a large pipeline with product, and unit scale-up is performed

Further technolo'gical advances leading to improved efficiencies and/or
lower specific equipment cost are made available, e.g., increased
reactor outlet ternperatures.

These potential cost improvements heyond the nominal case advanced

facility system are summarized in the table below.

ESTIMATED HYDROGEN-PRODUCTION COSTS

System $/GT $ /million BTU
Baseline Case (LWR) 9. 36 9,88
Nominal Advanced Case (HTGR) 4,81 i 5.07
Advanced Case (With $10/ton

Oxygen Credit) 4.19 4,42
Advanced Case (With 90% vs. 80%

Capacity Factor) 4,37 4.61
Advanced Case (With Twin Nuclear

Reactors Instead of a Single Unit) 4.13 4. 35

Advanced Case {With Oxygen Credit,
90% Capacity Factor and Twin
Nuclear Units) 3.00 3.15

Without question, the nuclea.r—to-shaftpov;rer subsystem (i. e. , the

nuclear plant'' less generators) is dorninant in its contribution to the

achievement of both the high efficiency and the low cost (relative to the base~

line current system). This fact is likely to be shared with alternative nuclear

water-splitting processes under investigation.

The nuclear subsystem quite literally establishes the basic nuclear-to-

hydrogen energy-conversion efficiency level of the system as the remaining

process steps, electricity generation and water electrolysis, can be carried

out at relatively high efficiencies by virtue of advanced technology equipment

iv
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and optimal integration in system synthesis. - Altogether, the remaining
shaftpower-to-hydrogen (at pipeline conditions) energy-conversion efficiency
is 86% for the advanced system, vs. 74% for the current-technology base-~

line case.

The advanced concept's 980°C (1800°F) high-temperature gas-cooled
reactor (HTGR) and binaty-cycle shaftpower extraction approach yields a
conversion efficiency of slightly above 50%. This is in sharp contrast to the

contemporary light-water reactor (LLWR) potential of about 34%.

In tetms of net capital-related costs, the nuclear-to-shaftpower sub-
system represents about 90% of the system total. However, this cost, in
terms equivalent to dollars-per-installed kilowatt, is considerably lower
than an LWR because of the much higher '"productivity'! of the nuclear plant

in view of its 47% higher efficiency.

Because the facility is uniquely devoted to the production of hydrogen,
several important new features (vis-a-vis the contemporary nuclear-
electrolysis baseline) have been incorporated in the advanced concept.
These considerably simplify the makeup of the plant with accompanying

gains in efficiency and hydrogen-production costs.

h Acyclic d-c generators are employed in lieu of conventional a-c gener-
ators in use for utility electricity generation. Not only are acyclics pro-
jected to be less costly than a-c machines with equal efficiency, the usual
powetr conditioning steps required to match electrolyzer input requirements
are completely eliminated. This saves a cost increment that is typically two
or three times the generator cost, and a loss in conversion efficiency of 3% to

4%. System maintenance and operations will gain as well.

High-pressure, high-current-density electrolyzers based on the solid-
polymer-electrolyte design approach are incorporated, being directly connec-
ted to the acyclic generators with short-run water-cooled aluminum busbars.
These provide hydrogen {and oxygen) at pipeline pressure (6900 kPa, 1000
psi) directly, obviating expensive mechanical compression requirements.

The high specific output of the advanced electrolyzers provides very sig-
nificantly reduced equipment cost, while maintaining a high electrolysis

efficiency level.

~
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An assessment of the technological implications of the advanced-facility
concept revedls the following pri:;_lcipal needs or program goals, if the con;-'

cept is to be pursued:

¢ HTGR capable of sustained operatlon at coolant-exit temperatures of
980°C (1800°F) .

e Large acyclic (d-c) generators with liquid-metal current collectors -

e High-current-density, high-efficiency electrolyzers capable of elevated
pressure operation.

vi
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1., INTRODUCTION AND BACKGROUND

The Institute of Gas Technology has performed a conceptual-level
systems-engineering assessment of an advanced-technology, fully-dedicated
nucleat-electrolytic hydrogen-production facility, This work was carried
out under the sponsorship of the George C. Marshall Space Flight Center of
the National Aeronautics and Space Administration under a $29,600 addendum
to an in-existence contract (Contract NAS §-30757) for a "Survey of Hydrogen
Production and Utilization Methdds." The final report for this main larger

effort is listed under References Cited.

The present study report represents an expanded derivative effort in
the hydrogen-production area, and as such rather frequently references the
Main Surv'e'y Report, particularly the section on water electrolysis. Material
pertinent to the advanced nuclear-electrolytic concept that appears in the
Main Surw}ey Report is not reiterated here in the interest of brevity. There-
fore, the reader interested in examining ‘i:he substantial technical background
of hydrogen production by water electrolysis, as well as other methods, is

urged to acquire a copy of the Main Survey Report.

The utilization of nuclear energy to produce hydrogen energy (hydrogen
as a fuel component, and hydrogen-oxygen reactants as energy commodities)
is of fundamental significance in.the sphere of future energy supplies.
Nuclear-hydrogen is quite analogous to nuclear-electricity in that primary
nuclear energy is converted to a ''synthetic energy form!' in both cases for

the purposes of deploying this energy.

Quite obviously, nuclear electricity is today playing an expanding role
in electrical-utility generation systems. About 8% of the electricity gener-
ated in the United States in 1975 was fror,nﬁnuclear plants. By 1985, itis
expected that up to 50% of the nation's electricity will be produced from
nuclear facilities. Improved generation efficiencies, and much more effec-
tive utilization of the nation's large uranium resources, could be achieved
with further development and commercialization of high-temperature and

breeder reactors, respectively.

3

The Main Survey Report is listed ahead of the References section but is
not numbered as a reference because of its close relationship with the
present report as discussed. It will be referred to in this report as ''the
Main Survey Report. "
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In contrast to such on-going nuclear-electric de\}elopmen{:s, nuclear-
hydrogen is today strictly at the concept stage. This is understandable since
hydrogen is not yet an’in-use fuel-enetgy form, except in véry specialized
circumstances, e.g., as a rocket fuel. As documented i the Main Survey
Report, hydrogen is, however, an important chemical intex‘mediary. in
refining petroleum, and in ammohia and methanol production. As such, it

now represents about 1% of U.S. energy consumption.

Looking ahead, based on prospects described in a number of recent
energy planning and assessment docuiments such as IGT's "A Hydrogen
Energy S},rste:rn"z-"';:= and the report of the NASA Hydrogen Energy Systems
Technology Studyf’";-f, hydrogen may well be developed as a basic medium for
energ'y‘ delivery in the decades ahead. The forcing issue here is, of course,

declining fossil fuel supplies in the face of increasing energy demands.

It is in this future energy-systems development context that it is
appropriate to examine the nuclear production of hydrogen. Parallel study
efforts focusing on coal-to-hydrogen and solar-energy production of hydrogen
are needed as well, For it is coal, ura;niu:fn, and solar ‘energy‘that must be
called upon to augment and eventually supplant diminishing fuel use of
petroleum and natural gas in the decades ahead. Geothermal heat and con-
trolled nuclear-fusion processes provide further possibilities for hydrogen’

production,

Thus nuclear-hydrogen may conceivably join nuclear-electricity as a
second means of delivering nuclear energy. The two energy forms, elec-
tricity and hydrogen, appear to be complementary from the utilization
standpoint with each capable of serving unique future needs: e.g., electrical
lighting and hydrogen-fueled air transportation. There is also a large
middle-ground of utilization that both forms can serve from a technical

standpoint: for example, residential heating and cooling. As in the present

“References are listed in ‘the back of this report. They are indicated by

small superscript numbers or directly as above. (e, g., Reference 25).
¥ This reference was not yet published at the time of the study, although
some of its basic findings had been previewed as early as July 19753
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case of energy-use competition between oil, natural gas and electricity,
economics would presumably determine the-relative share of the future

market for electricity and hydrogen.

In viewing the evolution of a general hydrogen-energy system, hydrogen
production clearly is of foremost importance. 3122 Production means have
been assessed in the Main Survey Report. Outside of hydrocarbon resources,
the physical source of hydrogen is water. Those nuclear water-splitting
processes currently under extensive consideration are listed below, along

with a pertinent reference to a recent assessment:
® Nuclear-thermochemical hydrogen produ-ction"'z

e Nuclear-thermochemical/ electroly'tm (hybrid cycle)
hydrogen productlon 16

© Nuclear-electrolytic hydrogen production (this report).

Thermochemical and hybrid thermochemical/ electrolytic water-
splitting processes can best be described as being in the laboratory stage
today. (See the Main Survey Report's assessment of the state-of-the-art
of thermochemical water-splitting and Westinghouse's assessment of a
specific hybrid cycle.l7) Both approaches offer promise of efficient and

cost-effective hydrogen production if given extensive research and development,

In contrast, water electrolysis is a long-established industrial process.
Further, where the electricity used in an electrolyzer is generated in nuclear
plants, in a sense, nuclear-electrolytic hydrogen production is practiced
todalv. In this respect, nuclear-electrolysis is an in-being, available tech-
nol:ogy. But today, in competition with hydrogen production from fossil
fuels (and water), electrolysis remains a more expensive approach. Hence,
it sees only limited use where very.' pure hydrogen and oxygen are needed
and/or electricity is relatively inexpensive such as near large-scale

hydroelectric generation facilities.

“Also referred to as '"thermo-electrochemical.!
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But fossgil-fuel derived hydrogeti must becomé significantly more. ex-
pensive as hydrocarbon fuels become more scarce. Further, the economic
‘gap between fossil-detived and nuclear-electrolytic hydrogen can be further
closed if a special-purpose large~scale electrolysis facility were located
adjacent to a nuclear electricity-generation facility. This would provide
economies 6f scale and eliminate conventional electricity transmission and
distribution costs., In addition to having "bus-bar power" immediately
available, certain common-services arrangements between the nuclear-
electric and water-electrolysis facilities might be arranged for further cost

reductions,

Generally, when one speaks of nuélear-electrolysis for hydrogen pro-
duction today, it is one'of these two alterrnatives that is-meant: 1) an
electrolyzer-facility operating on electricity purchased from a utility grid,
in which .a portion of the electricity-is prowded from nuclear plants, or:

2) a co-located electrolysis facility and donventional nuclear generating

5
plant based on.contemporary light-water reactor technology.

In contrast, the present study, and other assessments examining
the rmochemical? and hybrid thermochemicalfelectrolytic cyéle" concepts,
focus on-a fully -dedicated and optimally-integrated nuclear hydrogen-~
production facility concept that employs technology not yet fully developed
As. a nuclear-electrolytic hydrogen-production facility, the concept syn-
thesized in ,t:’t11s study comprises a third alternative, in addition to those

approaches previously examined.

“The objective here is to establish a concept potentially capable of
effecting a significant further reduction in the estimated cost of hydrogen
usiné nuclear electrolysis as a production means. Once documented, a
""third technological alternative' will be available for making cost and

efficiency comparisons on a broader basis.

* The second alternative has been documented to establizh a "baseline case'
in this study. (See Section 3.) See also Reference 16.
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In this context, then, what constitutes a truly advanced nuclear-
electrolytic hydrogen-production facility concept? This ""third step' in the

progression noted above is likely to have the following basic features:
e Optimially-integrated, clcse~cdlipieﬂ equipment

¢ Fully-dedicated-to-hydrogen basis, free of any compromises
due to, the requirement for conventlonal electricity generation,
for example !

e . Advanced-technology basis for components and subsystems

throughout.

It is the study's thesis that such an advanced design would very signifi-
cantly increase the overall conversion efficiency of nuclear heat to hydrogen.
Several specific avenues can be cited’ (an example of each is noted in
parentheses): Increased subsystem efflc:lency (an HTGR in lieu of an LWR),
elimination of unnecessary energy-conversion steps to decrease capital and
operat1ng costs (Why genera.te a-c power and rectify it to d-c, when the
latter is wanted for the electrolyzers and d-c generation is available?),
physical close~coupling (electrical power bussing over several meters, as

oppos_ed.tc} ti-a:;ismission over thousands of meters or further).

In orcier to achieve a comprehensive and systematic assessment of the
advanced nuclear -electrolytic hydrogen production facility concept in this
study, IGT has employed a systems-engineering approach. In brief, the
components and subsystems constituting the facility (or systeni) were defined
on a functional basis, rather than b‘y prior-precedent, Interfacing of the
principal subsystems, as these were progressively identified, was carried
out by continuous liaison with appropriate manufacturers, associated with
each subsystem area. * The final selection of operating equipment and design
variables was thus done iteratively based on system optimization. The
criterion was to minimize estimated hydrogen-production costs, and

secondarily, to improve overall energy-conversion efficiency.

* See Acknowledgments.
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Figure 1-1 pictorially represents the advanced system concept to be

explored in the study as it was addressed at the onset. This report delineates

ADVANCED TECHNOLOGY DEDICATED FACILITY

: . ADVANCED-TECHNOLOGY
EEm e ELECTRICAL CIRCUIT

HIGH TEMPERATURE | POWER | )
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WATER s WATER
=> PURIFIER . .
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! HYDROGEN ENERGY I
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Figure 1-1. HYDROGEN-ENERGY PRODUCTION SYSTEM

the concept's evolution in terms of its specific equipment makeup, performance

and operating efficiency, and, finally, its anticipated hydrogen production cost.
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2. STUDY APPROACH AND SCOPE

Objectives

This study has the objective of concéptuali_zing an advanced-technology,
nuclear-electrolysis system for the prod:.iction of hydrogen as explained in
Section 1. Projected hydrogen-production costs and overall plant-efficiency

estimates are to be developed for the concept,

This concept is an integrated and ciosely-couple;i,s ystem based on‘a,
fully-dedicated high-temperature gas-cooled reactor (H'TGR) in which all
major facility equipment is selected and interfaced to optimize production
cost and efficiency. The results of the study will hopefully serve as a '
useful "yvardstick' for judging the potential attractiveness of other nuclear-
hydrogen production processes, -such as are under active in‘;estigation at
IGT and elsewhere.16,25,31,32,4 (See also the Main Survey Report for a review

of ohgoing'work.) An "arflvanced-technolo,gy" base. is used.throughout.

Study Approach

Today, electrol’g‘rti-C hydrogen production usiné nuclear energy is usually
thought of in terms of an électrolysis facility lr’}:mj,ring” electrical power from
a utility system in which nuclear power is making a substantial contribution
as‘*base-loaﬁpowien As discussed in the introduction, this concept is en-
hanced if one considers a "dedicated! but conventional‘nucleé.r-electric_:
generation station associa.teéi directly with an electrolyzer facility. In
either case, the concepf is shown in block-diagram form in Figure 2-1.

In effect, here there are two coupled systems {the solid-lined.blocks) each
with numerous subsystems, be{ng used as interfaced subsystems. The
interfacing means is strictly conventional 60-Hz electrical power. Though
perhaps optimized as individual systems, they may not be optimum in the
overall context of nuclear-to-hydrogen energy conversion. This larger,

but nonoptimized "system!' is shdwn as the dashed box in, Figure 2-1,

Here we have the conventional case of the electrolyzer facility "buying"
electricity from a nuclear generation facility, Electricity cost (mills/kWh)
is the pivotal extrinsic variable that sets the cost of the produced hydrogen :

energy.
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CONVENTIONAL NUCLEAR-ELECTROLYTIC

TFigure 2-1,
HYDROGEN-PRODUCTION SCHEME

Look{ng ahead to the advanced nuclear-electrolytic prodﬁction concept,

in Figure 2-2, a collectign of five yet-td-be-gstablis}led subsystems are

shown interfaced within an overall system. These are given functional names.

S R B R
| -
NUCLEAR | NUCLEAR-TO- | | SHAFTPOWER- | | EcecTRicTy- |
FUEL ——m] SHAFTPOWER |— ] TO-ELECTRICITY-{rrwpn] 'O-HYDROGEN |
Unput) | sussvsTem | | suesystem | | SE::ERGY |
I I l UBSYSTEM |
Lo I I dJ L___I_._.J
F—— —: r—_ _—_1

| HYDROGEN

were I PUI::I;':'ION ! : AND OXYGEN

input > f COMPRESSION
} SUBSYSTEM { I susvsrem |

- i

L _ J A

Figure 2.2,

HYDROGEN
AND OXYGEN
(Output)

AT5082063

SUBSYSTEM AND INTERFAGING LAYOUT OF THE ADVANCED

NUCLEAR-ELECTROLYTIC PRODUCTION SYSTEM

I NSTITUTE.

T.ECHWNOLOGY



12/75 . 8962

The objective here is to avoid suboptimization (1 e., noninteractive opti-
mization of the subsystems); in favor of reaching a truly optimum system

configuration.

Among the technological advancements considered by IGT in the syn-

. thesis of this system (as a basic d‘epalrture from the conx;entional nuclear-
electrolytic scheme of Figure 2-1) are 1) an HTGR-operated binary
thermodynamic cyele, i.e., topping/bottoming; 2) unconventicual electrical
generation means, e.g., acyclic d-c machines; 3) superconducting and/or

cryoresistive d-c power bussing; and 4) advanced high-current density,

high-pressure electrolyzer units.

Emrg_)hasis was give.n to the advantageous interfacing and physical
arra.ngei’hent of these subsystems. Ehergy conversion or conditioning
steps, and associated physical ve‘quipment items, were eliminated where
possible.- In short, the study sought an optimized advanced—technoiogy-
based system that could be predicated, with reasonable confidence, at a

conceptual level,

Study Scope

. Results of this preliminary assessment are presented in both techno-
logical and economic terms. The resulting advanced system concept °
(Figure 2-2) is contrasted with a base line, present-day, nuclear- i

electtolytic approach (Figure 2-1).

In addition to presenting preliminar;r_ costing and system efficiencies
as derived in the study, those research and development goals and require-
ments judged necessary to be fulfilled in the context of physically
achieving the subject advanced nuclear-e‘lectrolytic productiorn concept

are also delineated,

The study scope was constrained by the following assumed guidelines.
In general, these were believed consistent with companion hydrogen-
production studies, e, g., that of Reference 16: .
1. The technology basis is that considered achievable by 1985,

given that requisite research and development programs .are

to be actively pursued at sufficient funding levels (specific
Ré& D areas are recommended in Section 10}, .
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2. The advanced facility concept is assumed to be a stand-alone
‘'lgrass roots'' facility, but is not the first-of-«a-kind or a
demonstration unit (i, e., "learning-curve' and equipment
manufacturing support base advantages are taken).

3. The costing is carried out on a ttility-financing basis in

terms of mid-1975 dollars using specific financing rules

stated in the report. (See Section 9.)

Finally, the findings of the study must be recognized as those of a
conceptual-level, exploratory inquiry, Based on the encouraging findings
docuinented herein, it may now be appropriate-to follow up this modest
effort with a preliminary engineering-design evaluation, including more

. detailed cost estimates.

10
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3. BASELINE NUCLEAR-ELECTROLYTIC HYDROGEN -
- PRODUCTION FACILITY

Non-fossil production of hydrogen and oxygen from water, as a poten-
tial large-scale endeavor, is usitally currently énvisioned as a state-of-.
the~-art in’élustrial electrolyzer serviced with electrical power from a
conventional light-water nuclear eléctricity-generating facility. In this
electrolysis case, ovirall efficiency of the nuclear-to-hydrogen energy

process is usually rather low (20% to 25 %).1&

in defini_ng the baseline case for the study, only those state-of-the-art
features that could be placed on order or purchased in 1975 were assumed.
The resulting facility equipment is therefore characterized as. reflecting
the best :a.vailabl'e current manufacturing practice, as det'ern:iinegi by
vendors; ‘lzlowever, :r;o effort was made to truly optimize the relationship
between cost and efficiency. In establisiling this baseline-case, effort

was made to be consistent with previous nuclear hydrogen-production

studies,?** 47 % Plant siting considerations were based on the Atomic Energy

Commission's hypothetical Middletown, USA. ¥

Nuclear Electric Power Station

For the ¢onventional plant, a dedicatqd-pressurize‘d-wa.ter reactor
(PWR) facility is considered to have a thermal rating of 3000 MW and would
be similar to PWR coming on-stream today (for example, units of the Zion
nuclear power station of the Commonwealth Edison Co. and the Donald C.
Cook nuclear plant of the Inéliana and Michigan Electric Co.). A simpli-

fied schematic of the PWR power station is shown in Figure 3-1.

About 82,000 kg (90 tons) of enriched uranium oxide (3% to 5% UZ3%)
are present in the reactor core. The fuel is usually formed into small,
cylindrical pellets and placed in stainless steel or zirconium alloy rods

that act as cladding to retain fission products,

" This is described in Appendix. A_of "Guide for Economic Evaluation of
Nuclear Reactor Plant Designs. ' *

11
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Moisture separator and reheater

Steam
generator

Feedwater
P

Pressurizer

Reactor
coolant

i . —
Feedwater heaters pump pump

Reactor

Pressurized water reactor coolant l

Figure 3-1. PWR FLOW SCHEMA TIC?

Light water {i.e., ordinary water) is used fo both moderate and cool
the nuclear- flssmn process. Primary and secondary working-flt'lid
loops are used. The pnmary closed- loop cooling water exits the reactor
core at a température of about 320°C (600°F) and a pressure of 15, '200 kPa
(2200 p51) The primary coolant is circulated to a steam generator to
produce steam in the secondary or turbine- drurmg loop at a temperature
of 260°C (500°F) and 4800 kPa (700 psi).}?

Work. is extracted from the secondary steam loop by a single-shaft,
condensing turbine. This turbogenerator would typicall;} be a six-flow
tandem-compound unit operating at 1800 rpm with a nominal electric power
rating of 1000 MW. Provision is made to separate ligquid moisture from‘
the turbine stages as work is extracted to prevent blade erosion and obtain
more efficient operation®® A 410 kPa (60 psi) closed hydrogen loop is.used
to ceool the generator rotor, the stator is water 'cooled.zb_ 'fhe machine is
of the bleed-point type to provide steam for preheat of condensate feed

and also to power the hydrogen compressors,

12
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Water, or wet-cooling, is used to remove heat from the condenser
section following the turbine. "This heat is subsequently transferred to

the environment via a naturai-draft evaporative cooling tower.

Electrical Power~Conditioning .Unit |

A rectifier unit is ‘requi‘r\ed to supply the electrolyzer with direct
current from the isolated phase supply systerﬁ. A step-down transformer
is t;aeeded to change the high voltage ac (22 kV) that was generated at and
transmitted from the nuclear-electric plant to a voltage compatible with
the rectifier and electrolyzer (1080 V), Conventional circuit breakers are
used to switch the electrolyzers on and off. Silicon thyristors are used

to rectify the a-c power. An electrical schematic is shown in Figure 3-2.

‘BUS BAR

CIRCUIT-BREAKER

TRANSFORMER
g,—— RECTIFIER CUEBICLE WITH
Sl THYRISTORS AND
w_- — INSTRUMENTATION
;%‘;‘ NO-LOAD CIRCUIT-BREAKER
ELECTROLYZER
< GROUND

AT5122922

Figure 3-2, RECTIFIER UNIT WITH THYRISTORS?

Hydrogen-production rates can be varied by changing the d-c voltage. The
power conditioning unit converts about 96% of the a-c input power to dc that

is available for use by the electrolyzers.

13
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Water-Purification Uhit

Lva
The make-up feedwater must be of high purity because any contam-

ihants would accumulate in the cell as water is electrolyzed thus causing
operating and equipment problems. The water is passed through a series.
of ion-exchangers resulting in a minimum water resistance of 1 MS2 /em. 28
The purified water is stored in a stainless-steel tank for use in aqueous

potassium-hydroxide solution electrolyte make-up.

Electrolyzer

The electrolysis of water has been adequately described in the Main
Survey Report. A Lurgi electrolyzer* installation was sele;:teci as
representative. Currently, Lurgi's largest unit (Type S 556) has a hydro-
gen capacity of 750 std cu m/hr (28,000 SCF/br) of which 280 are required.
The units'::a,re grouped into 14 sections of 20 units; a unit flow schematic

diagram is shown in Figure 3-3. Each unit contains 139 plate-like cells.

> HYDROGEN
: Hz COOLER
Hz SEPARATOR
PURIFIED S
FEEDWATER ‘ 7 OXYGEN
0, COOLER
0z SEPARATOR
ELECTROLYTE
PUMP
FILTER
ELECTROLYZER

ATSI22923

Figure 3-3. LURGI HIGH-PRESSURE WATER
ELECTROLYZER UNIT

at.

" Lurgi prefers the term '"electrolytor. ™

14
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P'urified watei is mixed with the system's electrolyte, fili:ered, and
pumped into the electrolyzer. The 25% (wt) caustic-potash (KOH) solution
electrolyte is circulated to the individual cells. As electrolysis proceeds
the electrolyte/gas mixtire flows upward through the cells. Hydrogen is
collected in the cathode-side duct and oxygen in the anode-side duct, The
separate hydrogen and dkygen Btreams ahd electrolyte are sent to their
. respective gas separators, with the electrolyte being recirculated through
the cells and the gases sent to cooling units.” The gases are produced at

pressure {see below) with hydrogen at a purity of 99.9%.38

Hydro gen—C ompression Unit

The hydrogen and oxygen gaseous products are at a pressure of 3100 kPa
(450 psm) and the hydrogen then requ1res compression to the nominal pipe-
iine pressure of 6900 kPa (1000 psi). Because of the large volume flow
(5_m1111on. std cu m/day or 190 million SCF/,él_ay) and the rélatively low
compression ratio requir.'ed {2.2:1) centrifugal -type compressors were
selected. Two units in parallel are used with one additional compressor
for spare purposes. Kach unit consists of six.casings with six stages per
case, No interstage cooling is deemed necessary. The total power required
to effeot compression is 7.5 MW (about iO, 000 horsepower), The com-
pressors are driven by steam-condens‘ing tirbines, with steam being bled

from the main turbogenerator.

Performance Characteristics

The nuclear power station operates at 33.1% ecfficiency and generates
992 MW of electric power from 3000 MW of nuclear heat. A loss of about
8 MW of electric power occurs when steam is bled for the hydrogen com-
pressors, Delivery of the a-c electricity and power conditioning td d-c
electricity takes place at an overall 96% efficiency, leaving about 952 MW
to power the Lurgi electrolyzers. This electrolysis subsystem, after d-c
rectification, operates at a net efficiency of 78% and produces 742 MW of
hydrogen (higher heating value). This corresponds to a daily hydrogen
stream rate of 5.01 million std cu m (187 million SCF) at a nominal
pressure o,f 6900 kPa (1000 psia). Thus, the overall nuclear-heat~to-
hydrogen conversion process for the baseline case operates at an efficiency

of 24.7%. The energy balance is summarized in Table 3-1.

15
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The assumed plant capacity factor is 80%, therefore annual production
is 1.46 billion std ¢u m (54. 6 billion SCF).

Table 3-1. BASE-CASE ENERGY AND MASS-FLOW BALANCE

Input Processing Function Qutput
3000 MW Nuclear-Heat to a-c - {992 MW)

Electricity Conversion

(992 MW) a-¢ Electricity Trans- . (952 MW)
mission and Power
Conditioning to d-¢

Electricity
(952 MW) d-c.Electricity-to- ‘ 742 MW
Hydrogen at Pipeline
Pressure
3000 MW, Net Input 742 MW, Net Output
742 MW

Overall Efficiency = 3gie—rms X 100= 24.7%

4.0 X 106 kg H,0/day (8.9 X 106 1bs/day) electrolysis —=
' 4.5 X 105 kg H,/day
(9.9 X 105 lbs/day)
3.6 X 10% kg O,/day
(7.9 X 106 lbs/day)

B

Excludes cooling-water requirements.

Hydrogen-Production Costs -

The hydrogen-production facility is quite large and is intended to con-
tinuously supply a pipeline system, therefore it is operated as a ﬁtility,
with hydrogen costed using utility-type financing. The financing rules used
for both the baseline case and the advanced system are identical to allow

consistent comparisons. These are presented in Section 9,

The total investment cost for the facility is-$935 million in constant
mid-1975 dollars. This includes direct, indirect, and contingency costs
and interest during construction. No escalating effects during construc-
tion of the facility were considered. A hydrogen cost summary is presented

in Table 3-2.

16
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Table 3-2. BASE-CASE HYDROGEN-COST SUMMARY,

Facility Ifem Capital Cost (10°$)
Nuclear~to-Electric Plant 608
Electrical Conditioning U=nit 50
Electrolysis Plant . 269
Water Treatment Unit : 4
Compressor Unit ; 4

Total Plant Cost 935

Annual Operating
Operating Cost Item . Cost (106 $)

Nuclear~to-Electric Plant Aggregate Direct
» Fuel - ‘ 18
Operating and Maintenance ' -
Electricity-to-Hydrogen Plant

Raw Materials, Chemicals 0.9
Water 0.4
Direct Labor 1.0
Maintenance
Labor 3.2
Supplies 3.2
Supervision 0.6
Administration and Overhead 2.9
Fixed Charges, Nuclear-to-Hydrogen Plant 140
Total Annual Cost 175

Resulting Hydrogen Cost:

Annual cost + annual production of 1.46 X 109 std cu m (5. 46 X 101
SCF) or 1.87 X 107 GJ (1.77 X 105 Btu)= $0.12/std cum
($3.21/1000 SCF) or $9.36/GJ ($9.88/10° Btu).

The la.:t"ge st single capital c;utla.y is for the nuclear station, a break-
down of which is given in Table 3-3. Direct costs are taken from '""The
Nuclear Industry — 1974" and updated by 8% to reflect 1975 costs.? Indirect
costs were estimated using percentage figures from '"Power Plant Capital

Costs, Current Trends and Sensitivity to Economic Parameters.''®

Annual fuel costs were estimated assuming a nuclear fuel price of
$0.25/million Btu, This corresponds to a UyOy (yellow cake) cost of
approximately $22/kg ($10/1b).

17
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Tal;:le 3-3. NUCLEAR-PLANT CAPITAL-COST BREAKDOWN
Baseline Case, Mid~1975 Dollars

Direct Costs $/kWe.

Land . . Co ‘ 1
Structures and Site Fac111f1es 66
Reactor ' - 98
Turbine Plant Equipment 103
Electric Plant Equipment 38
Miscéllaneous Equipment 6
Countingency and Spare Parts . 24

336

Indirect Costs

Construction Facilities, Equipment and

Services (7% of Direct Cost): 24 -,
Engineering and Construction Management .
Services (16% of Direct Cost) 54
Other: Costs (5% of Direct Cost) 17
Interest During Construction (41% of Total (
Capital Outlay) ) 177
27

' Total Capital Cost= Direct + Indirsct Costs = $608/kWe

’I‘he requ1red hydrogen price at the produc’uon facility (that 1s, ex-
cludmg the cost of transmission and distribution to the consumer) is
$0.12./std cu'm ($3.21/1000 SCF) or $9.36/GJ ($9. 88/million Btu).

1
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4, ADVANCED FACILITY-CONCEPT FUNCTIONAL CHARACTERIZATION

In this section the advanced hydrogenavia-électrolysis facility concép’é,
as broadly outlined in Section 1, is treated at the subsystem level, but
' still on a functional basis. No sbeciﬁc equipment or bi:her ‘"hardware''
destcriptions can be designdted in this se ction. This step awaits the broad

technical and economic desériptions to follow (Sections 5 — 7).

Using esta.bliéhed systemswengineering procedures, the purpose of
this secfbion is to identify the functional entities comprising each of the
major subsystems, and the subsystem interfacing within the system, i.e.,
the facility concept itself. Once named, desigh interactions between units
are to be noted qualita],tively and interfacing points between subsystems
identified. ’ -

Figure 4-lis a simplified input/output representation of the advanced

nuclear-electrolytic hydrogen-production system concept. The rather

>

NUCLEAR FUEL_B._ .
: NUCLEAR ELECTROLYTIC

WATER PRODUCTION SYSTEM |
_
AT5123096

Figure 4-1. SYSTEM FUNCTIONAIL DIAGRAM SHOWING
INPUT/OUTPUT RELATIONSHIPS

complex nuclear-fuel cycle required tb support continuing nuclear-reactor
operations is represented simply as the 'nuclear fuel' input. (The fuel
cycles for the LWR, HTGR, LMFBR and other reactor types have been
adequately described elsewhere, e.g., Reference 15) Water, taken to
be at "'municipal quality" is the other basic input, and hydrogen t\n;j.th
coproduct oxygen) the output. Hydrogen is to be produced at 2 nominal
pipeline pressure of 6900 kPa (1000 psi) in view of its assumed long-

distance transmission to markets.

19
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Earlier Figure 2-2 showed five nominal subsy&stems as being interfaced
within the system to convert the nuclear and water inputs to the desired

hydrogen-energy output. In Figure 4-2 only three subsystems are ‘shown.

it = ~ = e e -1
| . : |-
. 1 I 1 |
NUCLEAR /| | NUCLEAR-TO- | ISHAFTPOWERTO-' . | ELECTRICITY-TO-
) SWER Lt : HYDROGEN
- 1 SR R T "ENERSY im oxves)
WATER ! {1 SUSSYSTEM 4 i suBsvsTem .
1 { 1
S [ [ — 1 rl

ATSI23097

Figure 4-2. SYSTEM FUNCTIONAL DIAGRAM SHOWING
SUBSYSTEMS AND SUBSYSTEM INTERFACING

~

The watér purificatién and hydrogen compréssion functions are absorbed in the

electricity-to-hydrogen energy subsystem.

Nexié we examine each subsy'stem to define the constituent functional
components and their intra- subsystem mterfacmg arrangements. Again,
this will be essentzally on a functional basis with associated technolog1ca.1
and economic aspects of the subsystems to be developed subsequently

(Sections 5, 6, and 7, respectively for each of the subsystems listed).

Nuclear -:tOwShaftpowe r Subsystem

As shown in Figure 4-3, this subsystem is provided nuclear fuel as
its principal input, and converts this energy into shaftpower output for the
next subsystem. There are, in detail, numerous other inputs and outputs

such as —

Other Inputs:  Electricity, water, chemicals, control inputs,
maintenance materials and supplies, etc.

Other Outputs: Heat, spent fuel elements, fission byproducts
and radiation, various chemical residues, etc.

20
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o S
! HELIUM GaS !
- - i ; TURBINES {3} !
q | } T SHAFTPOWER
i Al NUCLEAR . { =
NUCLEAR FUEL | . REACTOR , )— X ___ -~
(HTGR) ] I AMMONIA I )
I .1 RANKINE b
. | TURBINE |
_________ : e L — |

A72123058

Figure 4-3, NUCLEAR-TO-SHAFTPOWER
SUBSYSTEM S

The key to the superior technical performance and economic advan-
tages of the advanced facility concept over the baseline current-technology
reference case, described in Section 3, is the izicorpora%:ion of a high-
temperature gas-cooled reactor (HTGR) in lieu of a light-water (LWR) or

other in-use reactor types.

As will be covered in Section 5, the HTGR approach provides for
significantly increased maximum temperatures at which nuclear heat is
made available to shaftpower-generating power cyclés. This provides-
for a marked step-up in overall energy conversion efficiency. Further, a
greater work output results from a given-size physical nuclear facility.
This will be shown to substantially reduce spééific ca.pitai costs ($/kWh-~
installed), and very likely operating costs as well. Thus, for reasons of
both energy conversion efficiency and reducéed net energy costs, the HTGR
is uniquely selected for the advanced facility concept. This choice is

expressed in Figure 4-3,

In order to more effectively utilize heat from an HTGR, a binary power
cycle is'selected at the onset over a conventional single-cycle approach as
now used with lower-teméerature reactors. Reference 22 provides a com-
prehensive background and performance comparison for single, binary, and

even ternary cycles,
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Tl‘ae Ceneral Atomic Co,, which was acting as the study's ""expert
adviser" in the important nuclear reactor facility area, has developed a
very substantial experience base involving the helium gas-turbine power-
cycle approach with the HTGR. Its high efficiency and advantagéous. costs,
have been demonstrated in detailed engineering studies. Because of its
very high turbine é;:it-temgeratgre characte;istics, the gas turbine is an

excellent topping-~cycle candidate, See Reference 21.

Further, GA has found that a superheated Rankine ¢ycle, and
spec1f1ca11y one using ammonia as the working fluid, best matches the
helium- Biayton cycle for 'bottoming' purposes. It is this helium-gas-~

. turbine/ammonia-Rankine cycle that has been selected for the subsystem.

With these'technica‘\.l approaéhes in mind, the several basic units
comprising the. subsystem afe reflected in Flgure 4.3, a block diagram.

of the nuclear ~-to~ shaftpower subsystem.

Shaftpower—to- Electricity Sabsystem

) The second major subsystem, shown in Figure 4-4, qarries out .thé
function of converting shaftpower derived from the nuclear-reactor power

cycle to d-c electricity matched to the electrolyzer requirements.

-
1
. .
| _ _

SHAFTPOWER| |  ELECIRICAL POWER CONDITIONING ELECTRICITY

Ll .1 GENERAIOR > UNIT (TRANSFORMATION, >

] UNIT RECTIFICATION, CONTROL)! {de
|
L

|
i
r

AT323099

Figure 4-4, SHAFTPOWER-TO-ELECTRICITY ‘
SUBSYSTEM

In this subsystem two basic approaches can be taken, as will be covered
in Section 6: 1) alternating current gemeration with subsequent rectification

to direct current, or 2) direct current generation, In both the a~c and d-c

22
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approaches either conventional (e.g., 60-Hz a-c generator) or unconven-
tional technical means can be utilized. A éigriificant case in point,
reflecting an unconventional approach, is the acyclic non-commutated d-c
generator using liquid-metal current collection. This will be described

in technical detail subsequently.

Two units constitute the subsystem:. the generator and the
powezr c}onditioning u:mt 'The latter can be extensive in ‘nai'dware,j:erms
and expénsive in the case of a-c generation requiring rectification to dc.
It provides numerous functions depending on the generator type selected
and electrolyzer: a-c control and switching, voltage transformation,
rectification to dc, filtering, etc. In the case of d-¢ generation the’

" requirements for power cc;ndition:ing are minimal and may even be zero.
Electrical bussing of d-c power to the electrolyzers, and an;} a-c
transmission/distribution requirement is a third major function of the

suBs'ys‘tem, represented in Figuré 4-4 as the output arrow.

Electricity-to-Hydrogen Subsystem

Figure 4-5 schematizes this subsystem, which is comprised of three

principal units: water purification; electrolyzer, and mechanical

compression, ’ .
ELECTRICITY : N i
(de) ELECTROLYZER |
UNIT - }_
I
_____________ d
G 1 i
L ; I HYDROGEN
WATER WATER | HYDROGEN (AND -
=+ PURIFICATION } a ovagN)U T OXYGEN
N . “O“T'?RESS[ N UN |BY-PRODUCT
___________ - ——
{ OXYGEN
" " VENTED) ATSI23I00

Figure 4-5. ELECTRICITY-TO-HYDROGEN
SUBSYSTEM
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Water pilrification is necessary to meet the r.equireme'{lt of the selected
electtolyzer type. This varies from one'ty.'pe" of electrolyzer to another
but, as 3 minimum, high-level feedwdter: deionization is required.in all
practical systems for reasons noted in the Main Survey Report. (See the

treatment of electrolysis of impur‘e water. )

With regard to the electrolyzer itself, the g-overging technology is -
amply documented (see the Main Survey Report) and no further background
will be provided here. Three basic types of electrolyzers will be examined

with regard to subs ysterﬁ application in Section 7.

One important characteristic in the electrolyzer for the advanced
production facility concept is that of electrolysis pressure, since the
hydrogen is wanted at 'pipeline conditions', défined here as 6900 kPa
(lOOb psia). Ayailal?le and in-development electrolyzer outlet pressures
range'from essehtially atmospheric (a few inches ‘of water-column) to as
high as 21, 000 kPa (3000 psi).* The Lurgi units described in Section 3
opérate at 3100 kPa (450 psi).

The s’ubsys:tem’s mechanical compression unit is highly sensitive to
the selected electrolysis pressure, in terms. of both physic;a.l size and
drive energy requirements. Its function is to compress the product
‘hydrogen from electrolyzer outlet pressure to 6900 kPa (1000 psia)}.
Additionally, the oxygen produced in electrolysis, if it is to be pipelined

as a credit byproduct, must be also compressed to pipeline pressure.

Mechanical hydrogen compressors can be of the reciprocating or
centrifugal type. It is noted that hydrogen as a very low-density gas is
most burdensome to compress. Compressor swept volumes must be large,
necessitating commensurate drive-energy requirements. The small

molecular $ize of hydrogen aggravates the leakage problem.

An intriguing possibility, one focused upon in the stady, is the
elimination of a mechanical compression requirement by means of
electrolysis at pipeline pressure. The pumping of electrolyzer feed-water

to pipeline pressure requires very small capital outlay and drive-energy

- T

" This very high pressﬁre reference edquates to breathing-oxygen generators
for submarines. These require sizable pressure-vessel containment

neans.,
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cost in comparison with gaseous compression. The issue here, one dis-
cussed in the Main Survey Report and to be covered subsequentlyin this
report, is. the nét cost and energy requirement for the selected pressure-
electrolyzer. Again, it is noted that the Lurgi unit selected for the

baseline case operates.at nearly half the required pipeline pressure.

Subsystem Interfacing Considerations

As equipment and design points are selected it will be important to
iteratively check the up- and down-stream effects on adjoining subsystems.
Signiﬁcani; improvements in raising th;oughput efficiency, and in reducing
. capital and operating costs, may be -poséii:le through innovative interfacing

as combined with the use of appropriate advanced technology.

Table 4-1 surn.rnar:izes the selected subsystem interfacing points

(Reference: Figures 4-1 to 4-5),

‘Table 4-1, SYSTEM/SUBSYSTEM INPUT/OUTPUTS AND
. INTERFACING POINTS

System Inputs . System Qutput
N;J,c_:lear Fuel Energy Hy'drogen Gas at ""Pipeline
I'eed -water . . ’ Conditions!' {(and oxygen

likewise if wanted as a

Subsystem Inputs and Qutputs credit byproduct)

1. Subsystem: -  Nuclear-to-Shaftpower X
Input from outside system: Nuclear Fuel
Output to Shaftpower-to-Electricity Systems:
Shaftpower (at generator rpm) .

2. Subsystem: Shaftpower-to-Electricity
Input-from Nuclear-to<Shaftpower Subsystem:
Shaftpower (at generator rpm)

Output to Electricity-to-Hydrogen Subsystem:
Electricity (d-c as required and at electrolyzer)

3. Subsystem: Electricity-to-Hydrogen
. Input from outside system: Feed-water ("municipal" quality)
Input from Shaftpower-to-Electricity Subsystem:
Electricity (d-c as required and at electrolyzer)

Output to outside system: Hydrogen {(and Oxygen)
at ""Pipeline conditions™ — 6900 kPa (1000 psi)

25
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5. NUGLEAR-TO-SHAFTPOWER SUBSYSTEM

General Description

A functional block diagram of the nuclear-to-shaftpower subsystem is
provided in Figure 4-3. This subsystem is predicated on the high-temperature
gas-cooled teactor (HTGR) ahd a high-efficiency binary-cycle shaftpower

extraction configuration. The basis for this selection is discussed in Section 4.
In view of the dominant technical and cost significance of this subsystem

in thé synthesis of the overall advanced facility.concept, IGT requested the

assistance of the General Atomic Co. in formulating its conceptual design,

A small consulting subcontract was provided for this purpose under the IGT

study contract. .

" The basic text and figure material presented in this section is derived

directly, and indirectly, from General Atomic.’

Nuclear Reactor (High-Temperature Gas Reactor)

In the nuclear fission process, neutrons are released and generate heat
primarily by colliding with the fuel and surrounding media, thus raising the
temperature. The resulting temperature increase is used to transfer heat

to a turbine Wo‘rki‘n.g fluid and ultimately to turn a shaft to perform work.

An HTGR utilizes helium gas as the turbine working-fluid coolant and
graphite as moderator, core structure and reflector, A cutaway view of the
reactor, as conceived of by GA, showing the essential features is presented
in Figure 5-1., An HTGR is inherently more efficiernt than a light-water
nuclear reactor (LWR) in that it is capable of sustaining higher operating temp-
eratufes and, hence, yields more; work per ur;it of -Heat. The IITGR ilncorporates

several safety features:

o Large, prompt negative overall reaction coefficient, together with
large neutron lifetimes, )

e Large thermal inertia of the core

® Refraétory’ fuel material and cladding

e Inert one-phase coolant

® Prest’re-ssed-concrete reactor vessel with redundant prestressing

These features tend to provide safe operating capability and low levels of

radioactive release even in the event of a major accident.!®

26
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Figure 5-1, THREE-LOOP 3000-MWt GT-HTGR POWER PLANT3?

Theé reactor core is made up of hexagon-shaped fuel elements, with the
fuel in the form of coated particles of 93.2% enriched uranium-235 dicarbide
as the fissile material, and thorium oxide as the fertile maf;erial. Natural
thorium-232 is transformed to fissionable uranium-233 by a neutron-capture
and two successive beta-decays. . The newly formed fissile fuel is partially
consumed, the remainder recovered when the spent fuel is reprocessed,

Fuel loading is based upon a 3-year cycle; that is, approximately one-third
of the core will be replaced on an annual basis, The initial fuel loading will
consist of approximately 1700 kg (2 tons) of fully-enriciaed uranium and 3700 kg

(4 tons) of thorium,

Lengthwise coolant holes are provided in the graphite matrix for helium
flow past the fuel elements. The active core height is about 6.4 m (21 ft)
and the mean core diameter 8,5 m (28 ft), The system temperature coefficient
of reactivity is negative (—4.3 X 10 3/°C) for all fuel cycles and all normal
and transient temperatures.’® Thus, a run-away reaction would be intrinsically
self-defeating.
27
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Helinm Power-Transfetr Loops

The helium coolant transfers heat energy directly from the reactor core
to the gas turbine and indireétly to the bottoming-cycle turbine, A flow

diagram is given in Figure 5-2. Helium is particularly desirable as a reactor

prIIIIIP. ,/,,,,//////,/////////////////////////J/II//III/I////I////I/III/III/II///I///I///I////////\ Vv AP 0 R
- § TURBINE ‘
\
s | L
991 PSIA v \ e
A N
> 3
1051°F N
REACTOR 3 sa0F
\ HECUPEHATGR CORE PRECOQLER | X WATER
\ 3000 MWt N CONDENSER
N 3 .
A N
N N
S 3
\ _ . 1000 PSIA PUMP
\ i bt 4 ::gulism
437 PSIA HELIUM e
s\ | GENERATOR
. =7 1076 MWie)
. 'Tunams . COMPRESSOR 3
PCRV « - PI.ANT EFFICIENCY - 50%

PLANT ELECTRICAL OUTPUT = 1500 MW

Figure 5-2. BINARY GT-HTGR WITH WET GOOLING?

coolant since it is chemically inert and has excellent heat transfer chan:'acter~
istics, The reactor coolant system contains three in:,dependant‘ primary-
coolant loops, éach having a helium compressor and a closed-loop gas turbine
mounted on a single shaft.” Helium is expanded through the gas turbines and
passes through a recuperator that regenerates (reheats) helium returning to
the core, The expendea and cooled helium then further transfers heat to the
bottoming cycle via the precooler before it is recompr:es sed and .returned to

the reactor core.

The prestressed-concrete reactor vessel (PCRYV), .which is houséd centrally

within the reactor containment, is a multicavity pressure vessel that contains

28
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the reactor core, the reactor coolant system, heat exchangers and the gas
turbines (the electric generators are located externally). It is constructed
of high~strength reinforced concrete prestressed vertically and circumferen-

tially by tension member a.34

Brayton Topping-Cycle Gas Turbine

A significant advantage of the closed-cycle gas turbine is that the compact
size of the turbomachinery allows the design of a completely integrated circuit
with its attendant safety and economic benefits. Figure 5-3 illustrates the

configuration of a 370-MWe axial-flow turbomachine. Because of the high

FROM
EROM | REACTOR
PRECOOLER t 1 . ‘
\ R i
e : 4 s sk " |- RECUPERATOR
N g ' o (LP SIDE)
COMPRESSOR O TURBINE
= OUTERDIAMETER
= 11.5 FT (3.5 m)
= ; L
3 - ‘
TO RECUPERATOR °
- (HP SIDE)
OVERALL LENGTH 39 FT (11.9 m)

Figure 5.3. SIMPLIFIED GROSS SECTION SHOWING 370-MWe
SINGLE-SHAFT HELIUM TURBOMACHINERY FOR
GAS-TURBINE HTGR POWER PLANT??
pressure level-of the working fluid, the dimensio‘ns of the unit are similar. to
those of conventional heavy duty open-cycle gas turbine units of 70-MWe capacity
currently in utility generating service.#® Three of these units are used in the
system. A similar (but smaller) closed-loop helium turbine was recently
commissioned in West Germany.2®
‘ The B'raytc-m {or Joule)‘cycle consists of adiabatic compres‘éion, constant
pressure heat addition and adiabatic expansion. By adding a recuperator to
recover heat from the turbine exhaust, the efficiency is improved and gas
turbine compression pressure ratios can be held down to about 2:1. This'is

especially important in minimizing the number of compressor stages required,

. 29
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gince a very low pressure rise per stage is practical with a'light gas such as
helium. The helium working fluid enters the compressor section of the
turbomachine at 54°C (130°F) and 2930 kPa (425 psia) and is.compressed to
nominal coolant-system pressure of 6900 kPa (1000 psia). It is heated in the
recuperator loop to the reactor core inlet temperature of 570°C (1050°¥),
While removing heat from the fission process the helium reaches its maxi-
mum temperature of 980°C (1800°F). Work is obtained from the hot helium
gas by expansion through the turbine to an outlet condition of-650°C (1200°F)
and 3000 kPa (440 psia). Use of the gas turbines alone to generate electricity
results in a very attractive system with efficiencies of about 39%. Signifi-
cantly higher efficiencies can be attained by utilizing a power bottoming

loop in the binary cycle as selected for the subsystem in the present study.

3

Rankine Bottoming-Cycle Ammonia Turbine

Because there is a considerable amount c;f _usa;ble enthalpy available in
the exhaust of the helium turbine, this can be recovered to increase system
efficiency by incorporating a secondary or‘b_ottoming—cycle turbine, For the
helium gas-turbine approach wi:th direct coupliﬁg to the HTGR, the bottoming
cycle should be selected on a '"best fit'" basis to the Brayton cycle. A
supercritical Rankine cycle appears to best match in this case.‘ Asg an ideal
thermodynamic cycle, this consists of heat addition at constant pres sure,
isentropic expansion for work extraction, heat rejection at constant pressure,
and isentropic compression., Since the cycle operates with a condensible

vapor, liquid pumping at low work expenditure can be achieved.

The absence of latent heat in the purely gaseous working fluid of the gas
turbine cycle means that undue irreversible temperature drop in the exchanger
feeding the bottom cycle can only be avoided by supercritical operation of the
latter. It is necessary, in other words, to form the approximately triangular-
shaped bottom-cycle diagram to best fit the space shown as "available' for
the botto'm— cycles operation in Figure 5-4, and this can only be done in the
absence of the input temperature plateau characteristic of a subcritical

vapor cycle.2

The selection of the best working fluid for the bottoming c;ycle is a matter
of technical compromises, Water is not a candidate because of the very high

pressures necessary for supercritical operation. General Atomic Co. has
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Figure 5-4. GAS-TURBINE HTGR BINARY-CYCLE PERFORMANCE?

focizsed on isobutane .and ammonia. in its detailed assessment and prefers
the latter for'the following reasons: A

e Ammonia provides a high-density working fluid at reasonable
pressures and hence provides for smaller components,

e Ammonia has a high specific heat and provides for good heat
transfer that minimizes the heat exchange areas required. .

® There is a solid industrial experience base; with aminonia as .

a working fluid (refrigeration, ammonia synthesis, etc.)
On the other hand, isobutane provides a better match with regard to the topping/
bottoming heat-exchange process; that -is, minimum temperatur:e differentials
are experienced across the full heat-exchange temperature range from helium-
to-isobutane. Also, isobutane provides fewer materials compatibility

problems ;'and is non-toxic (but is highly flammable).

Compared with steam turbines and open-cycle industrial gas turbines, the
ammonia secondary cycle results in a very compact power conversion system,

This is a consequence of the relativély high density of the ammonia v;rorking
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flild. “For the subsysteri one turbine is required and produces about 28%
- of the total shaftpower output. A split-flow arrangement of the turbine.for

thrust-load equalization, is shown in Figure 5-5. Heat is rejected to cooling

watet in a cohdenser section.®®

TO CONDENSER FROM .TO CONDENSER .

Heat excanger f

RN "‘55 IN. BLADE °
“" TIP DIAMETER = "

37FT

I' I5LC1120

Figure 5-5. FOUR-STAGE SPLIT-FLOW, AMMONIA TURBINE®

Low-Temperature Heat—ReJ ect1on Loo_g

About 99% of the heat not converted to work is re;ected to the bottoming-
cycle-condenser cooling water, the other 1% is lost to the reactor plant
cooling water system. 13 Evaporative or wet coolmg via a c-.oohng tower is
used to transfer heat from the cooling water to the surroundmg ‘environment.
Most of the-actual heat removal comes from evaporation of the cascading
water drOplets Two natural-draft cc'aoling towers are employed whose
structure consists of a reinforced-concrete hyperbolic shell as shown in
Figure 5-6. T.he narrowing or pinch near the middle increases the natural
draft or chimney effe-ct of the tower. Each tower is approximately 110 m

(350 ft) in diameter and 120 m (400 ft) high.'® -

Integrated Nuclear Subsystem

In summary, the total nuclear-to-shaitpower subsystem 1ncorporates the

essential features. of the General Atomic Mark II' design HTGR. This design
32
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Figure 5-6. NATURAL-DRAFT WET«COOLING TOWER (Counter-Flow )%

features a 980°C (1800°F) helium gas-turbine inlet temperature for the topping
cycle and a turbine inlet temperature of 255°C (490°F) for the ammonia
bottoming cycle. The integrated configuration hE;‘.S significant envelope limita-
tions and demanding maintenance requirements for the high-performance, high-
reliability machinery. For the subsystem design point a 3000-MWt core is
chosen. It provides for a 50% nuclear-heat-to-electricity efficiency as \
coupled to the binary power cycle and produces 1500 MW of shaftpower. An
artist's conception of a similar facility is shown in Figure 5-7. This reflects
the Mark I 820°C (1500°F) helium gas turbine without the binary cycle feature,
In this case rejected heat is at a high enough temperature to permit use of a
dry cooling tower. The actual physical arrangement to be employed is shown
later in section 8. As will be seen, a different gas turbine arrangement will
be utilized.

Subsystem Cost

The installed capital cost of a 3000-MWt HTGR plant with 980°C (1800°F)
gas-turbine inlet temperature and the binary cycle is estimated to be $348/kWe.

The basis of this estimate is mid-1975 dollars for direct, indirect, and
33
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contingency cost. Such costs as interest during construction, which is
dizable, and escalation are not included. This estimate is greatly dependent
on factors like labor costs, which vary nationwide; remoteness of the site,

which affects construction services; and specific contractual terms.}?

The fuel-cycle costs for the binary-cycle HTGR with' a tarbine inlet
temperature of 980°C (1800°F) and an efficiency of 50 % are estimated to be
2.32 mills/kWh in July 1975 dollars. Anticipated operating and maintenance
costs are taken as being equal to a steam-cycle HTGR plant, which is
0.525 mills/kWh. This estimate includes plant staffing, consumable supplies
and equipﬁent, outside support services, nuclear liability insurance, and

miscellaneous operating and maintenance expenses on the basis of 1975 costs.1?

See Section 9 for the cost analysis of the,overall advanced nuclear-

electrolytic facility concept.

35
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6. SHAFTPOWER-TO-ELECTRICITY SUBSYSTEM

General Description

The shaftpower-to-electricity subsystem is presented in Figure 4-4.
It receives shaftpower from the nuclear-to-shaftpower. subsystem and
provides d-c electrical power to the e}ectricity-té-hydrogen subsystem.
The designated interface is the electrical input connections of the
electrolyzer unit modules. Thus the facility's electrical distribution

(bussing) network is part of this subsystem.

In view of the basic requirement of electrolyzers for direct current
electrical powér (as opposed to alternating current), practice to date
usiﬁg conventional 60-Hz electricity from the utility grid is to condition
the power at the electrolyzer site. Steprdown transformers feeding

controllable rectifier circuits are typically employed.

An alternative that is technically feasible in a dedicated facility con-
cept of the type examined in the study is an all d-c system. A Such an
app;'oach will be shown to have significant advantages in th‘at the capital
and operating costs and efficiency reductions associated wif;h the power

conditioning unit (Figure 4-5) can be avoided.

"Technical Déscription — Electrical Generators

Conventional and Advanced-Technology a-c Generators

Conventional a-c electrical generators represent well developed
technology and have been constructed in sizes up to approximately

1500 MWe.

To effect 3-phase 60-Hz power a shaft speed of 1800 rpm is used in
4-pole generators and 3600 rpm in 2-pole generators. Generator output
voltages lie in the range of 11 to 25 kV. Although this is conventionally
stepped up to transmission levels of 345 to 765 kV via transformers this

would not be required in the case of the close-coupled, dedicated facility.

" For perspective this is the nominal total output of the nuclear-to-
shaftpower subsystem described in Section 5, involving four
separate output shafts, three helium and one ammonia turbine.
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In fact, step-down transformers would bé required. An efficiency of
98.5% to 99% is achieved in conventional a-c generators with recirculating

hydrogen coolant used to remove heat due to chmic and frictional losses,

and to reduce windage torque.

Since a-c¢ generators represent mature, proven technology and because-
‘they ate highly efficient, there appears to be little probability of "step-

function' future gains techniéally, or in the area of costs.

Sotne work has beeh accomplished in cryogenic superconducting a-c
generators (Reference 46). However, the principal motivation here is to
reduce physical generator size in the large generator category. Conven-
t10na1 gencrators of larger than present maxl:mum rating (about 1500 MWe)
pose restrictlve problems of volume and we1ght in being transported from
the factory to6 the 1nsta.11at1on site. Consequ.ently, further economles of
scale (which up to now have been significant) are 11m1ted by the, anticipated
‘need to transport generatorsin sections for on-site assembly and installa-
tion. More compact superconducting generators may avoid this limitation

in the future and-provide a continuation of previous economy-of-scale trends.

“Noting that the generator sizes to be coupled with the four turbine-
shafts of the advanced fac:thty are all less than 500 MWe, it is not clear
that the superconductive generator technology offers any discrete advan-
tages to the system being synthesized in this study. Hence, the conventional

a-c generator remains the candidate device for further consideration.

Conventional d-c Generators

Direct current generators, if available in the sizes required and at
competitive efficiencies and costs, are uniquely of interest to this sub-
system, This is beca:use d-c generation potentially eliminates the cost
and efficiency penaltles of rectlflcatlon. In fact, all power - conditioning«-
unit functions are ohwated Wlth the pos sible exception of emergency dis-
connect switching. This could mean a saving of 3 to 4 points of efficiency

and a cdst saving of as much as two-times that associated with the generator.

On the other hand, if d~c generators provide lowér voltages, current
levels are proportionately higher, which will require larger-capacity

power bussing means. Close-coupled generator-to-electrolyzer electrical
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paths w111 be important to rmmrmze costs and distribution ohmic losses,
Possibly, cryoreSlstwe or superconductmg d-c power circuits may offer

salient advantages in this connection.

' Gonventional d-c generatord are of the commutator/brush type. They
ate usually limited to less than about l'O‘MWe in gize because of problems
assoclated with the basic design approach (brush current density limita-
tibns, friction and wear problems, etc). Also, efﬁéiencies of 94% to

95% are typical, significantly below a-c generators.

With these limitations of sizes and efficiency, the prospects of any
realizable gains through the use of conventional d-c generators are at
best small For this reason the conventional d-c generator was dropped

from fuxther cons1derat10n in this study '

Acyclic d-c Generators

As discussed in the Main SurveyReport there is, fortunately, an

"unconventional'’ d-c generation ‘alternative: the acyclic generator

. (References 1 and 9). The acyclic generator, sometimes

referred to as a.unipolar' or “homopolar" machine, is a very old concept
first demonstrated by Michael Faraday some 140 years ago. This wds a
simple conducting disk rctating about a shaft with a unidirectional mag-
netic field passing through the disk (which can be viewed as an infinite

number of radial conductors).

As the disk rotates within the magnetic field an electric potential is in-
duced between any two points at different radii. To utilize this electrical
potential, a current collector is placed at the rim of the disk and another
near the shaft. The resulting ripple-free d-c generator is an intrinsically

low-voltage machine, but one capable of handling very large currents.

In practice several disks would be connected electri;:ally in series and
mounted on a single shaft. With this configuration, machines up to 500 MW .
with an-operating voltage-not exceeding 1000 V have been projected by the
General Electric Co.'s large electrical machinery group at the company' 8

Schenectady facility. 21

38

INSTITUTE 0 F G A S TECHNOLUOGY



12/75 8962

The technological development responsible for moving this machine
from the textbook to potential bulk-power-generation applications is the
achievement of current collectors that are capable of handliﬁg very large
currvents. General Electric has achieved this through the use of liquid
metal collectors, using a sodium-potassium (NaK) 10w-me1tirig—témperature

alloy.

Projected operating speeds for those d-c machines in the 100 to 500-MW
range are significantly lower than conventional 2-pole 60-Hz generators
thdt operate at 3600 rpm. Being limited by material stress constraints and
allowable liquid metal collector peripheral speed, the larger d-c acyclic
generators operate at 1000 to 2500 rpm for a-power rating of 500 to 1000 MWe,

respectively. Smaller machines operate Up to, and above, 3600 rpm.

The acyclic generator is a constant-speed loa(_i-:followin;g device with
full-rangé voltage control effected by adjusting the d-c field current. Ex-
citation power is very low, about 0. 1% of rating, and ﬁrould be provided
from a controllable solid-state power supply. Machine efficiency-decreases
from 98.5% at full load to 96 % at one-quarter load.

The individual generators can be electrically connected in series for
increased voltage levels. up to approximately 1000 V. GE states that as
many as three can be operated on one shaft. Mechanical limitations make

it difficult to operate a larger number (Reference 28)

General Electric provided the following technical information (Table 6-1)
in support of the IGT study (References 27 and 28).

From this table it can be seen that voltage levels of up to 1000~V dc,
quite compatible with projected electrolyzer installations, are available
at the higher power levels, say above 250 MWe. Efficiencies are comparable

to those of a-c generators and, as will be seen, costs are lower.

It should be stressed that acyclic generators, vis-a-vis a-c generators,
remain basically undeveloped as an industrially available device, apparently
for lack of any major applications. Therefore, commensurate development
would have to be achieved if the acyclic is to be produced in gquantity and at

the performance levels stated in Table 6-1.
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Table 6-1. ESTIMATED ACYCLIC-GENERATOR.
TECHNICAL CHARACTERISTICS

o

MWe
Qutput | RPM Efficiency V., A- ] Size
5 7200 . 98..5 .. 28 .. 180,000 3.6 ff diam
. 3.2 ft length
28 4300 98.5 100 250,000 4.5 ft diam
o ’ ’ : 5 ft length
50 3600 98,5 167 . 300,000 5 ft diam
o ‘ 6.5 it length
100 " 2580 98.5 325 300, 000 7.2 ft diam
. _ b : 9. 3 ft length
300 1500 . ~ 98.5 .1p00 - 300,000 9,5 ft diam
’ L . . ' 12.5 £t length
500 1000 -~ 98.5 - . 1000- - 500,000. 12.8 ft diam:
i 17 ft length

(Selected Unit): - ‘ :
60 L 3600 98. 4 200 - 300,000

t

5.6 ft diam
6.6 ft length

" See Section 8, This was based -on the most recent in:formati.on from GER.

However, se-veral large. special-.-purap‘esie #cycﬁ_c geflerz;.té';'s; asing
NaK collectors, have been constructed and ‘piaced into operation, Four of
these generators have been in service for about 10 years at the U.S. Air
Force's Arnold Engineering Developrnent Center at Tuliahoma, Tennessee.
Each machine is capable of generating 550,000 A, at 45V (about 25 MWe).
The generators are not designed for continuous operation and are required
to charge a large inductive storage unit (less than a minute). The stored
energy is employed to energize a-"hbt—shot‘;‘type high Mach number wind

tunnel.? '

An ihdividual generator in this installation is shown in Figure 6-1, The
four-unit set and the large copper busses capable of interconnecting the

gene';ators with thg load can be viewed in Figure 6-2.

Summarizing, the acyclic generator appears technically to be a most

advantageous approach in the advanced electrolytic hydrogen facility, The

40

I NS TI TUTE - O F G A S TECHNOLOGY



12/75

Koo
ORIGINAL P2 K
OF POOR QUALITY

IGN -5=F

3 R © il g

TEE I SN EORT - O Y Y

8962

P76010131

ACYCLIC GENERATOR?3

Figure 6-1.



A9 O THROANSREDS SNEE

Figure 6-2. ACYCLIGC-GENERATOR INSTALLATION?

e S NI -




12/75 . 8962

efficiency and cost are comparable to that of a conventional a-c generato?,.
and it provides for the complete elimination of the subsystem's power
conditioning unit, particularly the high cost of the rectifier and losses

associated with it,

Power Conditioning

+
Alternating-GCurrent Generation Alternative

-

In the event that the shaft power from the nuclear plant was used to
drive a-c generators a controllable a-c to d-c¢ power conditioning system
would be required, The power from the generators would likely be trans-
ferred to the electrolyzer site via overhead lines (though underground

transmission could be employed).

' At the electrolyzer site the’a-c'vdltage is reduced to the approximate
operating voltage of the electrolyzer with a step-down transformer. This
lower voltage ac is then rectified and sent to the electrolyzer. " Final ad-
jusﬁz‘nent of voltage level is accomplished during rectification by controlling
the %iriﬁg i)oint of the thyristors, or as ac just prior to.rectification by
means of an induction regulator. Figure 3-3 reflects the power condition-

ing circuit arrangement spec_:ified by Lurgi for their electrolyzer installations.

Depending on the specific equipment used for power conditioning a 2%
to 4% power loss can be expected. Current practice is to use separate

power-conditioning units for each electrolyzer module.

Direct-Current Acyclic Generation Alternative

The use of d-c acyclic generators as projected herein will require no
power condition{ng equipment. However, as a safety measure some form
of fuse or circuit breaker between the generating plant and electrolyzer

plant is desirable.

Voltage control needed for efficient electrolyzer operation is accom-

plished at thé generator via field current control. .

43

INSTITUT g o F G:A S TECHNOGLOG Y



/75 8962

Power Dist_ributi on

As noted above, were a-c generation to be used, conventional overhead
or perhaps underground power distribution equipment would be employed to
transfer the power from the generators to the input transformers of the

individual electrolyzer power cond:ttioning units.

Wlth'é.the use of d-~c acyclic generators, power distribution is somewhat
more difficult in tHat large, low-voltage, high-current electrical distributors

or bus-bars will be required. The latter system has been selected.

X Natural air-cooling and forced internally cooled bussing systems of both
copper and-aluminum conductors was examined, A 0.5% distribution power
loss and a.generator-to-electrolyzer round-trip circuit length of 180 m

(600 ft) formed the design basis. (See Section 8.)
Power dissipation densities of 9.9 W/kg Al (4. 5 W/lb) and 4.8 W/kg Cu -

(2.2 W/lb) were calculated for these conditions. At these specific power=
loss rates forced internal’ cooling may not be required. On the other hand,
water-cooled conductors provide assurance of safe operation and offer in-
creased installation compactness and flexibility. Aluminum provides for a
lower cost design than copper by a factor of about 2. '

’ Theréfore, water-cooled aluminum power bussing has been.selected for

the study, however, a more detailed examination would be necessary to
clearly deduce the cost-optimum system (forced or non-forced cooled bus
bars) The water-cooled conductors could be fabricated by Weldlng together

two machined plates to form high-surface-area coolant passages.

Costs for copper and aluminum power-distribution conductors for the
subsystem are shown in Figure 6-3. Material costs are estimated to be
about $0,60/kW. Installation costs assumed a factor -of 6 times this amount
or $3.60/kW..

Two additional forms of d-c power distributi:c;n were briefly considered,
superconducting and cryoresistive, Both are technically promising where
longer bussing lengths are reguired, but since conventional bus-bars appear
to be satisfactory for this subsystem application as described above, these

advanced.technology approaches were not further pursued.
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Figure 6-3. COST OF BUS BAR FOR 1000-V,
300,000-A LINE

The work at Lios Alamos Scientific Laboratory (LASL) on d<c super-
conducting power-transmission-line (SPTL) research was particularly‘
instructive. However, the much higher line voltages under consideration
at LASL (100-200 XV vs, 1000 V) provide much lower specific current

levels than required for the subsystem under study here.

LASL's general comment on the limitations involved in this application

vis-a-vis the SPTL approach follows:

"The line can be tnade to carry huge currents, but its limit
is associated with the fault engineering and the conductor tem-
perature stability. If for any of several reasons the superconductor
should change from a superconducting state to a normal state,
these huge currents need to be carried in a parallel copper

1
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conductor as the power is off loaded. Huge currents then mean
a huge heating rate in the copper as enough copper to carry the
current safely.may not be possible.! (Reference 14.)

Subsystem Costs

In this section the costs of the two technically feasible shaftpower-tc;-
electricity subsystem alternatives will be examined, Thesé¢ are 1) thie
conventional a-c generator plus power-conditioning units, and 2) the acyclic
d-c gene,rator it will be recalled that conventionsl d-c¢ generators are

judged mapphcable to the subsystem. The data are summarized in 'I‘a.ble 6- 2.

For background and further detailed information on generator and
power conditioning costs, the Main Survey Report section ''Cost of Elec-

trolytic Hydrogen'" can be consulted by the reader.

b3

* Table 6-2. SUBSYSTEM EFFIGIENCY AND
.. SPECIFIC COST PER INSTALLED kWe

Power
. Generator Condltlonlng " Power Dis- Total
Approach Unit#® | Unit28 tribution Subsystem
a-c Cost Plus $15 $45 c —$0.4 $60.4
Rectification (0.985) - (0.975) (0.995) . (0.955)
d-c Acyclic Cost $12 * " Does not " $3.6 $15.6
Generator (0.985) apply (0.995) (0.980)

It can be provisionally concluded that the d-c acyclic-generator 'approach
is the distinctly superior alternative for this application as it is more

favorable on both a cost and an efficiency basis.
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7. ELECTRICITY-TO-HY’DROGEN SUBSYSTEM

General Description

The essential makeup of the elgctri‘gity—to-hydrogen subsystem is
presented in Figure“4;5. It considts nominally of 1) a water purification
unit, 2) an clectrolyzcr unit, and 3) a hydrogén and (where oxygen is a
prodﬁ’céd commodity ag well) an oxygen g:onfpres sion unit.

The basic subsystem ihputs are i) d-c electricity (from the shaftﬁabwer-
to-électricity subsystem) and 2) water (a supply of municipal-quality water
is assumed; raw river water or evgn"se;a.water could be also used Wi:th

appropriate desalination and purification).

Status of Electrolyzer Technology

A4

- As'recently discussed by researchers from the Brookhaven Nati01:1a1
Laboratory?® and the Institute of Gas Technology,3® there is a significant
potential for imprr:)vement in électrt_:lyzer efficiencies of tpt.iay, for
example as reflected in the baseline system value (of nominally 78%).
Brookhaven summarizes this potential for the sever'al'électrolyzer types
as follows: o -

"For hydrogen production by water electrolysis to be competi~
- tive with the conventional methods, it is necessary to operate

. the electrolysis cells at high current densities (%1 amp cm™“) °

" and at high voltage efficiencies {close to 100% based on the
higher heating value). Activation overpotential and chmic over-
potential contribute to the.efficiency losses in water-electrolysis
cells, The methods of improving the efficiencies of water-
electrolysis cells are 1) maximization of real-to-apparent
surface arca of electrodes to reduce activation overpotential,
2) increase of operating temperature to reduce activation and
ohmic overpotential losses, and 3) reduce the thickness be-
tween electrodes to decrease the ohmic drop in the cell. The
present studies show that 1) in the General Electric solid-
polymer-electrolyte cell, with high-surface-area electrodes,
efficiencies close to 100% can be achieved at 80°C; 2)'in the
KQOH electrolyte cell (e. g., Teledyne) using nickel electrodes,
activation overpotentials at the hydrogen and oxygen elec-
trodes are the main causes of efficiency losses; 3) an alkaline
cell can operate at close to 100% efficiency with nickel
electrodes at 1509C; 4) to operate at 150°C, it is necessary to
replace asbestos, the currently used separator material
(potassium titanate appears promising); and 5) elimination of
the barrier {(used to keep hydrogen and oxygen separated) can
reduce cell resistance." (Reference 35.)
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Also, with further development, and espééially with the onset of large-
volume productlon, electrolyzer capital costs are expected to become

considerably more favorable than reflected in the basehne case (Séction 3).

Increased electrolyzer-module size offers one 1mportant route to re-
duced costs Economies-of-scale bceur gince the percen’c-effectlve cell darea

per unit cross-sectional area 1s progressnrely increased with absolute size.

However, present tooling limitations and other state-of- the-art factors
1limit the maximum size of electrolyzer—-cell areas that cah currently be
constructed. For example, one manufacturer 1nd1ca.te_d that its maximum
cell size hinges strictly on the size capacity of available injec;tion tmolding
equipment. It was further noted that the m;ectlon moldmg 1ndustry is
increasing its capablhty for larger sized mold1ngs In response to the
needs of the automotive 1ndustry, among others, such development may

permit larger electrol{rzer cells to be fabricated in the future,

Technical Discussion

'i‘he fundamentals of water eIec'trolirsis and a general review of the
technical state of development of electrolyzers have been covered in the
Main-Survey Report. A current-technology electrolyzer system has been
described in.Section. 3.in connection v:rithf the baseline ﬁuclear-‘slectrolytic
hydrogen-produc;tion facility. It will be recalled that this was a Lurgi
alkalihe—slsctrolyte bipolar pressure electrolyzer, a cumr'rent]:y_s{railamble

system.

This section covers !"advanced-technology' electrolyzer systems as
considered for integration-into the subject advanced hydrogen-production

concept. Cost estimates are provided in a later portion of this section.

" Three types of electrolyzers are considered; for simplicity and brevity,
only one Aspecific rhanufacturer for each technical design’is discussed as

follows:
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Specifié Manufacturer

Generic Type (Exemplary)

Bipolar, Alkaline Teledyne Energy Systems
Electrolyte .

Unipolar, Alkaline The Electrolyzer Corp.
Electrolyte 1id., Stuart Cell

Bipolar, Solid Polymer General Electric Co,

Electrolyte (SPE

Again, considerable backgrounci for each of these basic systems is

provided in the Main Survey Report and in references cited therein.

Bipolar Alkaline Electrolyte Electrolyzer (Teledyne Energy Systems)“’”’“

Teledyne is directing its current research and development efforts
toward — ‘

1. The design of a large alkaline module capable of producing
7500 standard liters per minute (one ton per day),

2. Electrode-surface optimization, and

3. The development of a substitute for the asbestos

separator to permit higher temperature operations.

Figure 7-1 projects the anticipated reduction in cell voltage (efficiency
increase) with development over time as a function of cell current density

", denotes

projected by Teledyne. The lower curve, marked "5-10 years
the technological basis appropriate for the subject advanced hy'dro.gen
facility (i.e., '"1985 technology'). Performance of the ‘Te-ledyne equipment
is here predicated on the forecast development of electrolyte temperatures
in excess of 121°C (250°F). The shaded area below the reference curve
represents more speculative ''goals) which pivot upon further temperature
increas.es. This implies significant advances in materials as acknowledged

in Teledyne's ongoing research program (item 3 above).

Fach of Teledyne's electrolyzer modules may be run from 25% to 100%
hydrogen~-generation capability. A typical corresponding d-c input voltage
is 865 to 970 V, and individual module current is 826 to 3306 A, An
efficiency recently quoted by Teledyne is 83.8% (Reference 33), which

corresponds approximately with Curve B.
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Figure 7-1. TELEDYNE BIPOLAR ALKALINE-ELECTROLYTE
FLECTROLYZER DEVELOPMENT PROJECTIONS

When requested to project to #1985 Technology'' status for their
system in support of the present study, Teledyne cited an estimated
electrolyzer efficiency of 30%3% This is predicated on an ability to raise
electrolytic temperatures to above 121%°C (250° F) and cell operation in the
vicinity of 5400 A/sq m (500 A/sq ft). This corresponds to Curve C in '
Figure 7-1, and characterizes the type of bipolar alkaline-electrolyzer
judged to be applicable to the subject advanced hydrogen-production

system,
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Unipolar Alkaline-Electrolyte Electrolyzer (The Electrolyse
COTE.I Ltdo“ ) .

The unipolar or tank-type electrolyzer, as represented by the Stuart
Cell, which is marketed by The Electrolyser Corp., Lid,, of Toronto,

Canada, is a mature and well-developed product, Reliability and sim-
plicity in construction and operation lead to low maintenance and capital

costs, as described in the Main Survey Report.

Currently, Stuart Cells are typically rated at 2.04 V, eduivalent to
an electrolysis efficiency of about 72%,. Increases in efficiency can be
achieved principally through increased electrolyte temperatures as is
the case with the bipolar alkaline cell as discussed., A 2 to 3-year goal

of 77% has been mentioned by the company. (See Main Sui‘vey Repozrt.)

This can be achieved with improved separator materials on which
some research is being.conducted by the Electrolyser Corp. In
lieu of an estimated efficiency corresponding to '"1985 Technology,'' IGT
has nominally increased the 77% figure by another 5% to 82%.

In view of the subject facility's need to achieve "pipeline pressure'
hydrogen, a principal technical disad-vantage of the unipolar cell in its
present form, is its low gas-output-pressure capability. A maximum of
mechanical compression equipment is needed to compress product hydrogen
from atmospheric conditions to 6900 kPa (1000 psia). The associated
capital cost and energy cost to provide this pressure capability is quite

significant, as will be seen subsequently in this section.

The development of a unipolar electrolyzer capable of elevated output
pressuré presents an interesting challenée. If the challenge were to be
met through innovative design and operation, the tank-type unit's virtues
of physical and operational simplicity and ruggedness might well place it
in a more competitive position for producing "pipeline condition' hydrogen
(and oxygen).

Bipolar Solid-Polymer-Electrolyte (SPE) Electrolyzer
{General Electric Co.)#4

The solid-polymer-electrolyte electrolyzer concept has also been
described at length in the Main Survey Report. Although not as yet fully
developed, several unigque advantages for this approach, as claimed by its
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priticipal proponent,the General Electric Co., are particularly appealing
in the context of the advanced nuclear-electrolytic facility concept under study.

" here. They are principally —

1. The cell can operdsite with high differential preésures
(> 1000 psi) in addition to high gas-generating pressures

2. There are no corrosive electrolytes to control or leak
in the system

3. A minimum power reguirement per unit gas generated
results

4, High current-density capability can result in low capital
costs as well as low operating cost.

* General Electric has recently undertaken a study of 'SPE Water
Electrolysis Technology Development for Bulk Energy Storage Systems"
under the sponsqrship of The Brookhaven National Laboratory.. This
effort is expected to be concluded in January 1976, The present IGT study
has been able to benefit significantly from information deriving from the

GE study.

4

The most 1.'ecent_ SPE electrolyzér design is reflected in the sketch of
Figure 7-2. Itis an end-grounded stack of cells with a positive electrical
center-point feed at 1000~V d-c, The two Hstacks'! each consist.of over
500 cells. At 3 sq m (30 sq ft) active cell area, the hydrogen-production rate is
about 0.4 million std m3/day (15 million SCF/day)¥ Efficiency is 86.45%.

Feedwater purification, deionization and gas/water separation functions
are handled by appropriate ancilliary equipment. For 1000-psi electrolysis
pressure the ancilliary energy requiremenfs reduce the module efficiency
about 0.15% to 86.3%.%0

Hydrogen-Compression Equipment

The hydrogen product in the advanced concept facility is to be delivered
to a pipeline condition of 6900 kPa (1000 psia). Any incremental pressure
between the pipeline and the ele ctrolyzer outlet pressure must be made up

by mechanical compression equipment,
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Figure 7-2. STACK AND END PLATE CONFIGURATION .
OF THE GENERAL ELECTRIC CO. SPE ELECTROLYZER#%
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Hydrogen is a difficult fuel gas to compress from an energy-content
standpoint; its low volumetric energy density (high specific volume)

requires:
1. Larger displacement compressors, and
2. Greater compression energy requirements

than the -more common atmospheric gases: air, nitrogen, a~nd oxygen.

Turther, its small molecular size causes greater leakage rates across
piston rings, seals, etc. In the case of centfifugai compressors only a
very limited pressure ratio can be provided with hydrogen per impeller

stage for an established tip-speed limit,

Consequently, the capital cost and energy requirements for hydrogen
compression for the very large flows contemplated for the subject facility of
5 million std cu m/day (300 million SCF/day) can be very significant to

facility costs and overall efficiency.

In view of this, pressure-electrolysis at the rated output pressure is
highly advantageous., It would obviate compressor capital, operating, and
maintenance costs and eliminate all compressor-associated system in-
efficiencies. The maximum penalty due to mechanical compression is
posed by electrolysis at atmospheric pres:suzre, as would be expected,

e.g., with conventional tank-type electrolyzers.

Figﬁre 7-3 presents estimated compressor-plus-drive capital costs
for various initial (i.e., electrolyzer outlet) pressures (Py} in compressing

hydrogen to 6900 kPa (1000 psia).

The more costly reciprocating-compressor curve (top line) is based
on general planning-estimate information ‘provided by Ingersoll-Rand.”
Reciprocating compressors are capable of high stage-pressure ratios and
high {nechanical efficiencies. However, the equipment cost is relatively
high, especially for a light gas like hydrogen. However, technically, re-
clprocatmg compressors are capable of compressing atmospheric pressure
hydrogen to the specified pipeline pressure in a limited number of stages:

about four.

54

I NS TI1ITUTE OF - & A S TECHNOGLOGY



12/75 " 8962

50
45
40
35 |- . )
P, 6900 kPa'{I000 psia)
V =9.6 X [0% std cum Hp/day
@ { 360 X 10% SCF/day)
o 30T
&
[£2]
O
AP
T
=
-0
<X
(&}
20 |—
15—
10 —
N RECIPROCATING
~
\\\
\\\
5 |
CENTRIFUGAL
[ | I
100 690 2800 4800
P, kK Pa A7SIZ3I02 -

Figure 7-3. COMPRESSOR AND PRIME-MOVER COSTS FOR 1000«psia
’ HYDROGEN-DELIVERY PRESSURE.
Nominal System Qutput: 360 million SCF/day
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Such is not the case with lower cost (but less efficient) centrifug-al
compressors. With the very limited per-stage pressure ratio achievable
with hydrogen {about 1,025 as compared to 1.4 with air), the op;aration of
atmosphere-to~1000 psi all-centrifugal equipment is not practical, A
reciprocating compressar‘ would likely be selected for an initial pressure
rise, Itis not Yet-clea.r what would be an optimum transition point from
reciprocating to centrifugal machines in such a composite arrangement.

Further design analysis would be helpful in this area.

In view of this uncertainty, and hydrogen-service machine costs, the
lower curve is strictly an estimated centrifugal compressor trend. The
dashed section implies that the reciprocating/ centrifugai transition point

for very large pressure rises is not presently known, as mentioned.

Figure 7-4 shows the total ;:_ost of compression in terms of prodﬁctr
hir;ii-og?n-enéygy incremental costs. Itis assume:d here tilai: electrical
drives using local plant power are kemplc:yed._ Two power costs are noted,
8 and 16 mills/xWh to provide a measure of sensitivity to these com-

pression energy costs.

Oxygen-Compression Equipment

If oxygen is to be sold as a byproduct from the facility, it is likely to
be pipelined in parallel with the hydrogen. Oxygen compression to pipeline
pressure will also be required, depending again on electrolyzer output

pressure and oxygen-pipeline operating pressure.

Oxygen-compression technology is well-established industrially.
Oxygen produced from air-separation plants is compressed and distributed
in pipelines routinely to serve steel plants and other industrial customers.

A typical pipeline pressure range is 2800 to 3400 kPa (4Q0 to 500 psia).

This study did not, however, go into this subject outside of estimating
the influence on hydrogen production costs were an oxygen byproduct credit

to be taken, (See Section 9.)

Subsystem Costs

Table 7-1 summarizes the electricity-to-hydrogen subsystem costs
for the three types of electrolyzer units-reviewed above. Also included in

the table is 2 summary of the representative efficiencies for the electrolyzer
6
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Figure 7-4, ENERGY COST OF COMPRESSION FOR
HYDROGEN GAS TO 6900 kPa
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Table 7-1. COMPARISON OF ALTERNATIVE ELECTRICITY-TO-HYDROGEN SUBSYSTEM
' EQUIPMENT ON EFFICIENCY AND COST BASIS

Electrolyzer Specific

Electrolyzer Cell Unit Total Effictency {in- Cost, §/kW H; Electrolyser Can:iprensor Total Subsystem
- Type Efficiecncy, % Efficroney, % cludes compression) % H, Productlon Rate Produced Coat, & mallion Cost, ~ $ mullion Cost, $ million
" ",
Bl-polar 90 89.4 87,2 8.790 X 100 std 118 230. 4 4.6 255.0
alkaline- ! . cu m/day '
clectrolyte . (328,1 X 10% SCF/
day)
Uni-polat 82 ' 8.9 78.6 7.924 X 10% atd 100 176.0 39.3 215.3
alkaline- éu m/day
clectrolyte . (295.8 X 10% SCF/
, day}
Bi-polar solid- 86, 45 86,3 86,3 8.699 X 106 atd 30 58.0 . 4 58.0
polymer- cu m/day :
electrolyte® {324,7 X 10% SCF/
. N day)
Bzsed on representative mformation from {see text and Maia Survey Report) —
a Teledyne Energy Systems ’
b the Electrolyser Corp. Ltd.
Ceneral Electric Co,
d Ingersoli-Rand Co. )
B76010106

SL/21
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unit without and with ahcillary power requirerhenté (electrolyte pumps,
circulators, controls, etc.). Finally, the equivalent reduction in elec-
trolyzer efficiency associated with hydrogen-pcompresso‘r drive-energy

dermand is shown.

In this manner, where compression equipment is réquired to raise
the prociuctnlzydrogen pressure to pipeline condition, the associated. energy
requifement_ié reflected as a decrease in eléctrc;lyzer-unit efficiency to
yield a net subsystem efficiency. In effect, the electrical power required
to drive the compressors is not available for electrolysis. Note that the
efficiency for compression is for reciprocating compre ssors, and, hence,

is likely to be higher than would be the case of centrifugal compressors.

Alternative compressor prime movers such as the main or auxiliary -
turbine shafts were not examined, However any differences in energy

efficiency from the electrical drive approach would not be very substantial.

~ The basic electrolyzer costs were provided by the several manufac-
turers as néted. The basis for the estimates, in consonance with the

overall-study ground rules, was —
1. - Mid-1975 dollars

2. 11985 technology" state-of-the-art with requisite R&D"
assumed (but no R&D costs are included)

3. Delivered items would be on assumed production basis,
’ not "one of a kind'' or the initial items produced.
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8. ADVANGED—SYSTEM SYNTHESIS

General Cons 1derat1ons

The selected hlgh— efficiency nuclea.r-electrolyt:.c hydrogen-product:ton
fa.c111ty concept is ah integration of the specific subsystems covered in

Sections 5, 6, and 7, respectively.

Nuclear-to-Shaftpower Subsystem — A 3000-MWt high-temperature gas-
cooled reactor (HTGR) op.era.ting at 980°C (1800°F) maximum helium-coolant
temperature providing a total of 1500-MW shaftpower at 3600 TpmM ; :Erom 1)
three heliurn-working -fluid Brayton-cycle gas turbines and 2) one am-

monia-working-fluid Rankine-cycle turbine, operating in a binary cycle
(topping /bottoming arrangement). Heat rej ection from the ammonhia bottoming

"loop is-via eva,porat'i\'re cooling tower.

Sha.ftpower-to Flectricity Subsystem — Acychc d-c generators (25) are direct-

J.Y drivén on double-ended shafts by the helium and ammonia turblnes at 3600
rpm producing a rated -output of 300,000 A at 200 V each. Curr_ent collection
within the generator is via liquid metal (NaKj conduction from the moving to-
the fixed components. No electrical transformation, switching, 01‘.‘ a-c.to d-c.
recti;ficatibn is necessary. Electrical bussing from the acyclic generators to
the electrolyzer units, a nominal distance of 180 m (600 ft) » is via conven- |

tional water cooled alumlnum conduzts.

Electr1c1tv-to~H'ydrogen Subsystem — Bipolar electrolyzers (20) using solid-

polymezr-electrolyte (SPE) are used to dissociate purified water to hydrogen
and oxygen gas at nominal outpit pressure of 6900 kPa (1000 psi). The
nominal per-module operating-voltage is 1000-V d-c and the current is
75,000 A. '

Subsystem and System Sizing

The sizing of the system was established by a nuclear-reactor thermal-
power level of 3000 MWt. This size HTGR is representative of GA's design-
point (although a2 maximum of 3800 MWe is allowed under the Nuclear Regu-~
latory Commission's (NRC, formerly Atomic Energy Commission) present
statutes).®® General Atomic Co. has studied even higher power-level HTGR
designs, but the majority of its experience, as drawn from for the purposes
of this study, is at the 3000-MWt level."
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Based on the efficiencies of the suﬁsystgms which, in this system,
operate basically in series frdm nuclear-heat-energy iﬁput to hydrogen-energy
odtput, the selection of the reactor size also sets the facility's hydrogen out-
put level. Nominally, this output is 8. 7 million std cu m/day (325 million
SCF/day) of hydrogen at pipeline pressure. Coproduced oxygen quantities are -
4,4 million std cu m/day (162 million SC¥/day), also available at pipeline C

pressure.

The principal subsystem items have each been selected on the basis of the
individual experience and projections of representative suppliers of related
hardware. Here IGT was guided' strictly by advisements and recommendations
received through both its general energy-related information channels and

informally focused liaison activities carried out during the course of the study.

Table 8-1 summarizes.major subsystem items as selected for the ad-
vanced-system synthesis. Individual unit sizing and net subsystems design

capabilities are listed along with technical information sources.

Table 8-1 SUMMARY QF MAJOR SUBSYSTEM ITEMS
SELECTED FOR THE ADVANCED SYSTEM

Nuclear-to-Shaftpower Subsysiem

1 HTGR at 3000 MWt and 980°C (1800°F) helium outlet temperature
3 Helium gas turbines at 360-MW shaftpower -
1 Ammonia turbine at 42Q-MW shaftpower-

Shaftpower-to-Electricity Subsystem

25 Acyclic d-c generators rated at 60 MWe, 300,000 A and 200~V d-c
10 Aluminum water-cooled bus bars operating at 300,000 A and 1000~V d-c

Electricity-to-Hydrogen Subsystem

20 High-pressure, high~current-density electrolyze;rs' of the bipolar solid-
polymer-electrolyte type rated at 1000-V d-c and 75,000 A (75 MW).
Hydrogen-production rate is 435,000 std cu m/day (16.2 million SCF/day).
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Subsystem Selection and Interfacing

Functional des criptions of the three major subsystems were provided in
Section 4, 1nc1udmg a qualitative treatment of subsystem interfacing and basic
system inputs and outputs. Each subsystem area has been technologically
assessed and specific performance characteristics, as estimated by repre-

sentative manufacturers, described.

In this section, a specific selection of subsystem facilities and equipment
is made based on the various types covered in Sections 5 to 7. This selection
will be oriented to maximizing the overall effectiveness of the production
facility. 'The primary criterion will be a minimurn estimated hydrogen-
productlon cost, although rigorous cost- opt1m1zat1on was beyond the scope
of the study. (See Section 9.)

Nucleai-to- Shaftpower Sub s'ystém ,

Based on a 3000-MWt HTGR as designated by the General Atomic Co. and
a hehum-reactor outlet temperature of 980°C (1800°F), the nuclear-to-

shaftpower system is selected to be essentially that described in Section 5.

Three helium gas-turbine assemblies comprise a compressor, a turbine,
bearingé:an& shaft, ducts and housing, and controls and ancillaries. Each is rated
at 360-MW shaftpowér, These operate at 3600 rpm and are _arra'.nged‘within the
PCRYV along a chordwise line in a symmetrical triangular or "delta!! config-
uration (as opposed to the symmetrical radial alignment illustrated in Section
5}). This provides for theKneedéd double-ended drive arrangement in which
two shafts from each-gas turbine are made available for electrical generator
drives. ‘The double-ended arrangement was necéssary to accomodate the

electrical generators as will be discussed below.

A fourth turbine, a split-flow opposed ammonia-Rankine-cycle turbine

provides two drive shafts providing an additional. 420 MW at 3600 rpm.

Helium from the reactor at 380°C (1800°F), the GA "Mark I'' design
point, is routed directly to the gas turbines with no intermediate heat ex-
change. This is in accordance with GA design practice, observing the fact

that the turbine units are completely contained within the PCRYV.

The helium exiting the turbines and recuperators is then héat-exchanged

with the ammonia bottoming-dycle working fluid. Designs with and without
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intermediate heat exchange were examined. It was .estirmated by GA that the
imposition of an intermediate heat-exchange loop using helium would pena-
lize overall subsystem efficiency about 2% to 3% and raise subsystem costs
by about 5;%:.

Although, in further desigh- ana.lys1s of this system, it may be deemed
necessary. to avoid the pos 51b111ty of ammonia encroachment into the primary
reactor/turbine, the curreht COncept studied here does not utilize an inter-

mediate heat-exchange loop.

The ammonia-loop heat rejection is via heat exchanger to a water loop
connected to-two évaporative cooling towers (access to a once-through cooling

heat—sink would be advantageous, but this is assumed not available).

The subsystem is housed in a conventional-type reactor-containment
bulldmg w:lth the usual ancillaries and services- prowded as in central electri-
city-generation-station design. Procedures for operation and maintenance are

conventional and all accepted safety measures would be incorporated.

Shaftpower-to-Electricity Subsystem

As nf_jted in Section 6, the choice of electrical generators narrows down
to 1) conventional a-c generators of the type used in utility service presently

or 2) "unconventional'! acyclic d-c generators,

_ Alternating-Current Generators

Alternating-current generators are, of course, well developed. Further,
there does not appear to be significant growth potential in the basic technology.
The prospect for cryogenic superconducting machines seems to be primarily.
in the direction of reduced generator size, as discussed in Section 6, not

in itself useful to the design considered here.

The principal drawback of the a-c generator for the present application
is the concommitant requirement for expensive power-conditioning equip-
ment and the significant energy inefficiencies this entails. It is possible that
these pena.ltles could be somewhat ameliorated by operation at increased
electrical frequency, say at 400 Hz. Rectifier equipment might be substan-
tially lower in costs and higher in efficiency at these conditions. However,

this avenue was not explored quantitatively in the study.
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Acyclic Direct-Current Generators

The ':a.cjrclic dé’c-g'énera:tor as éspoused by the General Eléctric Co. offers
an advantageous alternative. Although basically il-equ‘iring‘substantia.l ‘research
and development, acyclic machines of considerable size, as large as 25 MWe,

have been placed in service. (See Figures 6-1 and 6-2.)

" As can be seen in Table 6-1, for shaftpower of 360 MW, as-available
from the helium turbines, a nominal generator speed of around 1200 rpm was
tequired, well below the 3600 rpni experience-base of the Géneral Atomic

designers.,

GA conducted a preliminary assessment 6f helium-turbine shaftspeed
design i:gn'plic;a.fions down to 1500 rpm. Significant problems were noted:
equipmen{:‘size increased markedly, additional turbine and compressor
stages had to be added, and machine efficiencies were significantly -

] reduced 2.2 . R

Also, the bas1c depa.rture from GA's established design experience at
3600 rpm was viewed as undesirable in light of the study's conceptual nature

and limited means.

’Acco.rdingly, the approach of multiple generators on a single turb:}né shaft
was examined. GE had previously reflected design concepts with up to three
acyclics on a single shaft (Reference 9)- For 3600 rpm, the nominal gen-

erator, output power would be 50 MWe (Table 6-1).

GE izidica‘ted that the design could reasonably be extended to 60 MWe,
providiag for six units per helium turbine and seven for the ammonia-turbine.
However, a maxunum number of three generators on a single shaft was rec-
ommended. The optlon of six units on a single shaft, as required in the con-
ventional GA radially aligned "single-ended" turbine ¥ayout within the PCRV .
(Figure 5-1), was definitely unacceptable. The problem is basically one of
drive-shaft size. ‘This encroaches excessivély on the functional design of

the ma chine.3?

Large diameter shafts are required for the large torque carried through
the generators nearer to the tirbine.
. )
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The net result is a double-ended helium-turbine arrangement requiring
the previously stated d‘eparture. The désign was shifted from the radial
turbine placement to the "delta'" configuration within the PCRY. 'I‘hree ad-
ditional shaft penetrations of the PCRV are required as well. Since GA had
earliet given some consideration to the ''delta'! arrangenment, this was deemed

ah acteptable layout on a preliminary basis.

The higher power rating cf the ammonia turbine (420 MW vs. 360 MW),
considering the desirability of a nstandard size! 60 MWe acycllc ‘unit to be
used throughout the facility, #equired seven genera.tors. In a double~ ended
turbine arrangement, which the split-flow turbine con:flgura:tlon (Figure 5- 5)
readily lends itself to, one shaft would have four and the other Would have
three acyclic units. Although, four units on a shaft is non-optimum according

to GE, such'a design was assumed.

" Acknowledging this, an .eighth generator, a.smaller a-c unit, is added to
the ammonia turbine (on the thiee-acyclic-generator end).
This unit is nominally sized at 5 MWe, 60 Hz. This unit prov1des about 4 MWe
power to the electrolyzer ancillaries (feed-water pumps, etc.) and for the
controlled field excitation power for the acyclic generators. The remaining
1 MWe a-c prov1des "house power' for the rest of the facility for operating

machmery, 11ghtmg, env1ronmenta1 systems, and mlscella.neous uses.

With the three-unit strings at each end of the three helium turbines and
the seven generators (four plus three) associated with the 51ngle ammonia
turbine, .a total of 25 acyclic generators are provided. A smgle standard anit
rated as follows was selected based on interfacing requirements with the elec-

trolyzer units:

Table 8-2 ACYCLIC-GENERATOR DESIGN CHARACTERISTIGS??

Generator Efficiency 98.4%

Generator Output Power 60 MWe

Rotational Speed 3600 rpm

Rated Current 300,000 A

Rated Voltage ) 200V

Overall Diameter 1.7 m (5. 6 ft)

Overall length 2.0 m (6.6 ft}

Installed Weight 24,000 kg (52,000 1b)
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Direct-Current Flectrical Distribution

As a portion of the subsystem, in view of designated interfacing points
(Table 4-1), the electrical distribution components (busses) from the gener-
ators to the electrolyzers provide a significant technical challange due to the

relatively large currents included.
Several approaches were explored to a preliminary level:

1. Conventional air-cooled conductors
2. Convective forced-cooled conduits (water and hydrogen)
3. Cryoresistive circuits

4, Superconducting circuits.

In the case of the acyclic-generator installation, depending on the
generator-to-electrolyzer physical separation, the power-bussing problem
may be aggravated since low-voltage d-c availability signifies large currents

and, hence, large conductors (to limit ohmic power losses).

With this prospect in mind, the cryogenic-circuit alternatives were ex-
plored in view of the conceptual nature of the study. In addition to consulting
the literattre, the advisory assistance of the Lios Alamos Scientific Labor-
atory (LASL) researchers working in superconducting electric-transmission

systems was obtained.* .

In view of the generator-to-electrolyzer runs being reasonably short,
nominally about 90 m {300 ft), it was determined that water-cooled aluminum
busses would provide acceptable costs and power losses. GE has considered
this type of bus for use with acyclic generators and suggested a high length/
width ratio plate-and-channel weldment of high-conductivity aluminum alloy
as being a reasonable approach?? The thin, flat channel provides high contact

area for heat removal from the conductors.

Cryoresistive and superconducting busses would hold significant advan-
tages over the forced-cooled ambient-temperature units if generator-to-
electrolyzer distances became quite significant. They may also be superior,
in terms of cost and/or energy dissipation performance in close-coupled

arrangements, such as the present concept. But a determination in this area

was beyond the scope of the study.
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Electricity-to-Hydrogen Subsystem

Electrolyzer

Electrolyzerefficiénc&, capital costs, and hydrogen outlet pressure are
the key seleétien‘ criteria in the context of the advanced ‘fa.c':ility concept.
These have been digcussed for the three basic electfoly‘z’:er typesd conéideréd
in Section 7.

In narrowing down the candidates for the selected advanced hydrogeh—
production facility concept, the efficiency and costs .presented-in,'l’able 7-1
indicated that the unipolar alkaline-electrolyzer type, having the lowest
efficiency not compensated by commensurately 1ow‘cost, would not yield the
iowest hydrogen costs. Further, being an ambient-pressure system, it re-

quired a maximum of compression investment and energy.

R The bipolar alkaline- and solid-polymer-electrolyte (SPE) systems,

on the other hand, were found to have more favorable efficiency and cost
characteristics. The alkaline-electrolyzer offered a higher efficienc'ji'

while the SPE system was' consider‘ably less expensive. Further, the lack -of-
a mechahical compression requirement with the SPE system adds to

its cost characteristics.

.- When a check on the respective hydrogen production costs of systéms
using .each of the electrolyzer alternatives was made, it became evident
that.the SPE electrolyzer gave significantly lower costs (by 20%, see Seciion
9). It was therefore selected for integration into the advanced facility

concept.

Based on technical information provided by the General Electric Co. on
the SPE electrolyzers, unit sizing was carried out to match the d-c electricity -

generation equipment as covered above. Twenty units (stacks) are used.

The results are presented in Table 8-3.

Mechanical~-Compression Unit

In view of the SPE- -type electrolyzer being capable of 6900 kPa (1000
psia) outlet pressure using. pumped feed-water , no further gasedus com-

pression equipment is required in the context of the present study.

67

INSTITUTE - OF ° G A S " T ECHNOLOGY



12/75 8962

Table 8-3 BIPOLAR SOLID-POLYMER-ELECTROLYTE
TECHNICAL CHARACTERISTICS

Rated Qutput Pressure 6900 kPa (1000 psi)

Cells per Stack 588

Cell Stack Voltage ‘ 1000 V d-c

Cell Stack Current 300,000 A d-c
Electrolyzer Current Density 12,900 A/m¥ 1200 A/sq ft)
Cell Stack Eff:'u::i.ency’F 86. 5%

Electrolyzer-Unit Efficiency'* 86.3%

* Defined as higher heating value chemical energy of product hydrogen
divided by total electrolyzer d-c electrical power input.

System Physical Description

The advanced nuclear-electrolytic hydrogen-production facility is
illustrated schematically in Figure 8~1. It is composed of subsystems and
component units just described. The system will be briefly further de-

scribed in this section and overall performance estimated made.
A detailed conceptual design of the facility was beyond the study scope.

The.facility is based on a single high-te;npera.ture gas-cooled reactor
(HTGR) rated at 3000 MWt. Three helium gas turbines are operated in
parallel and each drives six 60-MWe acyclic d-c generators. The turbines,
recuperator, and pre-cooler heat-exchanger ducts and controls — as well
as the reactor unit - are contained within a central prestressed concrete
reinforced vessel (PCRV). The double-ended turbine drive shafts pass out
of the PCRYV at six points to drive the 18 generators, three on each
shaft, which are outside the PCRYV.

An ammonia Rankine-cycle power loop, located exte-rna.l to the PCRYV,
receives its heat input via heat-exchange in the pre-cocler with the helium
exiting the gas turbines. The ammonia turbine is a symmetrical split-flow
design'to zero out thrust loads and reduce rotor size. It drives four 60-MWe
acyclics on one shaft end and three on the other, A5-MWe (nominal) a~c
generator is added to the latter end. This supplies sub-system ancillary
power requirements and general facility hpuse-power. The acyclic generators

are electrically connected in series In 5-unit sets.
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Fach of the five 1000-V d-c¢ circuits comprise a pair of aluminum busses
connected through circuit breakers that are closed at all times except when

anomalous system operation is experienced or an emergency situation exists,_.

The five circuits each energize four bipolar solid-polymer-electrolyte
(SPE) pressure electrolyzers in parallel. Each of these operates at 1000
Y and absorbs a rated 75,000 A. The electrolyzers are fed high-pressure
feed-water that has been purified to requisite levels.

Hydrogen and oxygen gas are produced at 6300 kPa (1000 psia) and collec-
ted in a high-pressure distribution manifold. The hydrogen flow is manifolded
through appropriate valving and metering, andfed-into a transmission pipeline.
The oxygen coproduct can be similarly fed to a second, oxygen-transmlssmn
pipeline or it can be vented to the atmosphere. A third alternative is lique-
faction of part or all the oxygen for transport by rail cars or other means.
Since the oxygen is automatically at elevated pres su:re,' an expander turbine
may also be used to recover shaftpower while cooling the oxygen for lique-

faction.

System Performance

System performance is reflected in the overall energy- and mass-flow

balance presented in Table 9-1.
Sysfem throughput éfficiezicy, and costing, is presented in Section 9.

The Multiple-Module La‘.‘rge-Scale Hydrogen-Production Complex

Considering the advanced nuclear-electrolytic hydrogen-production
facility concept considered so far in this study (Figure 8. 1), when one
addresses the potential need for producing very large guantities of hydrogen,
as would be required in major hydrogen-energy usage, multiple- system
(or module) complexes feeding a large pipeline system would logically be

considered,

Such a ”com,t_ilex would be akin to the ""nuclear park!! concept, sometimes
referred to as a '"Nuplex' (for nuclear-complex), as considered in earlier

studies.

A recent study by the Nuclear Regulat;:)ry Commission has indicated a
number of significant advantages to this ”Nuclear-Energy' Center'" approach

that would seem directly applicable to the nuclear- hydrogen facility.
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These findings, as cited in an IGT publication, are summarized here:3°
"The Nuélear Regulatory Commission will report to Congress
Jahuary 19 that nuclear energy centers consisting of 10 to 20
commercial plants at a single site can be made "feasible and
practical” and will recommend 37 potential sites. The reactors
would be located in clusters of four,. each group 2 mi apart, to
occupy a total area of about 40 sq mi. Additional large tracts

of 1and would be needed for transmission lines running to ser-
vice areas. Because the centers would dissipate large amounts
of waste heat into the atmosphere, they could '"substantially
modify local meteorclogy and weather conditions,' the study
points out. Potential advantages of the centers include savings
of up to 15% in construction costs over single-reactor sites and
the provision of steady employment for 2 decades at one location.
The study finds no significant difference in safety between the
centers and dispersed plants. Some Government incentives, such
as construction loan guarantees and the use of surplus federal
lands, may be needed to encourage the nuclear centers, says the
stady, "

The number of 3000~-MWt nuclear-reactor-based "modules' (i.e., the
system of E“igure 8.1) to maintain full service operation of a large gas

transmission pipeline has been estimated for illustration purposes, from an
earlier study by 1GT.3¢

The following conditions were stipulated, or otherwise selected, to

match the stiady system characteristics:

Table 8-4., CONDITIONS FOR PIPELINE HYDROGEN
SYSTEM ILLUSTRATION

. : - Ilustration
Hydrogen-Production Rate SI Units English Units
Volume Basis (stream day) 8.7 million 325 million SCF¥/D
std cu m/day

Energy Basis 32.5 million 30.8 trillion Btu/yr
GJ/yr

Pipeline Diameter 1.22 m 48 in.

Operating Pressure 6900 kPa 1000 psi

Pipeline Length 492 km 300 mi

Hydrogen~Product Cost $4.15/GT $4. 38 million/Btu
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_ .
For a cost-minimum system, the delivered hydrogen volume estimated
from Reference 45's Figure 9 is appromma,tely 248 million GJ/year
(235 trillion Btulyi). : N . _

Assummg that the fuel-use of hydrogen to operate the p1pe11ne com-~
pres sors was neghgable (itis a slgmflcant transmlssmn cost factor, how-
ever), thls delivered energy rate can be used to determlne the:number of

modules- required.

For the rated module hydrogen production rates it is seen that 8 modules

#
would be required for the assumed 80% ca.pamty factors

The minimum transmission cost. would be 12, 1¢/GT for 492 km (11 5¢/
million Btu for 300 miles). This is about 3% of production cost.

Because it is very considerably less e:xp'ensive to transmit enhergy as
hydrogen in comparison with electricity?® such a "Hyplex" (hydrogen-
nuclear coxilplex)' c(;uld be located much more remotely from the points of
‘use than an equ1va.1ent nuclea.r electrie complex prov1d1ng conventional

electrlcﬂ:y

In view of the difficult siting constraints that have been a:pp'lied to
nuclear systems, this may prove to be a salient advantage for the hydrogen

system.,

By the same token, one module would be capable of servicing, on the
average, a 0.43 m (17 in. ) diameter pipeline at the same conditions.
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9. ADVANCED-SYSTEM ANALYSIS

Estimated Facility Energy-Conversion Efficiency

The 980°C {1800%F) I:Lelium—temperatur.e H'f[‘GR—opera.ted binary power-
extraction cycle provides the major share of the marked efficiency gain -
over the base-line LWR-based systein. Directly-generated d-c electricity
is iransmitted to the electrolyzers with a distribution power loss of only
about 0.5%. The high-current-density, SPE pressure electrolyzers pro-
dute hydrogen with a net electrolysis efficiency of 86.3%. ‘

Of the initial 3000-MWt teactor heat output, the systemyields 1288 MW
(8.—7 million std cu m/day or 326 million SCF/day) of product hydrogen at
pipeline pressure. The overall.nuclear-heat-to-hydrogen conversion
eff1c1ency, based on the higher heating value of hydrogen, takes place at
42, 9%. A tabular ene;‘gy-ﬂow balance and statement of efficiencies is

‘presented in Table 9-1,

Table 9-1. ADVANGED-SYSTEM ENERGY- AND MASS-FLOW BALANCE

Input Processing (Eificiency) Output .
3000 MW Nuclear-Heat to d-¢ Electnc:.ty (1500 MW)
(0.50)
(1500 MW) d-c¢ Electricity Transmission (1493 MW)
and Control (0.995)
(1493 MW) d-c Electricity-to-Hydrogen 1288 MW
at Pipeline Pressure (0.863)
3000 MW, Net Input . 1288 MW, Net Qutput
1288 MW

Overall Efficiency = W = 42.9%

7.0 X 10% kg H,0/day (1.6 X 107 Ib/day)} —= 7.8 X 105 k Hz/dagr

for electrolysis, excluding ‘cooling (1.7 X 10 1b/day
requirements 6.2 X 106 kg O,/da
- (1.4 X 107 lb/da.y¥

Istimated Facility Costs

Financing Rules

In developing economic groundrules, attempts were made to be consis-
tent with the model specified by the Atomic Energy Commission (AEC) for
previous nuclear process-heat studies.2#%04? Some of the guidélines used

in this study are at variance with the AEC guidelines in order to simplify
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the analysis, or to more accurately reflect post-July 1974 economic condi-
fions. Because of the limited scope of this study, detailed economic
analyses, such as those typical of nuclear-fuel-cycle cost calculations,

were not performied,

These financing rules were identically applied to the baseline case
(see Section 3) and the advanced-system cases, The following summarizes

the costing groundrules used:

e All capital and operating costs are in July 1975 dollars
s No escalation of construction or operation costs is considered

e FEconomic analysis assumes privately-owned utility financing
and tax rates

Annual fixed-charge rate for depreciable investments is 15%

Investment is depreciated over 30 years straight-line for
books and sum of years digits for taxes, annual tax charge is
normalized; that is, the present value of the tax payments is
converted into an equivalent annual expense for the life of the
investment

o Interest during construction is 10% compounded with an outlay
schedule to yield 41% of total direct and indirect investment

Eight-year construction period
Plant-capacity factor is 80 %

Nuclear-fuel-cost assumptions are derived from GA and the
literature

e Cost estimates are made on the basis that the plant is of p-roven
design (that is, it is not the first of its kind or size)

® $15,000/yr labor rate.

Cost of capital was estimated from the following economic parameters:

1972 New Project
% Avg, Yieldl® Yield
Debt 53.1 5.7 8.9
Preferred Stock 11.8 6.1 9.0
Comimon Stock 35.1 11.8 12.0
100% 7.9% 10.0%

New Project Yield (Cost of Capital): 10%
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The fixed charge rate for depreciable plant investment is broken down as

follows:
Capital Recovery Factor 10.61%
Federal Income Tax (at 48% rate) . 2,29
Interim Replacements 0.35
Property Insurance 0.25
State and Liocal Taxes 1.50

Fixed Charge Rate 15.00 %

Capital Costs

By far the greatest portion of the capital investment (90%), is allocated
for the nuclear-to-shaftpower subsystem (i, e., the HTGR nuclear facility).

A breakdown of its estimated capital costs is given in Table 9-2. Estimates

Table 9-2. SPECIFIC CAPITAI-COST BREAKDOWN OF
HTGR NUCLEAR-TO-ELECTRIC PLANT

Item . . $/kWe

Direct Costs {Land, Structures, 236
Site, Facilities, and Equipment)

Contingency ' 33

Indirect Costs {Engineering and Con- 79
struction Facilities and Services)

Interest During Construction 143

Total Capitzl Cost 491

for the single 1500 MWe unit used in the nominal case were provided by
the General Atomic Co. The estimates from GA were expressed in '
January 1976 dollars and were depreciated at an 8% rate for one-half year
to reach July 1975 dollars,

Modification of this estimate to include d-c acyclic generation equip-
ment in lieu of assumed a~c generators was judged not necessary, as both

generators are expected to have equal costs as well as fo operate at the same

efficiency.

75

I NS TITUTE 0 F G A S TECHMNOLOGY



12/75 8962

The total estimated- capital investment required for the nuclear unit in
July 1975 dollars is $737 million. This estimate exclu'des escalation during
construction. ‘

Electrical distribution costs were estimated to be $3. 60/i<W of
electric capacity, Capital costs for the water-treatment plant are increased
about 50 % from the base-case to reflect the larger water flow and increased

purification requirements.

The electrolyzer-system cost estimate excluding installation was pro-
vided by the General Electric Co., Lynn, Mass. The total installed cost
was obtained by multiplying the GE equipment estimate by 1.5. )

The total estimated capital investment for the advanced nuclear-
electrolytic hydrogen-production facility in July 1975 dollars is $806

million, as summarized in Table 9-3,

Table 9-3. ADVANCED SYSTEM CAPITAL-COST ESTIMATE

Item ' Cost, § million
Nl;.cl‘ear;to-Electric Plant T 737
Electrical .Di stribution 5
Water-Treatment Plant 6
Eléctrolyzer 58
Estimated Total Capital Invested 806

It should be recalled that these estimates are intended to reflect anti-
cipated 1985 technology. The research and development monies required

to create this technology level are not included.

Fuel, Operating, and Maintenance Costs

Nuclear fuel costs are estimated to be 2.32 mills/kWh of electricity
produced, or an annual cost of $24.4 million for a 1500-MWe plant operating

at 80 % capacity factor,

Annual operating and maintenance costs for the nuclear portion of the

plant are estimated at $5.7 million. About 40% of the cost is for plant

staff salaries.
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The annial costs for the nuclear untit.are summarized in'Table 9«4,

Table 9-4. NUCLEAR-UNIT FUREL, OPERATING, AND
: MAINTENANCE COSTS

Jtem ) ) Annual Cost, $ millionu
Fuel . ) - - 24.4
Opetating and Maintenance . .
Cost ) 5.7
Subtotal 30.1
Fixed Capital Charges - -110.6
Total Annual Cost 14p.7.

Cost of electricity is total annual cost divided by annual prodizction
-140.7 X 10%+ 1.05'X.10®°kWh = 13.4 mills/kWh"

"These can be used to estimate a cost for electric production from the HTGR
system of 13,4 mills/kWh,

The annual operating and maintenance cost for the electricity-to-

hydrogen ,subsystem is $5.1 million. A breakdown is provided in Table 9-5,

Table 9-5. ELECTRICITY-TO-HYDROGEN SUBSYSTEM
OPERATING AND MAINT ENANC E

Ttem Annual Cost, $ million
Production Materials 0.2
Water 0.7
Direct Labor 1,2

Maintenance

Labor 0.7
Supplies 0.7
Supervision 0.3
Administration and Overhead 1.3
Subtotal 5.1
Fixed Capital Charges 10.4
Total Annual Cost 15,5
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Estimated Hydrogen-Production Costs

The estimated cost of hydrogen is determined by dividing the total
anmial cost of the advanced nuclear-to~hydrogen system by the annual gas
production. ¥or the advanced-system nominal case (bipolar SPE electroly-
zers) hydrogen cost is $0.062/std cu m ($1.65/1000 SCF) or $4.81/GJ
($5.07/million Bti). The cost estimation is detailed in Table 3-6.

Table 9-6. ESTIMATED ADVANCED-SYSTEM HYDROGEN-PRODUCTION

J COSTS
Ttem Cost, $ million
Annial Nuclear Plant Costs 140.7
Annual Electricity-to-Hydrdgen ‘
Plant Costs (Bipolar SPE) ‘ 15,5

Total Annual Cost 156, 2

$156.2 X 104+ 2,540 X 10° std cum = $0.0615/std cu m
$156.2. X 106+ 9,481 X 10 SCF = $1.65/10% SCF
$156.2 X 106+ 3,081 X 103 Btu = $5.07/10% Btu

$156.2 X 105+ 3,248 X 107 GT = $4.81/g:r

As a'variant, were bipolar alkaline~electrolyte electrolyzers used, hydrogen
cost is estimated at $0.075/std cu m ($2.01/1000 SCF) or $5.86/GJ
($6.18/million Btu). Using unipolar alkaline.electrolyte electrolyzers,
hydrogen cost is estimated at $0.080/std cu m ($2.15/1000 SCF} ox
$6.27/GJ ($6.61/million Biu). The higher hydrogen costs for these two
’systems vs. the GE one is chiefly the result of higher electrolyzer capital="
cost estimates. The electrolyzer costs and efficiencies used in these

estimates appear earlier in Table 7-1.

Oxygen-Byproduct C redi‘c

Hydrogen costs have also been estimated assuming an oxygen-byproduct
credit, When oxygen is sold at $10/(short) ton the required hydrogen price
is reduced from $4.81/GJ ($5.07 /million Biu) to $4.19/GJ ($4.42/million
Btu). A parametric variation of oxygen credit and hydrogen cost reduction

is plotted in Figure 9-1.
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Figure 9-1, OXYGEN CREDIT AND HYDROGEN COST REDUCTION

Plant-Capacity Factor

Hydrogen costs depend fundamentally on the annual capacity factor
anticipated for the plant. Obviously, less down-time means more hydrogen
pr,oduc;tion and a larger base over which to recover the system's large

capital investment.

As an example, upgrading the capacity factor from 80% to 90% for the
advanced-system reduces the hydrogen cost from $4.8 I/GJ ($5.07/million
Btu) to $4.37/GJ ($4.6 1/million Btu). The effect of capacity factor on
hydrogen cost is graphed in Figure 9-2.

Construction of Multiple-Nuclear-Units Complex

Because of the high capital intensity of the advanced nuclear-electrolysis
system, significant reductions in hydrogen cost could be expected were
plant capital costs to be even moderately réduced, Increasing the size of

the facility and/or constructing two of more units consecutively are
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Figure 9-2. EFFECT OF CAPACITY FACTOR ON HYDROGEN COST

demonstrated approaches f01: such cost reductions, A second unit obtains
the benefit of reduced construction costs due to sharing of the engineering,
temporary facilities, tooling, and manpower. In view of this, General
Atomic Co. has provided a cost estimate for a two-unit nuclear facility.
Each unit has the same technical features as the single unit-of the nominal
advanced case, but a larger thermal rating (4000 MW vs. 3000 MW). This
estimate is $279/kWe, again excluding intefest and escalation during
construction.}* This estimate is 20 % less than the comparable single-unit-
only (i.e., nominal case) estimate of $348 /kWe. Based on the lower
estimate the total annual cost would be reduced from $156.2 million to
$134.1 million resulting in hydrogen costs being reduced from $4.81/GJT
($5.07 /million Btu) to $4.13/GJ ($4. 35 /million Btu).

It is obvious that the benefits of oxygen-byproduct credit, improved
capacity factor, and multiple-unit complexes.can be compounded, For
example, assuming an oxygen credit of $10/short ton, a 90% capacity
factor, and a twin-unit nuclear installation, hydrogen costs would be pro-
jected at about $3.00/GJ ($3.15/million Btu).
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Comparison of Advanced and Baseline Systems

Technical

Both systems convert nuclear energy to hydrogen energy with an inter-
mediate sequence 'of electricity generation and water electrolysis, The
base-case system is considered to utilize 1975 technology while the advanced
system uses technology to be available in 1985. The base-case uses an LWR
nucléar plant to generate electricity while the advanced system uses an
HTGR, operating at higher turbine-working-fluid temperatures and conse-
quently having a higher overall electrical generating efficiency (50% vs.
33%). Both nuclear reactors have a thermal core rating of 3000 MW, - In
the advanced case d-c electricity is generated whereas the base-case Syétem
préduces a-c electricity and rectifies it to dc for use by the electrolyzers,
The d-c generation approach results in about a 2% gain in efficiency. In
the base-case Lurgi electrolyzers are used to produce hydrogen at 3100 kPa
{450 psia) The advanced system's GE- SPE cells electrolyze at higher
current densities than the base~case (12, 900 A/sqm or 1200 Alsq ft vs.

2150 A/sq m or 200 A/fsq ft) and higher net ef£1c1ency (86% vs. 78%). The
GE cell also produces hydrogen at 6900 kPa {1000 psia) and thus does not
require compression eqaipment. The overall nuclear-to-hydrogen energy
conyersion efficiency for the advanced case is 42, 9%, compared with 24.7%

for the bas e-case,
Econormc

Hydrogen costing for both cases is based on constant 1975 dollars to
allow straightforward comparisons. Both systems were designed with the
same reactor-core thermal rating (3000 MW) to reduce the economic effects
of size scaling. The advanced system can generate hydrogen at a price of
$4.81/GJ ($5.07/million Btu) compared to the base-case value of $9.36/GJ
($9.88/million Btu). The large reduction in production cost is due princi-
pally to the lower unit capital cost of the electrolyzers and secondarily to

the lower unit cost of the nuclear-to-electricity system.
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10. TECHNOLOGY ASSESSMENT AND RECOMMENDA TIONS

Technology Assessment

11985 Technology'' has been frequently stated to be a criterion of com-
ponent and subsystem technological development status used throughout the
study in connection with the development of an advanced nuclear-electrolytic
hydrogen-production facility concept. This has been meant to imply that a
maximum of 10 years of nominal research and development would be required
to achieve an appropriate "state-of-the-art" upon which the equipment in
guestion could be reasonably predicated. Quite obviously, were there to be
inadequate R&D efforts to develop ''1985 Technology', those areas thus
unsupported would not achieve the efficiency levels, costs, or other principal

-characteristics stated for fhgm in this study.

Those technical areas that are particularly critical in this regard, and
that therefore deserve early attention with reference to the studied advanced—

facility concept include —

1. High temperature gas-cooled rezctors and components (fuel elements,
heat exchangers, turbines, and duchng) capable of sustained long-lived
operation at 9800C (lSOO”F) or thereabouts, at the cost stated.

2. Acyclic generators with the efficiency and cost characteristics cited.

3. High-pressure; high-current-density electrolyzers capable of sustained
operation at the efficiency and cost cited.

These areas accord with the three basic subsystems from which the advanced

facility concept was synthesized in the present report.

In support of these general observations, and those brought out in the
preceding sections, a number of specific areas require early study and
appropriate exploratory development. These areas are listed below at both
the system and subsystem level in the form of recommended actions to be
taken. Such efforts would.provide useful information in support of the
advanced nuclear-electrolytic hydrogen-production facility concept as a

potential project, were this to be undertaken at some point in the future.
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Recommendations

Sy Stems—-Level' Recommendations

1. A study at the conceptual design level, 1nc1ud1ng a detailed costmg
assessment, of the advanced system described in this effort is now
needed o verify, revise, and /or ref.lne the technical and economic
findings reported here. : .

2. A assessment of the influence of facility siting and loeation on the
design of the plant is needed, to evaluate the payoff of dedicated pro-
duction of hydrogen (vs.’ electnc:d:y) to include land, shore-based,
off-shore, and deep open-ocean site Se

3. The effect of scale-up of the fac111ty to greater then 3000 MWt reactor
sizing, and the cost benefits of multiple-plant (modules), very-large-
gscale nuclear-electrolytic complexes produc:.ng pipeline hydrogen
should be explored.

4, - The issue of oxygen co-product usage should be explored real:.st:.cally,
but imaginatively, to determine its potential marketability and prlce
potential; if marketable as a credit-byproduct, how much, and in what
form and location should it be delwered ?

5. PoSs:-.ble synergistic effects for a close coupled nuclear-~-electrolytic
facility need to be assessed; e.g., waste heat from electrolysis could
be used to generate more electricity.

Subsystem-Level Recommeridations

1. Nuclear -to-Shaftpower Subsystem .

1.1 The helium /ammonia binary cycle was selected in this study; other
high-efficiency shaftpowet cycles and various working-fluid com-
binations should be examined in context for performance, cost, and
practicability including single, bidary, and ternary cycles.

1.2 The assessment of reactor working-fluid cutlet-temperature variation
on reactor engineering and associated costs carried out for nuclear

process-heat generally (References 24, 47, and 49), should be extended
to shaftpower cycles as discussed in item 1,1,

1.3 Employment of a breeder reactor, as opposed to the converter reactor
included in this study, should be examined in connection with the
subject system application. ’

1.4 The potent1a.1 for improvements in plant capacity factor and avallabillty
in a dedicated, non-electricity-generating role (such as considered in
the study) should be assessed in view ‘of the large effect of these on
product cost; advancements in reactor fueling techniques and com-
ponent designs to minimize outage should be considered.

1.5 Optimization of turbine design and output speed in view of d-c electricity
usage should be carried out free of the constraints of producing 60-Hz
a-c electricity on which currently available designs are based.
. 83
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1.6 The fuel of current HTGR reference design is limited to a maximum
nominal core temperature of 1400°C (2550°F ), This is near the 1450°C
(2640°F) required to provide helium at 980°C (1800°F), thus HTGR fuel
systems need to be examined to ensure operability at slightly higher
temperatures. " .

2. Shaftpower-to-Ele ctridity Subsystem "

2.1 Non=60-Hz a-c generafors, d-c generators, and associated
power conditioning equipment, should be surveyed broadly, including
-innovative concepts; technical and cost aspects should be delineated
in view of close-coupled electrolyzer demand on one side and shaft-
power availability from a high-temperature reactor on the other..

2.2 In view of its basic attractiveness, an expanded preliminary design
. assessment of the acyclic d-c generator should be carried out to
provide a broader, more highly substantiated data-base to support
further in-depth systems studies of the advanced nuclear-electrolytic
- facility concept including that of item 1,5, " :

2.3 ‘The distribution of high-current d-c power from facility generators .
to electrolyzers should be studied, and experiments perférmed as
indicated; this should include conventional bussing approaches as
well as cryoresistive and superconducting approaches (the latter to
date have been directed toward long-distance high-voltage power
transmission, both a-c and d-c).

3. Electricity-to-Hydrogen Subsystem

3.1 A comparative technical and cost assessment of all candidate elec-
trolyzer types should be conducted:with the present application in
view including, as a minimum, the three types examined briefly in
this study; innovative concepts should be sought.

3.2 The parallel operation of electrolyzer modules has been questioned
by several manufacturers and experts in the field; demonstration of
feagibility is required, and methods to accomplish this should be
developed.

3.3 Pressure-elecirolysis systems must be further explored in terms of
both technical and cost aspects in view of hydrogen pipeline require-
ments, with and without the imposition of mechanical compression
systems.

3.4 Very large-flow mechanical compressors for service in advanced
hydrogen-production facilities {including non-electrolytic concepts)

" must be studied to determine applicability, sizing effects, modes for
driving, and type. .
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