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Abstract

The behaviour of Pu and other actinides in some characteristic processes of the NEXT process, i.e. the crystallization process and the U-Pu—Np
co-recovery process, was investigated with referring to the experimental results obtained in our experimental facility, CPF. In the crystallization
process, the existence of Pu(VI) in the dissolver solution brought the co-crystallization of Pu(VI) with U, and low DFp,. Such co-crystallization
could be prevented by adjusting the Pu valence to Pu(IV). In the crystallization with the dissolver solution containing Pu(IV), meanwhile, DF
showed significant low values, which might be caused by the formation and crystallization of some kinds of Cs compounds with Pu(IV). In the
U-Pu—-Np co-recovery process which had high [HNOs] feed solution obtained from the crystallization process, it was confirmed experimentally that
almost all the Np could be extracted with U and Pu in the extraction section. Some considerable parameters, e.g. temperature, acidity of stripping
solution, were pointed out for preventing the leakage of U and Pu to the solvent and for avoiding the Pu polymer formation in the stripping section
using only diluted HNO; as the stripping solution. Under the appropriate stripping condition taking account of these parameters, the calculation
and experimental results showed that these elements could be stripped efficiently.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction the behaviour of Pu and other actinides in the crystallization
process and the U-Pu—Np co-recovery process with referring to

Since 1997, Japan Atomic Energy Agency (JAEA) has been  the experimental results obtained in our experimental facility,
keeping on the feasibility study on the commercialized fast reac- Chemical Processing Facility (CPF).

tor cycle systems, which aims for ensuring safety, economical
competitiveness, efficient utilization of resources, proliferation
resistance, and decreasing environmental burden. For meeting
these requirements, the investigation and the evaluation of sev-
eral conceptual reactors, reprocessing and fuel fabrication for
the future fast reactor cycle system have been carried out in
the feasibility study. On this investigation and evaluation, the
advanced aqueous reprocessing system named New Extraction
system for TRU (Np, Pu, Am and Cm) recovery (NEXT) process
is selected as one of the promising processes for a spent nuclear
fuel reprocessing [1]. The NEXT process basically consists of
three characteristic processes as shown in Fig. 1; the crystalliza-
tion process for recovering a part of U from dissolver solution,
the U-Pu—Np co-recovery process with single cycle flowsheet
using TBP as an extractant and the Am—Cm recovery process
with extraction chromatography. In this study, we will discuss

2. Crystallization process

In the crystallization process, over 70% of U in the dissolver
solution is recovered as uranyl nitrate hexahydrate (UNH) crys-
tal by cooling the dissolver solution, which is based on the
temperature dependence of the solubility of UNH crystal into
HNOs3. Although U is the major element in the spent fuel of
fast reactor, the dissolver solution also contains a significant
amount of Pu, minor actinides (MA) and fission products (FP).
Therefore, it is important for the selective U recovery from the
dissolver solution to investigate (and control, if needed) the
behaviour of these elements in the crystallization process.

2.1. Crystallization experiments

Table 1 summarizes the experimental conditions of several
* Corresponding author. Tel.: +81 29 282 1111; fax: +81 29 282 9257. crystallization experiments carried out in CPF [2-4]. The effect
E-mail address: sano.yuichi@jaea.go.jp (Y. Sano). of the Pu valence on its behaviour in the crystallization process
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Table 1
Condition of the crystallization experiments
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Feed solution

Cooling condition Washing solution

[H]  [U] [Pu] [1¥7¢s] ['35Eu]
M) (g/L) (g/L) (Bg/mL) (Bg/mL)
Runl (U-Pu(IV)-HNO3) 2.7 540 51 - -
Run2 (U-Pu(VI)-HNO3) 5.6 610 47 - - 180 g U/L (UO,(NO3),)-4 M HNO;3
Run3 (U-Pu(VL IV)-HNO3;) 5.6 550 40 - - . .
Rund (dissolver solution®) 6.0 410 200 56108 26x 107  2040°C—>15-10°C 8 M HNO;
Run5 (dissolver solution®) 3.9 536 68 4.8 x 108 5.6 x 10° s M HNO
Run6 (U-Pu(IV)-Cs-HNO3) 8.1 409 42 2.1 x 10%° - 3

2 Dissolver solution of the MOX fuel irradiated in “JOYO” (burn-up: 32 ~ 64GWd/t) (valence of Pu was adjusted to Pu(IV)).
b Estimated [Cs] (g/L) are 0.71 (Run4), 2.1 (Run5) and 4.6 (Run6), respectively.

was investigated mainly in the experiments using U-Pu—HNOj3
solution as the feed solution. The structure of the crystal obtained
in some experiments was determined by X-ray diffraction
(XRD) analysis using RIGAKU RINT2100. In the experiments
using the dissolver solution of the MOX fuel irradiated in the
fast reactor “JOYO”, the decontamination factors (DF) of FP
as well as Pu to U crystal were measured for estimating the
behaviours of those elements in the crystallization process. In
Run5 and Run6, an appropriate amount of CsNO3 was added into
the feed solution for investigating the effect of the Cs concentra-
tion on its behaviour. The crystals obtained in the experiments
were washed by appropriate HNOj3 solution for removing the
mother solution on their surface. The experimental procedures
have been reported in detail by our previous reports [2—4].

2.2. Plutonium behaviour in the crystallization process

Table 2 summarizes the DF of Pu to the U crystal (DFpy) in
some crystallization experiments using U-Pu—HNOj3 solution
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Fig. 1. Schematic flow of the NEXT process.

Table 2
Decontamination factors of Pu to U in the crystal [3]
DFPuﬂ
Runl Before washing 4.9
After washing 29
Run2 Before washing 1.3
After washing 1.5
Run3 Before washing 3.6
After washing 4.9

# DFp, was calculated by DFpy = (Ct,pu/Ct,u)/(Cepu/Cc,u); Cy,y: concentration
of element y in x; x; f: feed solution, c: crystal; y; U: uranium, Pu: plutonium.

as the feed solution. These results show clearly that Pu has the
different behaviour in the crystallization process according to its
valence in the dissolver solution. Under the condition that Pu was
adjusted to Pu(IV) in the feed solution, comparatively high DFp,
could be achieved, especially by washing the U crystal, which
suggested that little Pu was accompanied with the U crystal, and
the only surface of the U crystal was contaminated with mother
solution containing Pu. On the other hand, if Pu(VI) existed in
the feed solution, the values of the DFp, were considerably low
even after washing the U crystal, which implied that some kind
of Pu compound was precipitated and contained in the U crystal.
These differences of the Pu behaviours, which was caused by the
Pu valence in the feed solution, were also reflected in the color
of the crystal after washing; lemon yellow in Pu(IV) feed, while
orange in Pu(VI) feed. Our previous study showed that Pu(VI)
is not crystallized in Pu(VI)-HNO3 solution under these crys-
tallization conditions [5]. It is, therefore, considered that Pu(VI)
would be co-crystallized with U in U-Pu(VI)-HNO3 solution.
Table 3 shows the lattice constants of the U crystal obtained in

Table 3
Lattice constants of the crystal crystallized in U-Pu(VI)-HNO3 system

a b c Pu contents (%)
U crystal obtained in 13.18 8.02 11.47 6.4
U-Pu(VI)-HNO3*
UNH crystal [5] 13.14 8.01 11.43 -

2 Feed solution: [H*]: 6.7 M, [U]: 344 g/L, [Pu]: 37 g/L. (Pu(VI)).
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Table 4
Decontamination factors of Pu and FPs to U in the crystal
DF*
Pu 137¢s I55Ey
Run4
Before washing 5.6 1.2 4.2
After washing 25 0.8 27
Run5
Before washing 59 1.4 11.7
After washing 229 2.1 >92.8
Run6
Before washing 4.5 2.0 -
After washing 4.7 0.4 -

 DF was calculated by DFp, = (Ctm/Cr,u)/(Cem/Ce,u); Ch,y: concentration of
element y in x; x; f: feed solution, c: crystal; y; U: uranium, M: Pu, '37Cs, 155y,

the experiment with U-Pu(VI)-HNOj3 feed solution. The lat-
tice constants of pure UNH crystal, which has been reported by
Moseley et al. [6], are also listed in this table. The positions of the
XRD peaks obtained on the analysis of the U crystal gave good
agreement with those assigned to the UNH crystal, and lattice
constants estimated from these peaks showed the almost same
values as those of the UNH crystal. These suggest that parts of
the U atoms (U(VI)) in the UNH crystals are replaced by the Pu
atoms (Pu(VI)) during the crystallization with U-Pu(VI)-HNOj3
feed solution. These experimental results shows the importance
of the adjustment of the Pu valence to Pu(IV) for preventing Pu
co-crystallization and keeping high DFp,,.

Table 4 summarizes the DF of Pu and some FP to the U crystal
in the crystallization experiments using the dissolver solution of
the MOX fuel irradiated in the fast reactor “JOYO” as the feed
solution (Run4 and Run5). In these experiments, the Pu valence
in the dissolver solution was adjusted to be Pu(IV) by NO, bub-
bling, which brought the reasonable DFp, after washing the U
crystal. The DF of FP showed that their behaviours in the crystal-
lization were complicated. The DF of lanthanides (Eu) indicated
that, on the assumption that the behaviour of Eu could be extrap-
olated to the other lanthanides, most of these elements existed
in the mother solution on the surface of the U crystal and could
be removed effectively by washing the U crystal. On the other
hand, the behaviour of Cs was supposed to be quite different
from those of Pu and lanthanides, because the DFc showed low
value and it was not improved even after washing the U crystal.
This suggests that the U crystal accompanied not only mother
solution containing Cs on its surface but some kind of Cs com-
pound which had low solubility into washing solution, HNOs,
in these experimental conditions. Fig. 2 shows that the appear-
ance of the U crystal obtained in the crystallization experiment
using U-Pu—Cs—HNOs solution as the feed solution (Run6).
This experiment was carried out for confirming the Cs behaviour
without any FP under the crystallization condition where the Pu
valence in the feed solution was adjusted to be Pu(IV). The val-
ues of DFp, and DFc; after washing U crystal were estimated
to be 4.7 and 0.4, respectively, in this experiment (7.7 mg Pu
and 5.8 mg Cs in 1 g crystal). Although these values were com-
paratively lower than those in the above experiments using the

Fig. 2. U crystal in the crystallization experiment (Run6) (after washing).

dissolver solution as the feed solution, which might be caused by
the difference of several experimental conditions (higher Cs and
HNO3 concentration) as mentioned in the following paragraph,
it was confirmed that Cs could be hardly separated from the U
crystal even by washing the U crystal. In this experiment, a small
amount of green crystal was observed in the U crystal after wash-
ing the U crystal (see Fig. 2). Cesium can crystallize as CsNO3
or CsoUO7(NO3)4 in CsNO3-UO7(NO3),—H> O system, but the
Cs concentration in this experiment (and other crystallization
experiments) was much lower than the value which gave the
crystals of these compounds [7]. On the other hand, it has
been also reported that whitish green crystal of CspyPu(NO3)e
is formed by mixing CsNO3 and Pu(NO3)4 in high nitric acid
solution and the solubility of Pu and Cs in this system is esti-
mated to be 3—4 g/L (28 °C) [8]. This suggests that Cs might
form double nitrate with Pu, and crystallize as CspPu(NO3)¢
under the condition of our crystallization experiments, which
was observed as a small amount of green crystal in the U crystal
on Runb6.

Veirs et al. have reported that Pu(IV) takes three major species
expressed as [Pu(NO3),]*™" (n=2, 4, 6) in HNOj3 and the ratio
of [Pu(NO3)¢]®~ increases with the concentration of nitrate ion
([NO3™]) [9]. Higher ratio of [Pu(NO3 Y612~ will bring more for-
mation and crystallization of Cs;Pu(NO3)g; higher [NO3 ] will
bring lower solubility of Cs (and Pu(IV)) and lower DF¢s (and
DFpy). This would be one of the reasons which caused the differ-
ence of DF¢g and DFpy, in our crystallization experiments shown
in Tables 2 and 3. The identification of the green crystal obtain
in the U crystal and detailed investigation of this compound are
now in progress, which is indispensable for clarifying the pro-
cess condition without the formation of such undesirable crystal.
These studies will bring several effective methods for achieving
high DFc;, e.g. decreasing [NO3™] in the feed solution, and
be also useful, if further required, for developing some purifi-
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cation method for the U crystal contaminated with this green
crystal.

3. Uranium-plutonium—neptunium co-recovery process

After the crystallization process, U, Pu and Np are co-
recovered in the U-Pu—Np co-recovery process with single cycle
flowsheet using TBP as an extractant (see Fig. 3). This pro-
cess has several characteristics compared with the conventional
PUREX process;

e co-extraction of U, Pu and Np by TBP;

e climination of the Pu partitioning section;

e co-stripping of U, Pu and Np by diluted HNO3 without any
reductants nor complexants.

Among the actinide elements, Np has the complex behaviour
in the extraction section because of its variable valences
in HNOs3; extractable Np(IV) and Np(VI), and inextractable
Np(V). It is, therefore, important for the effective co-extraction
of Np with U and Pu to investigate and control the Np behaviour
in the extraction section.

With the elimination of the Pu partitioning section, no
Pu reduction to Pu(IIl) occurs in the process, and Pu is co-
stripped with U (and Np) just by diluted HNO3 solution without
any reductants nor complexants. The stripping reaction of Pu
(Pu(IV)) and U (U(V])) are exothermic and endothermic, respec-
tively [10], which means that the careful temperature control
is one of the important factors in the stripping section for the
effective (and complete) co-stripping of U and Pu (see Fig. 4).
In addition, it is required for preventing the formation of Pu
polymer under low acidity to adjust [HNOs] to be suitable value
in the stripping section.

Based on these backgrounds, this study mentions the results
of U-Pu—Np co-recovery experiments carried out in CPF, espe-
cially the Np behaviour in the extraction section, and U and Pu
behaviour in the stripping section.
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Fig. 3. Typical flowsheet of the U-Pu—Np co-recovery process.
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Fig. 4. Temperature dependence of U and Pu profiles in the stripping section
(calculation results based the flowsheet of Run2 in Table 5).

3.1. Uranium—plutonium—neptunium co-recovery
experiments

Table 5 summarizes the experimental conditions of the
counter-current experiments for U-Pu-Np co-recovery. All
these experiments used the centrifugal contactors which had
about 10 mL of mixing zone and about 15 mL of settling zone
in each stage. In these experiments, the dissolver solution of the
MOX fuel irradiated in the fast reactor “JOYO” was supplied as
the feed solution. The acidity of the feed solution was adjusted
to be comparatively higher value than that in the conventional
PUREX process, which was based on the acidity of the dissolver
solution after the crystallization process. The valence of Puin the
feed solution was confirmed as Pu(IV) by absorbance spectra in
UV-vis region before these experiments. The experimental pro-
cedures have been given in detail by our previous reports [11,12].

For evaluating the behaviour of U, Pu and Np in these exper-
iments, the simulation of the extraction and stripping of these
elements was also carried out with the simulation code MIXSET-
X [13].

3.2. Neptunium behaviour in the extraction section

Table 6 shows the ratios of U, Pu and Np leaked to the raffi-
nate in the U-Pu—Np co-recovery experiments. The leakage of
U and Pu to the raffinate could be kept under the lower analyt-
ical limit and that of Np was also suppressed under 2% in all
experiments.
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Table 5
Condition of the U-Pu-Np co-recovery experiments

Fuel Fast reactor JOYO core fuel
Runl Run2 Run3

[U], [Pu], [Np] in feed sol. (g/L) 80, 32, 0.15 138, 37,0.86 150, 13, 0.05
[HNOs] in feed sol. (M) 6.2 52 5.2
Pu valence in feed sol. (additional reductant) Pu(IV) Pu(IV) (+NaNO,) Pu(IV)(+NOX)
[HNO3] in scrubbing sol. (M) 2 2 5
[HNO3] in adjusting sol. (M) 10 3 3
Temp. of the reagents (°C)

Stripping sol. 25 45 45

The others 25 25 25
Solv./feed (flowrate ratio) 2.0 2.3 2.1
Stripping/solv. (flowrate ratio) 1.2 1.6 1.5
Number of stripping stages 12 14 14

The oxidation of inextractable Np(V) by HNO3 is described
by the following equilibrium reaction.

2NpO,t +NO3~ +3H' < 2Np0,2T +HNO, +H,0 (1)

This equation shows that higher [HNO3] brings more oxida-
tion of inextractable Np(V) to extractable Np(VI). In addition,
the distribution ratio of Np(VI) by TBP in the extraction section
increases with [HNOs3]. These indicate that the U-Pu-Np co-
recovery process with high [HNO3] feed solution obtained from
the crystallization process is favourable to the effective Np(V)
oxidation to Np(VI) and its extraction. Under the same experi-
mental condition except for [HNO3] in the scrubbing section, the
leakage of Np to the raffinate seemed to decrease with increasing
of [HNOs3] in the scrubbing solution. It is, therefore, expected
that high [HNOj3] scrubbing solution also gives the similar good
effect on the Np oxidation and extraction.

The increase of [HNO;] shifts the equilibrium (1) to the left
hand, which means the suppression of Np(V) oxidation, while
high [HNO;] increases the reaction rate of Np(V) by HNO3
(reaction (1)) as given by the following equation [14].

_dINp(W)] _ 1.8 x 1073[H*][NO; ~][HNO][Np(V)]
dr [HNO,] + [Np(V)]

@

Table 6
Leakage of U, Pu and Np to the raffinate in the extraction section

Raffinate Loaded solvent

Runl

U (%) <0.1* >99.9

Pu (%) <1.2° >98.8

Np (%) 0.9 99.1
Run2

U (%) <0.1* >99.9

Pu (%) <0.7° >99.3

Np (%) 1.5 98.5
Run3

U (%) <0.1* >99.9

Pu (%) 0.03 99.97

Np (%) 1.0 99.0

2 Under the analytical lower limit ([U] in samples <0.03 g/L).
b Under the analytical lower limit ([Pu] in samples <0.2 g/L).

Table 7
Leakage of U, Pu and Np to the spent solvent in the stripping section

Product Spent solvent

Runl

U (%) 70.5 29.5

Pu (%) >96.4 <3.6*
Run2

U (%) >99.7 <0.3

Pu (%) >96.5 <3.5%
Run3

U (%) >99.9 <0.1°

Pu (%) 99.9 0.1

Np (%) >98.9 <1.1¢

2 Under the analytical lower limit ([Pu] in samples <0.2 g/L).
b Under the analytical lower limit ([U] in samples <0.03 g/L).
¢ Under the analytical lower limit ([?’Np] in samples <7.4 Bq/mL).

Although the analysis of [HNO;] was not carried out in our
experiments, the experimental results showed the almost all
the Np could be extracted under a certain extraction condition
as stated above. Our recent simulation study with MIXSET-
X showed that the effect of HNO;, on the Np extraction was
remarkable in low [HNO3] feed solution, but under high [HNO3]
condition almost all the Np could be extracted regardless of
[HNO;][15]. These experimental and calculation results implies
that [HNO;] might not have so large influence on the Np
oxidation and extraction in the U-Pu-Np co-recovery process
with high [HNO3] feed solution although further quantitative

Table 8
Effect of the stripping flowrate and the temperature on the U and Pu leakage to
the spent solvent in the stripping section

Stripping/solv. Temp. of stripping sol. (°C)
(flowrate ratio)
25 45
1.2 U (%) 279 8.3
Pu (%) <0.1 0.2
1.4 U (%) 8.7 <0.1
Pu (%) <0.1 <0.1

Calculation results based on the flowsheet of Runl.
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Table 9A
The value of tpy polymer in the stripping section without adjusting solution

Stage no.

4 6 8 10 12
[HNO3] (M) 0.15 3.0x 1072 2.1x 1072 2.0 x 1072 2.0 x 1072
[Pu] (¢/L) 9.9 32 0.15 1.4 x 1072 12x 1073
T (°C) 35 36.5 38.1 39.6 414
P polymer (Min) 2.2 x 10 0.71 15 1.9 x 10* 2.9 x 107
Table 9B
The value of py polymer in the stripping section with adjusting solution

Stage no.

4 6 8 10 12
[HNO3] (M) 0.25 0.15 0.14 2.1 %1072 2.0 x 1072
[Pu] (g/L) 9.6 33 0.28 1.5 %1072 4.4 %1073
T(°C) 35 36.5 38.1 39.6 414
1Py polymer (min) 2.9 x 10 1.1 x 103 4.2 x 10* 5.8 x 102 4.0 x 10°

Calculation results based on the flowsheet of Run2.

investigation with analyzing [HNO;] should be required exper-
imentally.

3.3. Uranium and plutonium behaviour in the stripping
section

Table 7 shows the ratios of U and Pu leaked to the solvent in
the U-Pu—Np co-recovery experiments. In the experiment using
the stripping solution at R.T., the stripping of U was insufficient
and about 30% of U leaked to the solvent. For preventing U
leakage to the solvent, several methods can be considered, e.g.
(1) increasing the stripping flowrate (increasing the ratio of the
stripping flowrate to the solvent flowrate), (2) increasing the tem-
perature in the stripping section and (3) decreasing [HNO3] in
the stripping section. Every method, however, has its own prob-
lem; the method (1) increases the volume of stripping reagent
(liquid waste), the method (2) increases the Pu (Pu(IV)) leakage
to the solvent, and the method (3) increases the possibility of the
Pu polymer formation in the stripping section. It is, therefore,
desirable for preventing U leakage to combine these methods
effectively. Table 8 shows the effect of the stripping flowrate
(the ratio of the stripping flowrate to the solvent flowrate) and
the temperature in the stripping section on the U and Pu leakage
to the solvent, which was calculated by MIXSET-X. It is recog-
nized that high temperature prevents the U leakage whereas that
brings the considerable leakage of Pu. This Pu leakage, however,
can be suppressed by slightly increasing the stripping flowrate
as shown in the calculation results.

The Pu polymerization rate in HNOs3 has been reported by
Scoazec et al., as the following experimental equation which
estimates the time for changing 2% of Pu(IV) in the solution to
the Pu polymer (¢py polymer) [16].

12300

tpu polymer (1) =7.66 x 10~°[Pu]~S[HNO;]** ) (3)

Table 9A summarizes tpy polymer €stimated for the each stage
in the stripping section using only 0.02 M HNOj stripping solu-
tion (without any addition of HNOj3 for adjusting the acidity).
Under this stripping condition, the calculation results indicated
the precaution against the possibility of the Pu polymer for-
mation in some stages although the values of fpy polymer Were
a little longer than the residence time (~tens second) in these
stages. In the U-Pu—Np co-recovery flowsheet, therefore, addi-
tional HNOj is supplied into an appropriate stage for adjusting
(increasing) the acidy, which brings the sufficient tpy polymer for
avoiding the Pu polymer formation (see Table 9B).

No formation of the Pu polymer in the stripping section was
also confirmed by the U-Pu—Np co-recovery experiments using
0.02 M HNOs stripping solution with additional HNO3 (adjust-
ing solution).

As shown by these experimental and calculation results in
the U-Pu—Np co-recovery process, it can be concluded that U
and Pu can be stripped efficiently by choosing the appropriate
stripping condition for preventing the U and Pu leakage to the
solvent and avoiding the Pu polymer formation.

4. Conclusions

The behaviour of Pu and other actinides in some characteristic
processes of the NEXT process, i.e. the crystallization process
and the U-Pu—Np co-recovery process, was investigated with
referring to the experimental results obtained in our experimental
facility, CPF.

Plutonium showed the different behaviour in the crystalliza-
tion process according to its valence in the dissolver solution.
The existence of Pu(VI) in the dissolver solution brought the
co-crystallization of Pu(VI) with U, and low DFp,. Such co-
crystallization could be prevented by adjusting the Pu valence
to Pu(IV). In the crystallization with the dissolver solution con-
taining Pu(IV), meanwhile, DF¢¢ showed significant low values,
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which might be caused by the formation and crystallization of
some kinds of Cs compounds with Pu(IV). It should be further
required for high DFcg to clarify the process condition with-
out the formation of such Cs—Pu compounds, and/or to develop
some purification methods for the U crystal contaminated with
these compounds.

In the U-Pu—Np co-recovery process with high [HNO3] feed
solution obtained from the crystallization process, it was con-
firmed experimentally that almost all the Np could be extracted
with U and Pu in the extraction section, which was also sup-
ported by the calculation with the simulation code MIXSET-X
taking account of the Np redox reaction and its reaction rate.
In the stripping section using diluted HNO3 as the stripping
solution without any reductant nor complexant, some con-
siderable parameters, i.e. temperature, stripping flowrate, and
acidity of stripping solution, were pointed out for preventing
the leakage of U and Pu to the solvent and avoiding the Pu
polymer formation. Under the appropriate stripping condition
taking account of these parameters, the calculation and exper-
imental results showed that these elements could be stripped
efficiently.
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