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There is a prospect that intense spallation neutron sources may become an
efficient tool in alleviating some crucial problems troubling the fission
reactor economy. However, the recent concept promotion seems to be based
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characterization. Premature claims may serve short term interests, but may
also increase the chance that spallation research be eventually hit by
public acceptance problems, if perceived as closely associated with the de-
ployment of fission reactors. Therefore, a careful investigation of the
actual benefits of associating fission reactors with intense spallation
neutron sources is required. As an illustrative example for a static and
dynamic impact assessment,the merits of intense spallation neutron sources
as fissile fuel factories for fission converter reactors are investigated
and numerical results are presented for typical design proposals.
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Spallation in a Nuclear Energy System

M. Heindler

I. Introduction

While most contributions to ICANS meetings view spallation as a neutron
source to be developed to serve fundamental research, there is a renewed
interest in the potential role of spallation neutron sources in a nuclear
energy economy (see Refs. 1 to 8 and papers quoted therein).

To a great extent this interest is motivated by the increasing recognition
that external intense neutron sources could potentially represent a solu-
tion to those fission related problems which call in question both the
public acceptance and the long-term prospect of the fission reactor econo-
my. Also the accelerator community partly joins in the promotion of this
new field of application for their technology, and weapons programs (Ref.9)
as well as the initial fuel requirements for a DT-based fusion energy
program may call for spallation as a future source for tritium,
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tron sources can be developed as a straight-forward extension of present
spallation neutron source projects, such as those discussed at this and
previous ICANS meetingsj it has been claimed that there is no technologi-
cal quantum jump required for the transition to high power designs as a
result of the experience with advanced accelerators accumulated in high
energy physics research (Ref.4) and of the benefit that can be taken from
proven fission reactor technology. However, some requirements are re-
cognized to be beyond the present experience in thermal and fast fission
reactors (Ref.3) and may be closer to those associated with a fusion
reactor (Ref.lo).

In a time period in which the fission reactor industry of important coun-
tries suffers from an unprecedented stalemate, there seems to be only
modest tendency to be critical with respect to the apparent tension bet-
ween "vision" and "realism" in dealing with emerging concepts. Hence, the
ICANS community may wish to consider seriously the proper assessment of
the spallation—fission synergism ideas,even if the near-term application
of spallation neutron sources as research tool dominates its interest.

II. Spallation-Fission Synergetics

The idea to link spallation and fission goes back to the post—World War II
period when fissile material needed for the US weapons program was thought
to be in short supply. The MTA project was established in the US with the
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goal of producing spallation neutrons via the high—energy proton indu-
ced reaction

p + (high Z nuclei) ~» vspn + (residual nuclei) (n

and to use the emerging Vv, neutrons to transmute fertile into fissile
fuel, P
232Ttl + n + o 000 + 233U

238U + 0 sl 239Pu (2)

With the discovery of ample resources of natural uranium and the success-
ful development of the fission reactor technology, the MTA project was

tarminatrad .
terminated.

Until recently, no need for non-fission neutron sources was perceived for
the civilian application of nuclear power. This resulted from the firm
belief in the early market penetration of fast fission breeder reactors
and of the associated fuel cycle which would make full use of the natural
fissile and fertile fuel resources. Only Canada has been showing a con-
tinued interest in spallation neutron induced fertile—to-fissile con-
version for their CANDU program (Ref.8).

This situation has significantly changed in view of the actual develop-
ment of the nuclear energy technology and economy which is far from
meeting original expectations. Problems plaguing the fission reactor
community are, amongst others, (i) the broadened insight into the conse-
quences of a large scale deployment of nuclear energy based on low-conver-
ter reactors such as the LWR, showing the threat of local or even global
unvailability of cheap fissile fuel as a consequence of the delayed mar-
ket introduction, the economy and the marginal breeding capacity of fast
breeder reactorsj (ii) the growing concern regarding the link between
nuclear weapons proliferation and the civilian nuclear fuel cycle, which
motivated the International Nuclear Fuel Cycle (INFCE) studies and the

¢ o0

Nonproliferation Alternative Systems Assessment Program (NASAP); (iii) the
lack of public acceptance of specific aspects of the nuclear energy pro-
gram, such as fission reactor safety and the nuclear waste management
program,

To a great extent these problems can be seen as symptoms of the scarcity
of neutrons in the fission cycle. This scarcity has been defining by and
large the current nuclear energy program, which aims at stand-alone
fission reactors. Therefore intense external neutron sources -- such as
spallation or fusion —- may offer an answer to the above problems, as

they potentially offer the following novel options:

(i) Intense spallation neutron sources as an alternative to the intro-
duction of fast breeder reactors, or as a means to accelerate their intro-
duction by providing for the initial fissile fuel requirement. In both
cases this is based on the extension of the fissile fuel resources by
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neutron induced transmutation of plentiful fertile material into fissile
fuel, Eq. (2).

(ii) Intense spallation neutron sources as enricher and rejuvenator of
fuel contained in fission reactor fuel elements. These novel options for
the nuclear fuel cycle are based on the in situ enrichment of fresh fuel
elements and the rejuvenation, or re-—enrichment, of spent fuel elements
respectively, in high-flux neutron fields with appropriately tailored
spectral distribution (Refs. 11,12,13). Thus the proliferation resistance
may be increased by reduction or even elimination of the need for fissile
enrichment in isotopic separation plants and for reprocessing of spent
fuel elements.

(iii) Intense spallation neutron sources also offer novel optioms for

the nuclear waste management by their potential to reduce the amount of
radioactive waste by neutron induced transmutation of hazardous radio-
isotopes into less hazardous, or even stable omes in high-flux neutron
fiels (Ref.4). With respect to nuclear waste incineration, the spallation
source seems to be unrivaled as very high neutron fluxes are essential to
its successful application.

(iv) The availability of external neutron sources could change the design
requirements for advanced fission reactors by shifting the emphasis from
neutron balance to safety considerations. This may point to a long-term
deployment of fission power with high-converter reactors, offering

safety features that may be superior to those achievable with fast breeder
reactors.

ITII. Towards a World of Neutron Abundance ?!

This potential beneficial role of intense external neutron sources in a
fission reactor economy gave rise to a wealth of ideas on how to combine
various nuclear processes —— such as fission, spallation, fusion, breeding,
transmutation, etc. —-— in novel ways to yield a synergetic nuclear

energy system that might be more acceptabele than current stand-alone
fission reactors (Refs. 14,15).

However, many of the ideas promoted have enjoyed limited or only frag-
mentary investigation. A number of crucial factors remain to be demonstra-
ted under realistic conditions and technical feasibility as well as engi-
neering practicality has not yet been tackled seriously for various
systems components, such as the high power target/blanket unit of an in-
tense spallation neutron source, to name one example of interest here
(Refs. 3,10). It seems therefore important to note that the traditional
approach in selecting crucial design parameter —-—- such as beam power and
intensity, target power multiplication, etc. — is to "adjust" these data
within "reasonable" limits to yield an overall spallation source perfor-
mance which seems desirable.

Scepticism is occasionally expressed with respect to the question whether
intense spallation neutron sources should be and could be developed for



integration into the fission reactor economy. However, little attention
has been paid to a realistic examination of the impact of spallation-
fission systems on the future nuclear power market in the event that the
various system components can eventually be built and operated as propo-
sed. This criticism equally applies to other emerging energy concepts such
as fusion-fission systems (Ref.i7).

In our analyses (Refs. 18 to 21) we take the following approach:

We assume the feasibility of intense spallation neutron sources as de-
scribed in various design proposals and evaluate the actual impact which
such spallation sources would have on the fuel and power market. Clearly
this impact will not only depend on the performance of the spallation neu-
tron source, but also on the performance of the companion fission reactors,
on the associated fuel cycle and on the rate at which the energy system is
assumed to grow. The impact is evaluated in terms of appropriately chosen
system merit parameters which directly reflect the "price" to pay for the
introduction of spallation sources into a fission reactor economy per

unit energy supplied to external costumers, depending on their use as

fuel producer, enricher, rejuvenator and/or waste incinerator. This price
will here be expressed in physical units such as energy efficiency of the
system, beam power requirement per unit net power to the grid, etc. Based
on these results an economic analysis can be undertaken, translating our
physical units into any currency, such as constant Dollars. This then can
be used to define cost break—even points (e.g. mined vs. spallation pro-
duced fissile fuel), but also to formulate requirements which spallation
neutron sources will have to meet in any nuclear energy scenario.

In particular we emphasize here the role of spallation neutrons in breed-
ing fissile fuel for use in fission converter reactors such as LWRs,
HTGRs, HWRs. The possible role of spallation neutrons for the incinera-
tion of nuclear waste and for the full of partial replacement of chemical
reprocessing by rejuvenation of spent fuel elements in a spallation neu-
tron field will be touched upon only qualitatively in this paper.

IV. Static Analysis of Spallation Breeders

We first consider a zero growth nuclear energy system in its operational
equilibrium. This system is conceived to consist of fission converter (FC)
reactors which receive their fuel requirement from an associated spalla-
tion breeder (SB). In some cases only "topping enrichment" will be provi-
ded by the spallation breeder with some fissile fuel supplied from exter-
nal sources, e.g. in the form of natural uranium (Ref. 8). It is common
practice to characterize the breeding performance of the spallation
breeder in terms of static support ratios, such as (i) the "number"
support ratio defined as the number of fission reactors supported by one
spallation breeder, or (ii) the "electrical" support ratio, that is the
number of GWe fission power supported per GW beam power, etc.
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In order to evaluate these support ratios, we need to know the specific
fissile fuel requirement of a fission converter reactor described in tons
of fissile fuel per year per GWe installed capacity; typical values found
in the literature are

( 1.2 ; LWR~OT (Pu)
0.8 3 LWR-OT, HWR-OT (U3,U5)
Vpe = 0.48 ; LWR (U5,Pu) s [t/a/cWe)
0.3 ; LWR, HTGR (U3)
0.1 3 HWR, advanced HTGR (U3) (3)
As indicated these values apply to various fuel cycles —— reprocessing
and full recycle in general, once through if labeled "OT" -- and to

various types of fissile fuel. Some of the above combinations of reactor

types, fuel types and fuel cycles are belng deployed, such as LWR-OT
(1715 Pu1) and HWR-OT (TTS\ anthere nar acq remot
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Concurrently, the breeding performance of a spallation source is here
characterized by the specific breeding capacity in tons per year tper G4
beam power. Typical values for lead-bismuth targets are

2.5 3 (Pu)
Vgp = ; [t/a/GW beam ]
1.5 3 (U3) (4)

This fissile fuel yield is quite insensitive to the proton energy, but
may considerably vary depending on the blanket and target design. Receat-
ly, considerably higher breeding capacities have been predicted for
uranium targets (Ref. 4). Note, however, that the data available for y,
result generally from one-dimensional calculations with computational
models and data files that have yet to be checked against experimental
results. Therefore this parameter is still subject to much uncertainty;
it will eventually have to be established from space and time dependent
isotopic built-up and burn-up calculations, which account for the spectral
and density variation with space and time of the neutron flux and of the
isotopic concentrations, and for the actual fuel management scheme.

The steady state fissile fuel balance equation

Py = U YpcPre,e = © (5)

:
then provides the coupling condition between the spallation and the
fission component of the synergetic system. In Eq.(5) f is taken to
be the fraction of fuel provided from sources external ext to the synerge-
tic spallation—-fission system, P_ and P is the nameplate power of the
accelerator beam and of the flssEon convef%er reactor, respectlvely
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As an illustrative example let us consider two proposals by the Brook-
haven National Laboratory, the LAFER (Linear Accelerator Fuel Enricher

and Regenerator, Ref.i3) and the most recent design proposal, the ASR
(Accelerator Spallation Reactor, Ref.4). The former has a liquid lead-
bismuth target, the latter a metallic uranium target making the ASR power-
self-sufficient. The reported and derived characteristics of these two
spallation breeder proposals are listed in Table I.

Reported Data

LAFER ASR
Parameter Unit
proton energy GeV 1.5 2.0
beam power GW 0.45 0.60
beam current A 0.3 0.3
accelerator efficiency - 0.5 0.5
Pu production t/a 1.2 3.7
thermal power generated GWt 1.35. 3.6
net thermal-to-electric eff'y - 0.33 0.33
power required for acec. GWe 0.9 1.2

Derived Parameters o

specific breeding capacity t/a/GW 2.67 6.17
Q-value (electric-to-electr.) - 0.50 1

Table I: Spallation breeder parameters

The number of fission reactors that can be supported with one LAFER and
one ASR, resp., is calculated from these data and shown in Table II.

Fission

Conver ter Fuel Number Support Ratios
Reactor Fuel Cycle LAFER ASR
LWR Pu oT 1.0 3.1

LWR, HWR U3 oT 0.9 2.8

LWR Pu rec. 2.5 7.7

LWR, HTGR U3 rec. 2.4 7.4

HWR, adv. HTGR U3 rec. 7.2 22.2

Table II: Number support ratios obtained with two typical
spallation breeder designs.

As can be seen, one spallation breeder supports one to three LWRs if re-
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processing is prohibited, and two to eight LWRs if fissile fuel contained
in spent fuel elements is fully recycled.

As is evident from Eq.(5), the support ratio can be considerably increased
if one does not impose the condition of complete fuel self-sufficiency,

f e > 05 this then explains the higher support ratios abtained in Ref.4.
Cigarly this "improvement'" severely reduces the fuel resource utilization,
that is the fission power that can ultimately be achieved from existing

fissile and fertile fuel resources.

At this point in the analysis, the physics assessment of a spallation
breeder design proposal typically ends, followed by an economic assessment
yielding, for example, the break even price for yellow cake (U308), for
which the spallation breeder starts to be competitive.

V. The Power Cycle of Spallation Breeders

The analysis in the previous section yields a characterization of the
performance of the breeder in terms of tons of Pu or U3 bred per year.
However, it does not respond to the question for the impact of a syner-
getic spallation-fission system on the external fuel and power market.

As an illustrative example let us consider one LAFER-type spallation
breeder, Table I, supporting 2.5 Pu—fulled 1 GWe-LWRs, Table II. Out of
the 2.5 GWe produced in these fission reactors, only 2 GWe reach ex-
ternal customersj the rest is required as make-up power for the accele-
rator and for operation and control of the spallation breeder. Since
the quantity of interest is clearly the electric power available to

the consumers rather than the power produced in the system, the conven-
tional support ratios should be replaced by system parameters which
describe the system-consumer interface rather than system components.
For instance we may define a "net" support ratio by

o,e _ electric power to the grid

Pp beam power 1)

Table III shows this parameter for a synergetic system in which a
LAFER-type spallation breeder supports various fission reactors and
compares it to the corresponding conventional support ratio, Eq.(6).
Only for self-powered breeders -- such as the ASR -- do the two

support ratios merge. This illustrates that the power going to the grid
may be considerably smaller than the power produced in the supported
fission reactors; the difference will increase with decreasing
breeding capacity, decreasing reliance on natural fissile fuel re-
sources and increasing power requirement of the accelerator.

It is a particular feature of spallation neutron sources == in which
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Electrical Support Ratio

conventional net
Fission (GWe)FC (GWe)grid
Converter Fuel @i 3 Gi y
Reactor Fuel Cycle eam eam
LWR Pu  OT 2.2 1.1
LWR, HWR U3 oT 2.0 0.8
LWR Pu rec. 5.6 4.4
LWR, HTGR U3 rec, 5.3 4,2
HWR, adv. HTGR U3 rec. 16 .0 14.8

Table III: Conventional and net electrical support ratios
for LAFER-type spallation breeders.

they contrast with fusion neutron sources -- that the circulating energy
invariably proceeds via the thermal conversion cycle (electrical to rf

to kinetic to thermal to electrical) and that the basic nuclear reaction
itself is endoergic. Thus the spallation source is inherently an energy
sink unless an exoergic reaction is concurring. By choosing a fissionable
target material (Th, U8, Unat,...) and/or by admitting an appreciable
fissile concentration in the blanket, the proton and neutron induced
fission reactions will improve the overall energy balance of the spalla-
tion breeder. In principle the breeder can be made energy self-sufficient
or even a net energy producer, just by allowing enough fission reactions
to occur, e.g. in a near-critical blanket, in which case the spallation
breeder would be better described as spallation neutron driven fission
reactor (Ref.22), or an Accelerator Spallation Reactor (Ref.4).

However, the problems anticipated for fissionable targets (power density,
radioactive load, structural integrity,...) and for high-power blankets
(high peak average power ratio, non-uniform fuel built-up, complex

fuel management, ...) are considered to be far beyond currently existing
engineering and operating experience from fission power reactors, in-
cluding that with the liquid metal cooled fast breeder. Furthermore a
serious deficiency of definitive design calculations and engineering con-
siderations concerning the power cycle is recognized by the authors of
breeder proposals (e.g.Ref.23).

This suggests that power-cycle-related design data, in particular the
thermal power deposition in the target and the blanket, reflect the wish
of their authors to minimize the net power requirement of the breeder,
rather than thorough engineering studies. It is worth noting in this con-
text that blanket studies performed for fusion-fission hybrids have re-
cently been tending to minimize the power production in the blanket for
technological reasons; this lead to the so-called fission-suppressed
blankets (Ref.24). Since many more blanket design studies have been per-
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formed for fusion breeders than for spallation breeders, there is reason
to believe that more thorough spallation blanket studies will point in
the same direction. Thus we consider power self-sufficient spallation

breeders to

be very remote options,.

In view of these tremendous power cycle uncertainties we will characterize
the power cycle associated with the spallation breeder by a set of para-
meters identified in Fig. 1 for which values may be chosen, in a specific
analysis, according to one's preference:

Uop =

SPALLATION BREEDER (SB) FISSION COVERTER
o FETORS, (O
" = Pra/e

Excd BB Qace * 0

Encc M N
Pe
D
ACC,T (B)
PB.7
{ QTB

ELECTRICAL POWER

£
NeT BLecTRIcAL PoweR TG GRID

Fig. 1: Power flow in a synergetic spallation-fission

system,



(i) Accelerator efficiency € e (electric to beam). Typical values are

0.2 to 0.3; current proposals for next generation of
spallation sources for fundamental research;

€ e = 0.5 current proposals for high-intensity spalla-
tion sources for energy systems;

0.7 to 0.8; optimistic estimates based on novel techno-
logy. (8)

It is assumed that the lost power fraction is rejected as low grade heat,
which will not be converted into electricity.

(ii) Thermal-to-electrical conversion efficiency of the heat deposited
in the target and blanket of the breeder. The similarity to fission
power reactors suggests

&

n o = 0.3 to 0.35. 9

Just as the anlogous efficiency n,. for the fission power conversion,
n o is taken to be a net efficiencdy, accounting for the power require-
men% for operation and control of the breeder.

(iii) The power multiplication of the target/blanket stationm, M,f , defi-
ned as the amount of thermal power deposited in the target and blanket

per unit beam power; this parameter depends on the target material and on
the power production in the blanket which, in turn, is determined by

the blanket design and the fission fuel concentration. Reasonable

N
we

non-fissionable target, fission-suppressed blanket;

3 ; non—-fissionable target, blanket with moderate
TB enrichment;

6 ; fissionable target and for near-critical blanket.(lo)

This results in an overall electric-to-electric Q value of the breeder,

0 = M
“sB = Facc TB "B (1

of the order of
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0.1 ; low—efficiency accelerator, non-fissionable target,
fission-suppressed blanked;

QSB= 0.3 ; average design value;
0.5 3 high-efficiency accelerator, non-fissionable target,
blanket with moderate fissile concentration. (12)
The value Q.. = 1 may be used as an upper bound characterizing a breeder

with fissionable target and near-critical blanket. The heat production
associated with power self-sufficiency,
P ~] 2.7 GWt ; LAFER-type breeder
3,t 3.6 GWt ; ASR-type breeder (13)
compares to that achieved in the most recent generation of LWRs, yet it
presents an incomparable challenge, due to the considerably higher

power densities in the target and to the higher peak-to-average power
ratios in the blanket.

VI. Static Impact Analysis of Synergetic Spallation-Fission Systems

We have identified two fundamental system merit parameters, the electri-
cal energy efficiency e, and the overall energy conversion efficiency n
of the system. Another %undamental merit parameter not considered here
is the fuel efficiency defined as the fraction of nuclear energy content
of natural fertile and fissile fuel transformed, by a given system into
useful energy.

The energy efficiency was originally introduced by R.W. Hardie (Ref.25)
and is defined as that fraction of the electric power generated in the
system which ultimately becomes available to exernal consumers:

_ electric power to grid (14)
€E T electric power generated in the system

Note that ¢, = O indicates that the synergetic system circulates inter-
nally all tﬁe electric power generated in the systemj this apparently
constitutes a lower bound for a system which may be termed an "energy"
system. On the other hand €p = 1 constitutes the theoretical upper bound,
which is approached as QSB and for Yep approach infinity,

Other merit parameters can be easily derived from e_ to characterize
the size of various system components on a per-unit-power-to-the-grid
basis, such as the specific beam power requirement,
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_ - -1
PP/P = eacc(l eE)eE (15)

and the specific circulating power,

_ - -1
ci,e/Po,e = (1 eE)EE (16)

The second fundamental system—merit-parameter is the overall energy con-
version efficiency, defined by

_ electric power to grid
o thermal power generated in system Qan

The inverse of this parameter characterizes the amount of thermal
energy that must be handled and, consequently, the amount of fissiona-
ble nuclei consumed and of nuclear waste produced per unit electric
energy supplied to the grid.

Both system merit parameters can be described in terms of the previously
defined fuel and power flow parameters,

, €acc  YsB -1
eg =1 - G - v ¢ QB (18)
and
n, = npg e U1+ [ Qqpnpe/ngg=1-C1-e_ Ing 13 (19)

As can be seen from these equations, the energy efficiency of a system
with self-powered spallation breeders does not reach unity. In fact,
this corrects the common viewpoint that a self-powered system component
is energetically "free"; apparently £_,, n_ and all derived parameters
correctly account for the fact that c1rcu?ating energy is never "free",
neither fuel-wise, nor with respect to the associated thermal and
radioactive waste.

For our previously discussed examples, LAFER and ASR assisted fission
reactors, Table IV displays a few results which clearly show the effect
of the spallation breeder on the overall system performance. Note that
ASR-type breeders are taken to be power self-sufficient,



LAFER ASR
Fission Pci Pci
Converter Fuel . = i 5
n r € N P
Reactor Fuel Cycle ) 0,e E 0 0,¢
LWR Pu  OT . 0.10 1.63 0.72 0.21 0.39
LWR, HWR U3 0T 0.08 2.00 0.70 0.20 0.43

LWR, HTGR U3 rec. 0.20 0.46 0.86 0.27 0.16
HWR, adv. HTGR U3 rec. 0.28 0.13 0.95 0.31 0.05

0.33 0.0 1.0 0.33 0.0

E
0.38
0.33
LWR Pu  rec. 0.70 0.20 0.44 0.87 0.27 0.16
0.68
0.88
0

Stand~alone FC any any 1.

Table IV: System merit parameters for a LAFER and ASR supported
" fission reactor economy, resp.; for comparison the
last row gives the corresponding values for stand-
alone fission reactors.

It becomes apparent that any type of fission reactor associated with a
once~through fuel management yields unsatisfactory system performance,
even if combined with high-yield self-powered ASR-type spallation bree-
ders. With LAFER-type breeders, only high converting reactors in a
closed fuel cycle display attractive features, whereas ASR-type spalla-
tion breeders may also favourably combine with moderately-converiing
fission reactors if the fuel cycle is closed.

As previously noted, there is much uncertainty about the eventua’. power
multiplication of the target/blanket unit of spallation breeders. In
order to evaluate the sensitivity of power cycle parameters, we elabo-
rate in Fig. 2 on a medium gain LAFER-type breeder associated with
various fission reactors; we take the electrical-out to electrical-in
power=ratio Q as variable, with the accelerator efficiency being
constant. In %Ee case of a system based on LWRs or HTGRs with closed fuel
cycles, the sensitivity to the accelerator efficiency is also incicated.
Note that a breeder with a low-efficiency accelerator requires a high
power multiplication » 5 in the target/blanket unit to yield the same Q
as a breeder with a more efficient accelerator. The achievable limit in
QSB is indicated for MTB = 3 and 6 by asterisks and crosses respectively.

The description of the energy system by the merit-parameters defined in
this section constitutes an essential improvement with respect to the
conventional support~ratio-parameters, as they give information that is
relevant to the assessment of the system—consumer interface rather than
of internal performance parameters.
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Fig., 2: The energy efficiency of a LAFER-type spallation
breeder supporting various types of fission reac-
tors as a function of the electric-to-electric
Q value of the breeder. For details see the text.

VII. Dynamic Impact Analysis of Synergetic Spallation-Fission Systems

So far we have considered energy systems in their operational equilibrium,
with all fuel flows to be taken constant with time. However both the

past development and future expectations show nuclear energy in expansion.
Growth rates of the installed nuclear capacity were of the order of 27.5 7
from 1968 to 1978 and only little less between then and now (Ref.26). In
this case, not only the operating, but also the embodied energy and fuel

requirements are of importance; for high expansion rates, the latter may
even dominate.

By embodied energy we here mean the energy that has been required to
build the energy system. Information on this subject (e.g. Refs,27 and
28 and references therein) is both scarce and vague, in particular in as
far as the quality profile of the invested energy compared to that of
the energy supplied by the system is concerned. Much uncertainty also
surrounds the definition of the system boundary,e.g. whether the power
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transmission is included or not, whether today's high—grade or tomorrow's
low grade ore should be considered, etc. It is also to be noted that the

net thermal-to—electrical energy conversion efficiencies n and N

should not only account for operational and control power requirements but
also for the energy annually invested into the fuel cycle from mining to
reprocessing and disposal, except for initial inventories. In the same realm
the embodied fuel is taken here to represent that amount of fissile fuel
which has to be accumulated in a device to make it operational.

In a detailed analysis the net amount of fuel and energy made available to
or required by each component of the expanding nuclear energy system has
to be described as a function of time, accounting for the energy invest-
ment during construction, for initial fuel inventories due at time of
startup, for pre—equilibrium and eventually equilibrium characteristics.
To each of the system components a fuel trajectory M.(t) (Refs. 29 to 31)
and an energy trajectory E.(t) can be associated, describing the cumula-
tive amount of fuel and enérgy, resp., that has been made available to or
has been required by this system component up to the point in time t.

The expanding nuclear energy system —— consisting of an increasing number
of fission reactors, accelerator breeders etc. —— may then be described
by a system fuel trajectory

M () = }M () = } [y (t-t))P (t-t,)dt (20)
and a system energy trajectory
E (t) = ZEi(t) = ) P, (t-t,)dt 21

where y. is the specific fuel yield (>0) or requirement (<0), Eqs.(3) and
4), Pi represent the respective power terms and t., the time of startup

of the” i-th system component. The time—-dependence of y. and P, accounts
for pre-startup and pre~equilibrium features. As has bedn showh in Ref. 30,
these trajectories are "functions-of-merit" which replace, in a non-
-steady~state analysis, the usual single-valued merit parameters and
yield a compact and adequate system description.

In order to simplify the analysis of an expanding spallation-fission
system in a first approach, we here replace the exact trajectory by the
following quasi-dynamic model:

(i) At time of startup the asymptotic -- rather than the initial -- fuel
inventory is loaded, defining the specific fuel inventory.

(ii) The energy required for construction and lower-than-asymptotic
thermal energy production during pre-equilibrium operation (e.g. during
fissile fuel build-up in the blanket) is accounted for in a single

energy investment at time of startup, defining the specific energy inven-
tory.
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With these approximations, both the fuel and the energy yield/requirement
of a system component can be taken to assume its constant equilibrium va-
lue from the very beginning of its operation, as all pre-startup and
pre-equilibrium features are embodied in the fuel and energy investments

.
talkan tn acecur at tima Af ctartnan
cancil O OCCUL at time OI starcup.

Note that in this model no distinction is made between fuel that is
externally supplied and fuel that is breed in situ. As a matter of fact,

we have shown in Ref. 30, taking the fast fission breeder reactor with its
loaded core-inventory and its in-situ bred blanket-inventory as an illustra-
tive example, that the cumulative fuel yield/requirement is independent

of the way the fuel was originally provided for, as soon as the associated
fuel flow reaches its equilibrium.

Let us assume an exponentially growing system taken to consist of spallation
breeders and partially or fully supported fission converter reactors. Let

us also smooth out the discontinuities due to the actual size of each

unit going into operation. This then translates into a growing installed
proton beam and electric fission power as described by

%E? =GP, 3 1=p and FC,e (22)

Here G is the fractional annual system growth rate, with the associated
d ing time T = 1n2/G.

As previously indicated, we define specific fuel inventories of fission
converter reactors and spallation breeders, in units of tons per GW of
electric fission power and beam power, respectively. Again taking typical
design values from the literature, we find for the various fission
reactors

3.5 3 HWR(US5) ,LWR(Pu)
po = (1+ZFC)- 2.4 3 LWR(U3,U5) s [t/Gwe]
1.8 3 HTGR(U3) ,HWR(U3) (23)
and for spallation breeders
...1 .
USB = (1+ZSB) (InBQSBEaCCSSB) H [t/Gw beam] (24)

Here Z is the amount of fuel accumulated in the fuel cycle, expressed in
units of the asymptotic inventory of the fission reactor and breeder re-
spectively, with Z.~ = 0 for OT-cycles; otherwise we assume Z qR = 0.5 and,
perhaps too optlmlsflcally, ZFC = 0.5. Furthermore, my is the"specific
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blanket inventory per percent enrichment in the blanket and per GWe power
obtained from the target/blanket unit; clearly, this value is strongly
design dependent, with typically m, = 0.9 [t/cwe] .

In addition, we define a specific emergy requirement for the fission
reactors, Tm.., in units of equivalent GWe years per GWe fission power,
and for the spallation breeders, n,,, in units of equivalent GWe per GW
beam power. The term "equivalent" ggre alludes to the quality profile

of the invested vs. supplied power. We here take 7 c. = 0.3 [GWe-years
per GWe ] corresponding to an energy pay-back time of 0.3 years; we will
also assume that, for the same electric power generated, the spallation

breeder requires twice as much embodied energy as does the fission reactor,
rsg/rc = 2°

(GWe per GW beam] (25)

Tan = A *Q e-l T
SB SB/FC”*SB®acc"FC

In the quasi-dynamic model, the coupling equation which replaces Eq.(5)
now reads

(ygp=Cugg) P, (8) = (1=F_ ) (ypc*Cup)Ppe (£)  (26)

This then defines, in turn, the exponentially growing power which the
system makes available to external customers:

Po,e(t) = PFC’e(t)(l—GﬂFC)—Pp(t){ e;}:c(l-QSB)+GﬂSB} (27)

From these equations, the electrical energy efficiency, Eq.(14), can again
be calculated:

1+6mpcQsp (Mg /pc™1)

eE(G) = (I—GHFC) - (28)

_ -1 _ -1
eacc(l £oxt) (ySB GuSB)(yFC+GuFC) +Qqp

Again for the design proposals for LAFER and ASR as typical examples,

we show in Table V the dependence of the energy efficiency on the growth
rate for the various reactor types and fuel cycles. Throughout these
calculations we have used the design parameters displayed in Table I
furthermore we have assumed an asymptotic fuel enrichment in the breeding
blanket of 2 7 for LAFER and 4 Z for the self-powered ASR, independently
of the type of fuel.
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LAFER ASR
G =00 -05 .10 .20 0. 505 .10 020

Fission Component

LWR-0T (Pu) .38 .28 .17 <0 .72 .65 .58 .42
LWR-0T (U3) 33 .2t .08 <0 .70 .6t .51 .28
LWR-rec.(Pu) .70 .53 .37 .08 .87 .77 .68 .48
LWR-rec. (U3) .68 .49 .30 <0 .86 .75 .62 .34
HTGR-rec. (U3) .68 .52 .36 .03 .86 .77 .66 .39
HWR-rec.(U3) .88 .71 .53 .16 .95 .85 .74 .46

Table V: Growth dependence of the electrical energy efficiency
of the spallation-fission system.

From these results it becomes obvious that even for low-inventory high-con-
verting fission reactors, such as the HWR(U3) with full fissile fuel re-
cycle, the energy efficiency drops considerably with increasing growth rate.
For growth rates as low as 10 %, LAFER-type spallation breeders yield ener-
gy efficiencies below 50 Z —- corresponding to specific circulating power
fractions, Eq.(17), of more than 50 7 -- with one single exception, that

is if they are associated with U-233 fuelled HWRs; for self-powered high-yield
ASR-type breeders the energy efficiency ranges from 50 to 75 7 for the
various fission reactors and fuel cycles, dropping well below 50 Z in all
cases for growth rates in excess of 20 Z.

It is interesting to study the sensitivity of the results to parameters
which describe the various fuel cycles and system components. Figure 3
illustrates, for Pu-239 fuelled LWRs with full fissile recycle in associa-
tion with LAFER-type spallation breeders, the sensitivity of the growth rate
dependence of the energy efficiency on the accelerator efficiency, the
specific embodied energy, the fissile inventory of the breeding blanket
and the fuel cycle inventory fractionj upper and/or lower bounds of the
respective parameters are thereby considered, all the other parameters
taken to assume the standard values in each case. It becomes obvious that
the single most important parameter is the accelerator efficiency which
will determine to a great extent the attractiveness of spallation-fission
synergetic systems.

VII. Nuclear Fission Waste Incineration and Rejuvenation

Without attempting a numerical analysis of the spallation breeder as nuclear
waste incinerator and spent fuel rejuvenator, we may readily gain a quali-
tative appraisal of the effect of these fuel cycle options on the system
merit parameters such as the energy efficiency.
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Fig.3: Growth dependence of the energy efficiency
of Pu-fuelled LWRs supported by LAFER-type
accelerator breeders. For details see text.

The incineration of hazardous radioisotopes produced in fission reactors
can be envisaged through beam and spallation proton induced as well as
through spallation neutron induced reactions. In particular the latter
case, which will invariably occur in the presence of absorbing waste
isotopes, will reduce the number of neutrons available for breeding
purposes. Also side reactions, reactions with transmuted waste nuclei

and the appearance of unstable spallation reaction products will counteract
the incineration process, increasing the energy cost of the radiological
hazard-reduction of nuclear waste. To include nuclear waste incineration
via spallation induced reactions, therefore means necessarily to reduce
further the energy efficiency of the synergetic system. The question
therefore arises to what extent nuclear waste incineration can be per-
formed before an intolerable fraction of the fission energy is reinvested
therein.

The same is true for the rejuvenation of spent fuel as an alternative to
chemical reprocessing. The accumulation of fission products in the fuel
elements will necessarily have a deteriorating effect on the neutron
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balance, resulting both in parasitic neutron absorptions and the necessity
to achieve increasingly high enrichment in order to compensate for the
adverse reactivity effect of the fission and activation products. Prelimi-
nary studies show that the fissile fuel breeding requirement will be close
to that for a once-through fuel management starting from purely fertile
fuel.

In addition, the breeding requirement per unit net power output will
clearly increase -— and the energy efficiency accordingly decrease ~- with
an increasing number of rejuvenation cycles.

Thus the previously discussed use of the spallation neutron sources as
fissile fuel factory only, combined with spent fuel reprocessing, definiti-
vely yields the most favourable merit parameters for a spallation fission
system. The deployment of any supplementary option offered by the physics
of spallation processes will invariably tend to adversely affect the

system performance and may be justified for reasons other than energy-phy-
sics related ones only.

VIII. Conclusions and Implications

This analysis reveals the invariable role of energy and fissile mass as
"endowments" towards more secure and complete nuclear energy options. For
example, the consideration of the initial fuel requirement of a fission
reactor and of the complementary initial power requirement of a spallation
breeder, makes fissile fuel and energy sustainability the limits to

growth of a spallation-fission based nuclear economy.

The electric~energy efficiency and the energy conversion efficiency of a
synergetic system have been shown to describe adequately the system per-
formance with respect to the system—consumer interface, that is with re-
spect to its actual impact on external fuel and power markets. It
accounts for all fuel and power flows occuring from the beginning of
construction to equilibrium operation of each of the system components,
while simultaneously incorporating the effect of a system expansion. A
straightforward extension to economic analyses is possible.

The implications of this analysis identify the parameter ranges and
system options of interest. The results demonstrate that there is no
clear-cut answer to the question of the desirability of the various
spallation—-fission synergism options. They indicate that, in any event,
only high-performance accelerators associated with fuel-efficient fission
converter reactors and with a closed fuel cycle show the prospect of

an attractive systems performance.

In a steady state operation, the power requirement of a spallation
breeder is of minor concern if the breeder is associated with high-conver-
ter low-inventory fission reactors.
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This aspect changes drastically for an expanding economy, even for ex-
pansion rates well below historical growth rates for installed nuclear
capacities. In this case there are growth rate dependent trade-offs bet-
ween the effect of increasing power production and decreasing fuel availi-
bility with increasing blanket enrichment, between invested vs. annual
fuel requirements of the associated fission reactors, etc., which re-
quire a careful analysis before the question of the feasibility of
spallation-fission synergisms can be answered.

The implications of this analysis point also strongly to the fact that
a fundamental and engineering analysis needsto be undertaken in order
to identify the actual fuel breeding and power amplification potentials
of spallation breeders and to realistically estimate the duty factor
and the efficiency of high power high-intensity proton accelerators.
Only then will a full appraisal of the potential of spallation-fission
synergisms be possible.
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