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ALTERNATIVE POWERING FOR MERCHANT SHIPS

Task 3 - Economic Analysis of Powering Alternatives

EXECUTIVE SUMMARY

This report documents a project to study the economic merit of dternative powering systems for
container ships. The concept of the project is to assess whether there is economic incentive to develop
dternative powering sysems for contaner ships Would such systems result in improved shipping
€conomies?

The first report in this project described the dtate of the art of container ships and shipping routes.
This third report completes the series by presenting an economic assessment of the impact of each of
those dternative powering sysems when goplied to a notiond basdine contaner ship having the
following charecteridtics:

Capacity 6000 teu
Service Speed 25 knots
Service Range 6000 nautica miles (unrefueled)

Power Required 75 MW
The economic assessment is conducted parametrically, based on the following items:

kg / kW machinery weght
kg / kW-h fue consumption
$/ kW acquisition cost

$/ kW-h fud cost

Increases or decreases in weight compared to the diesal-mechanical basdine are trested as changes in
the cargo cepacity of the ship. Cargo capacity is dso impacted by the required ship fud. The diesd
basdine ship requires some 3000t of fud. Changes from this basdine fud load will result in increases
or decreases in available cargo capacity.

Any sysem which reduces the weight of the propulson plant will result in incressed cargo lift
capacity and thus increased revenue. To account for this factor the weghts of the dternative
propulson sysems have been compared with the weights of the basdine low-speed diesd system.
Firdly, the weight of the propulson dterndive is compared to the weight of the diesd basdine. Any
difference in weight is dlocaed to the ship as cargo capacity, according to an input vaue of
homogenous container weight.  Next, an input vdue of dot cog for the diesd basdine ship is
provided. The propulsion related costs described above are divided by the total dot-days for the ship,
to arive a a propulsonfraction of dot cos. This fraction varies from propulson dterndive to
propulson dterndive.

The non-propulsion portion of dot cost is determined by subtracting the diesd basdine propulson
cog from the input market-rate dot cost. This subtraction leaves a resdud dot cost which represents
al portions of the ship not included in the propulson cost estimate.
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The non-propulsion totd cogt is determined by multiplying the dot-days times the non-propulsion dot
codt, only for the basdine diesd ship. The nonpropulsion cost and the propulsion cost are summed.
The result of the calculation isanet dot cost prediction for each propulsion dternative.

RESULTS. A gas turbine driven ship suffers a 30% to 120% dot-cost pendty. The economic picture
of the turbine is gredtly influenced by fud cost. The gas turbine consumes more fud than the basdine
diesd, and thisfud is higher priced than that consumed by the diesdl.

The nudear-dectric option is the lightest weight of dl the options. As a result of the teu increase this
cost increase is leveraged downward, such that the best-assumptions Nuclear dot cost is only $11.32
(as compared to the basdine diesd dot cost of $10.00). This is the lowest dot cost of any of the
propulson dternatives consdered. The “worg-assumptions’ verson of the nuclear option results in a
dot cost of $13.29, a 33% increase over the basdine.

The advantage of the fud cdl lies in its lower specific fue consumption (SFC) compared to the diesdl.
Thefud cdl is predicted to be the second-lowest dot-cost option.

SENSITIVITIES. The anadlyss above places the nuclear power option tantdizingly close to the diesdl
basdinein totd dot cogt, and leads immediately to afew smplified sensitivity anadyses.

Sengtivity to Fud Price Diesd fud prices fluctuate. The sengtivity anadyss shows tha the dot cost
of the diesdl ship crosses over the cost of the nuclear ship once fue risesto US$ 145/tonne.

Sengtivity to Range  This assessment shows the diesd ship to be quite insendtive to increasing range.
The dot cogt for the diesd varies across a range of less that one dollar despite a change in ship range
from 1,000 miles to 12,000 mile. The nuclear plant, agan using fixed assumptions, holds a constant
dot cost of $12.23 for al ranges.

Sendtivity to Ship Speed: This assessment shows the two options (diess and nuclear) running
precisaly pardld and 26% apart.

SUMMARY OF RESULTS

The andydss presented herein shows the nuclear dectric powering dternative to be potentidly within
20% of competitive with the basdine diesdl plant. The gap between nuclear and diesd options
decreases if petroleum prices rise, and it decreases dightly if ship range rises. And it is insengtive to
Speed.
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1 INTRODUCTION

1.1 Administrative Background

This report was produced by Chris B. McKesson for the Center for Commercial Deployment
of Transportation Technology (CCDOTT). The report documents a project to study the
economic impact of aternative powering systems for container ships. The concept of the
project is to assess whether there is economic incentive to devel op aternative powering
systemsfor container ships: Would such systems result in improved shipping economies?

Thisinvedtigetion is referred to asthe CCDOTT Alternative Powering for Existing Ships
project.

Thereisasmilar CCDOTT project conducted smultaneoudy which considers the application
of dternative powering schemes to proposed very-fast ships, specificaly using the Fast Ship
Atlantic project as atechnology basdine. Thislarger project looks further over the horizon
than does the present project, but there is neverthel ess a sgnificant interface between the two
projects. Thelarger project is a contracted effort being performed by John J. McMullen
Associates, Inc.

1.2 Purpose and Organization of this report

This report isthe third of three ddliverables of thisproject. Thefirst report in this series
presented an overview of the current state of the art of container ships, and the trends in their
design. The second report presented an introduction to the range of aternative powering
systems consdered in this project. Thisthird report completes the series by presenting an
economic assessment of the impact of each of those aternative powering sysemswhen
gpplied to the notional basdine container ship derived from the trendsin Report #1.

This report concludes with a summary of the economic impacts of each of the consdered
systems, dong with some loca sengtivity studies of those impacts. A recommendation for
further study is presented.
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2 APPLICATION OF ALTERNATIVE POWER TO A NOTIONAL
CONTAINER SHIP

The previous reports in this series introduced the characterigtics of the basdline container ship, and the
trendsin evolution expected in the next years (report #1). Also presented was an overview of
aternative power plants and their characteristics (report #2).

In the present report these items “come together” into a smplified economic assessment of the various
optionsin anationd container ship.
2.1 Baseline Ship

The Basdline container ship used in this economic assessment has characteristics as follows, as
derived from the trends reported in Report #1 of this series.

Capacity 6000 teu
Service Speed 25 knots
Service Range 6000 nautical miles (unrefueled)

Power Required 75 MW

2.2 Economic Methodology

The gpplication of dternative powerplants to the notiona container ship has been handled
parametricaly. That isto say, that each powering option is andyzed on the basis of the
following figures

kg / KW machinery weight
kg / kW-h fud consumption
$/ KW acquisition cost
$/kW-h fud cogt

It isimportant to understand that this parametric methodology treets power plants asif they
were “rubber”, that isit treats them asif the linear parameter values can be equally applied at
any power leve. Infact, thisisasmplification and rea power plants can not be treated in this
way. Red powerplants are available only in discrete sizes, and thus weights, cogts, etc.,
demongtrate significant steps or jumps as one moves from one modd to another.

Notwithstanding this remark, the “rubber enging’ model is a common and appropriate model
for feashility investigations at the present level of amplification.

The next criticism that could be levied a this methodology would be that the parameter values
arenot redidtic. In order to minimize this chance the present report uses parameter vaues that
are, to the greatest extent possible, taken from published literature specific to the sysemin
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question. The intent isthat the credibility of the parameter values will come from these source
documents, and not from the author of this report.

Findly it should be noted that there is no parameter for manning-related costs. Manning costs
are assumed to be congtant for al powerplant options. We acknowledge that a more rigorous
economic study would separatdy identify manning related costs, however thiswas felt to be
outside the scope of the present effort. The present effort uses a very smplified “broad brush”
gpproach to determineif there isindeed any economic incentive which might then warrant a
more detailed assessment of one or more of the considered options.

2.3 Parameterization

The following paragraphs summarize the parameterization values used. Note that the origin or
derivation of these valueswas given in report #2 of this project. The complete set of
parametersis collected in Table 1 (top of next page)

2.3.1 Tonnes/kW

Theweight of agiven propulson system is assessed by a kilograms-per-kilowett
parameter. Increases or decreases in weight compared to the diese-mechanica
basdine are treated as changes in the cargo capacity of the ship. We acknowledge that
thisisaamplification asit ignores the question of whether room is available for
additiona cargo, or conversely whether the ship should resized for a reduced payload.

Diesdl Mechanica — 31.78 kg / kW
TurbineMechanicd — 1.5 -3.8 kg / kW
Turbine Electric— 14.5 — 16.8 kg / kW
Nuclear Electric—29.5 kg / kW

Fud Cdl Electric—24.1 kg / kW

2.3.2 Tonnes-fuel/kW-hr

Cargo capacity is aso impacted by the required ship fud. The diesd basdline ship
requires some 3000t of fuel. Changes from this basdine fud load will result in
increases or decreasesin available cargo capacity. Note also, of course, that range
determinesfuel load. In subsequent sections of this report (Section 2.5.2.2) will be
presented a sengtivity study of the impact of range.

Indl cases, fud weight is determined by applying a g/lkw-h parameter which istrested
as congtant for each concept, as follows (next page): (See Report #2 for sources.)



CCDoTT

ALTERNATIVE POWERING- Task 3: Economic Analysis

Center for the Commercial Deployment of Transportation Technologies

Table 1 - Economic Parameters for Powering Alternatives

Diesel Mechanical Turbine Mechanical Turbine Electric Nuclear Electric Fuel Cell Electric
Tonnes/kW 31.78 kg / kW 1.5-3.8kg/kw 14.5-16.8 kg / kW 29.5 kg / kW 24.1 kg / kW
Tonnes-fuel/lkW-hr 170 g / kW-hr 206 — 277 g/ kW-hr 227 — 304 g/ KW-hr none 165-200 g / kW-hr
Acquisition $/kW $175/ kW $250 - $400 / kW $300 - $500 / kW $1,000/kW $300 - $500/kW
Fuel $/kW-hr  $0.013 — $0.020 $0.030 — $0.050 $0.034 — $0.054 $0.016 $0.021 — $0.036

2.3.3

Diesdl Mechanicd: 170 g/ kW-hr
Turbine Mechanicd: 206 — 277 g / KW-hr
Turbine Electric: 227 —304 g/ kW-hr
Nuclear Hectric: none

Fud Cdl Electric. 165-200 g/ kW-hr

Acquisition $/kwW

Acquisition cogt is estimated on the basis of asmple $kW parameter. This parameter
isintended to contain al one-time cogts, including required certification or unit

disposd (in the case of the nuclear option) costs. Note that the cost used isfor the Nth
unit in series production, and does not include non-recurring codts for a prototype unit.
Note further thet thisis acquisition of the propulson plant only and does not include
the ship. Since the ship acquidtion costs will be common to al propulsion plantsthis
was felt to be an gppropriate amplification. This doesignore any Stuationsin which
the choice of one propulsion aternative will result in an increase or decrease in the cost
of the rest of ship, say dueto avery invasve ingdlation, or avery smple modular
ingdlation. Again, such effects were fdt to be second-order and best |eft for a
subsequent study if the results of the present study were encouraging.

Diesd Mechanica — $175/ kW (source: personad communicetion with MAN B+W)

Turbine Mechanica — $250 - $400/ kW (source: Previous projectsin 1991, inflated at
3% per year to 2000.)

Turbine Electric - $300 - $500/ kW (source: A rather gross assumption, dlocating a
20-25% cost increase for the dectric drive, and adjusting the turbine mechanicd figures

accordingly.)
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2.3.4

2.3.5

Nuclear Electric — $1,000/kW (source: GT-MHR approximately $1000/kW based on
South African Pebble Bed reactor, when produced in groups of ten. “Small Nuclear
Power Reactors’ UIC Nuclear Issues Briefing Paper # 60, November 2000.)

Fud Cdl Electric — $300 - $500/kW (Thisis adevelopmentd item. Pricing isnot
known at this power levd. Assumption has been made that prices will eventudly be
competitive with gas turbines. This assumption is not well founded, but may be
sufficient for firgt explorations of gross ship economies))

An immediate ingpection of these figures shows that the pendty for the Nuclear option
liesin its very high acquisition cost when compared to the conventiond diesdl option.

Fuel $/kW-hr

Fud weight consumption rates above are trandated into $¥kW-hr rates by applying
representative fuel costs. For low speed diesds burning heavy ail fuel priceistaken as
US$I0 to US$120 per tonne. For gas turbine propulson alighter digtillate fuel at
US$150 to US$180 per tonneisused. Fud cdll fuel needs are not known at thistime,
but it seems clear they will require alow sulfur digtillate fue, not heavy fud. We have
therefore conducted the andysis across arange of fue costs from US$130/t to
US$180/t.

Applying these pricesto the fuel consumption rates given in Report #2 resultsin fue
specific costs (¥kW-hr) as follows:

Diesd Mechanicd — US$0.013 — US$0.020
Turbine Mechanica — US$0.030 — US$0.050
Turbine Electric — US$0.034 — US$0.054

Nuclear Electric— US$0.016 (source: GT-MHR totad cost US$16/MWh — includes
certification and decommissioning at end of life. “Small Nuclear Power Reactors’ UIC
Nuclear Issues Briefing Paper # 60, November 2000 )

Fud Cdl Electric — US$0.021 — US$0.036

Fuel prices used above are based on world bunker prices reported in Fairplay, January
of 2001.

Revenue Impacts

The mission of a container ship isto carry tonnes of cargo.  Any system which reduces
the lift capacity of the ship will reduce in direct proportion the revenue potentid of the
ship. Smilarly, any sysem which reduces the weight of the propulson plant will result
inincreased cargo lift capacity and thus increased revenue.
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To account for this factor the weights of the dternative propulsion systems have been
compared with the weights of the basdline low-gpeed diesdl system. Any net changein
weight (including weight of fud) is gpplied to the revenue as follows

Firgly, the weight of the propulsion dternative is compared to the weight of the diesd
basdine. Any differencein weight is alocated to the ship as cargo capacity, according
to an input value of homogenous container weight. Thus a propulsion option which is
lighter in net than the diesel basdine will result in the ship having a cargo capecity
greater than the 6000 teu for the basdline. Note that this methodology ignores issues of
volume, and dedls only with issues of weight.

Next, an input value of dot codt for the diesd basdline ship is provided. This input
vaue is US$10/teu-day. This figure was obtained from American Ship Management
Inc. in a private communication, as gppropriate for a trangpacific run at 25 knots.

The propulsion related costs described above are divided by the total dot-daysfor the
ship, to arrive at a propulsion-fraction of dot cost. This fraction varies from propulsion
dternative to propulson dternative.

The non-propulsion portion of dot cost does not vary across propulsion aternatives.
This cost is determined by subtracting the diesdl basdline propulsion cost from the input
market-rate dot cost. The subtraction leaves aresidua dot cost which represents dl
portions of the ship not included in the propulsion cost estimate.

The non-propulsion portion of dot cost is expanded into a nonpropulsion total cost by
multiplying the dot-days times the non-propulsion dot cogt, only for the basdine diesel
ship. Thisfigure isassumed to be congtant for dl propulsion dternatives, Snceit
represents only nor+propulsion eements of the ship.

The non-propulsion cost and the propulsion cost are summed. Thetota isthen divided
by the augmented dot-days for that propulson dternative. Sot-days are augmented
because the weights of the varying propulsion dternatives result in the delivery of more
or less cargo weight to the ship.

The result of the calculation isanet dot cost prediction for each propulsion dternative.

2.4 Results

Review of the parameter table (Table 1) clearly showsthat the low speed diesd is the lowest
fuel consumption of any of the dternatives, and the lowest acquisition cogt, with the pendty of
being the heaviest. The question may then be stated as * does the weight reduction for any of
the other choices compensate for increases in fuel or acquisition costs?” The economic
andysisresults are presented in Table 2. Each line of the table is explained in the “Method”
column, and in the text below. As may be seen, the complete dimination of thousands of
tonnes of fuel (viathe nuclear option) does come close to closing the cost gap againgt the
diesd option.
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Table 2 - Economic Andyss of Propulsion Alternatives

Line Number

o U~ W DN P

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

32
33
34
35
36
37
38
39

SHIP PARAMETERS

Ship Size

Ship Power Demand
Trip Distance

Trip Speed

days underway per trip
Homo. Container Weight

MACHINERY PARAMETERS
tonnes / kW

tonnes fuel / kW-hr
Acquisition $ / kw

Fuel cost

Fuel $ / KW-hr

Other Operating $ / kW-hr
kW-hr used

Powerplant weight

Fuel weight per trip

total Propulsion Weight
Extra revenue capacity
Extra revenue capacity
Augmented Ship Size

ECONOMIC PARAMETERS
interest rate

life span

Machinery Acquistion Cost
Acquisition cost per day
Fuel Cost per trip

Other Operating cost per trip

Acquisition cost per trip

TOTAL Propulsion Cost Per Trip

SLOT COST
Slot Cost

Machinery contribution to slot cost
Non-Propulsion portion of Slot Cost
Built-up non propulsion cost

Total Ship Cost
Total Slot Cost
Increase in slot cost

teu
kW
nmi
knots
days
t/teu

kg / kW

g/ kW-hr
$/kw
$/tonne
$/kW-hr
$/ kW-hr
kW-hr / trip
tonnes

tonnes / trip
tonnes / trip

tonnes
teu
teu

%

years
$

$/day
$/ trip
$/trip
$/trip
$/ trip

$ / teu-day
$ / teu-day
$/ teu-day
$/trip

$/ trip

$ / teu-day
$ / teu-day

Method

input
input
input
input
input
input

input
input
input
input
[10] x [12]/ 1e6
input
(2] x [3]/[4]
[2] x [9]/1000
[15] x [10]/ 1e6
[16] + [17]

([18}-diesel) - ([18]-alternate)

[19]/6]
(1] +[20]

input
input
(2] x [11]

amortization based on [23]. [24], [25]

[13] x [15]
input
[5] x [26]

[27] + [28] + [29]

input

[30]-diesel / ([5] x [21])

[33] - [34]
[35] x [5] x [21]
[30] + [36]
[371/ ([21] x [S])

[38] - [33]-diesel

Diesel Mechanical

Best

6000
75000
6000
25

10

14

31.78
170
175

80

0.0136

0
18,000,000

2383.5

3060

5443.5

0

0

6000

10%
25

Worst

6000
75000
6000
25

10

14

31.78
170
175
120

0.0204

0

18,000,000

2383.5
3060
5443.5

0

0

6000

10%
25

Turbine Mechanical

Best

6000
75000
6000
25

10

14

15
206
250
150

0.0309

0
18,000,000

112.5

3708

3820.5

1623

116

6116

10%
25

$ 13,125,000 $ 13,125,000 $ 18,750,000

$3,918

$3,918

$5,597

$ 244,800.00 $367,200.00 $556,200.00 $

$ -

$ 39,175.75 $ 39,175.75
$283,975.75 $ 406,375.75

$ 10.00 $
$ 473 $
$ 527 $

10.00
6.77
3.23

$316,024.25 $193,624.25
$ 600,000.00 $ 600,000.00

$ -
$ 55,965.35
$612,165.35

$ 193,624.25
$805,789.61
$ 13.18
$ 3.18

$
$
$

Worst

6000
75000
6000
25

10

14

3.8

277

400

180
0.04986
0
18,000,000

285

4986

5271
1725

12

6012

10%

25
30,000,000
$8,954

Turbine Electric
Best

6000
75000
6000
25

10

14

145

227

300

150

0.03405

0
18,000,000

1087.5

4086

5173.5

270

19

6019

10%

25

$ 22,500,000
$6,716

897,480.00 $612,900.00 $

$ -

$

89,544.56 $ 67,158.42 $
987,024.56 $680,058.42 $1,096,890.70 $511,861.41

Worst Best
6000 6000
75000 75000
6000 6000
25 25
10 10
14 14
16.8 29.5
304 0
500 1000
180
0.05472 0.016
0 0
18,000,000 18,000,000
1260 2212.5
5472 0
6732 2212.5
-1288.5 3231
-92 231
5908 6231
10% 10%
25 25

Nuclear Electric

Fuel Cell Electric

37,500,000 $ 75,000,000 $ 75,000,000 $ 22,500,000

$11,193 $22,386

984,960.00 $288,000.00 $432,000.00 $386,100.00 $

- $ -
111,930.70 $223,861.41

$ 316,024.25 $193,624.25 $ 316,024.25 $193,624.25
$1,303,048.82 $873,682.68 $1,412,914.96 $ 705,485.66

$
$

21.67
11.67

$ 14.51

$ 451 $

$

2392 $
1392 $

11.32
1.32

Worst Best Worst

6000 6000 6000

75000 75000 75000

6000 6000 6000

25 25 25

10 10 10

14 14 14

29.5 24.1 24.1

0 165 200

1000 300 500

130 180

0.024 0.02145 0.036

0 0 0

18,000,000 18,000,000 18,000,000
2212.5 1807.5 1807.5

0 2970 3600

2212.5 4777.5 5407.5

3231 666 36

231 48 3

6231 6048 6003

10% 10% 10%

25 25 25

$ 37,500,000

$22,386 $6,716 $11,193
648,000.00

$ - $ - $ -

$223,861.41 $ 67,158.42 $ 111,930.70
$655,861.41 $453,258.42 $ 759,930.70
$316,024.25 $193,624.25 $ 316,024.25
$971,885.66 $646,882.68 $1,075,954.96
$ 15.60 $ 10.70 $ 17.92
$ 5.60 $ 0.70 $ 7.92
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The caculations performed in Table 2 may be understood by careful study of the formulae
given in the fourth column. The following remarks assst in such understanding:

1.

Several items, designated “input”, are of course the input parameters to the andysis.
For each propulsion dternative two values are given — “best” and “worst” These
vaues are asgiven in Section 2.3 above

For each option afud cost in dollars per tonneis given, per Section 2.3.4.

Ship power, ship range, and ship speed are inputs. These are arbitrary inputs selected
to represent the “generic” container ship.

Acquisition cogt is calculated by applying the $/kW parameter from Section 2.3.3 to the
total ship power assumption.

Totd kilowatt-hours used per crossing is calculated.

An interest rate and amortization period are assumed, in order to amortize acquisition
cost to per-trip and per-day levels (given in the next two lines).

Powerplant weight and fuel weight are caculated from the t/kW and t/kW-hr
parameters from 2.3.1 and 2.3.2 respectively. The sum of these two items (tota
propulsion weight) is compared to the total propulson weight for the low speed diesdl
option, and the difference is presented as extra revenue capacity. Note that for some
plants this figure may be negative (i.e. the dternative is a heavier system than the low
speed diesd basdine)) Extrarevenue capacity leads to a presentation of an “augmented
ship sz&' (item [21]) which expresses the total as avaue of TEUS.

Cost and revenue factors are gpplied to the parameters caculated thus far, and the
results are totaled to a net tota per trip, and anet dot cots (best and worst for each
propulson dternative) is calculated.

2.5 Economic Comparison of Alternative Results

Severd sets of results are presented, using the methodology described. First, under 2.5.1, are
the generd results from the initid assumptions, corresponding to the calculations presented in
Table2. Andyssand discusson of these generd results rapidly raises questions which lead to
secondary analyses and sensitivity studies. These secondary analyses are presented in sections
2.5.2.1 through 2.5.2.3

2.5.1 General Results

According to the above methodology, the total cost to move a 75 MW diesd direct
drive container ship across 6,000 nautical miles a 25 knots is approximately $600,000.
Of this an estimated US$283,000 to US$406,000 is propulsion related, including fuel
and acquisition of the engines. The remaining US$193,000 to US$316,000 isrelated to
acquisition and operation of the non-propulsion portions of the ship. These figures
correspond to atotal dot cost of US$10 per teu-day.

10
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A gas turbine driven ship suffers a 30% to 120% pendty. The economic picture of the
turbine is greatly influenced by fud cogt. The gas turbine consumes more fud than the
basdine diesd, and thisfud is higher priced than that consumed by the diesd. This

fuel aso appears from the data found by this author to be subject to awider range of
pricesthan the diesd fuel. Thissort of cost volatility has driven turbines out of some
other tradesin the past. The gas turbine analysis takes into account the prediction that a
turbine-driven ship could have a higher cargo capacity. The present anays's shows the
turbing s weight savings (net after accounting for fue load) result in between ten and
one hundred extra teu capacity.

A gasturbine-€lectric drive system is economicaly worse than the turbine mechanica
drive, due to the added cot for the ectric transmission, and the increase in power
required due to the eectrica transmission efficiency. Indeed, under the worst
assumptions a turbine dectric drive system ends up heavier than the basdline diesdl
system, aswell as more costly. Under the best assumptions the system is dightly
lighter than the diesd, with anet 19 teu increase in lift capacity, but this does not
markedly compensate for a $300-$400,000 increase in per trip cost.

The nuclear-ectric option isthe lightest weight of al the options. It returns as many

as 231 additiona teu to the ship, a4% increase in revenue capacity. Further, under the
best assumptions the nuclear option is only about $105,000 per trip more expensive
than the diesd basdline. Asaresult of the teu increase this cost increase is leveraged
downward, such that the best-assumptions Nuclear dot cost isonly $11.32. Thisisthe
lowest dot cost of any of the consdered propulsion dternatives. Indeed, it is
aufficiently close to the diesdl basdline figure to suggest severd sengitivity anayses
which will be explored below.

Note that the above paragraph applies only to the “best assumptions’ nuclear option.
The “worgt-assumptions’ version of the nuclear option resultsin adot cost of $13.29, a
33% increase over the basdline.

Thefue cdl dternative appears atractiveif it can use aless expensve fud oil and if
acquisition costs can be as low as has been assumed. If it requires more expensive
lighter didtillate fud ail, and comesin a the high end of acquistion cog, then it may be
very unaitractive. The advantage of the fud cell liesin itslower pecific fue
consumption (SFC) compared to the diesd. The disadvantage of the fue cdl liesin the
complexity of its dectric transmission components, and of course cost and scalability
uncertainty a thistime.

The cost estimates for dl dternatives, showing best, worst, and average, are presented
graphicdly in Figure 1.

At firg glance these results would indicated that container ships should be diesdl
propelled, and indeed the market decisions made daily have dready reached this
concluson. The results have dso, however, produced some intriguing possibilities and
raised some questions that will be explored in the sections which follow.

11
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Figure 1 - Comparison of Total Slot Cost for al propulsion aternatives - 6000 nmi @ 25 knots,
6000 teu Basdline

2.5.2 Sensitivity Studies

The andysis above places the nuclear power option tantaizingly closeto the diesdl
basdinein total dot cost. What would it take to close the gap? Arethere any
circumstances in which the nuclear option would be lower priced than the diesdl
option? These questions have been touched upon by a series of sengtivity Sudiesusng
the modd.

Sengtivity sudies which have been performed are:
To what extent does the conclusions depend upon fuel prices?

To what extent are the conclusions driven by the magnitude of the ship’s fud
load, i.e. the ship’s range?

What if the speed were increased?
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Figure 2 - Sot Cogt sengitivity to Fue Price - Diesd and Nuclear dternatives only

2.5.2.1 Sensitivity to Fuel Price

Died fud pricesfluctuate. It isnot difficult to imagine a scenario — say, war in
the Middle East — which would result in a 50% increase in the cost of diesd
fud. The effect of such an event is shown in Figure 2, where the dot cost of a
diesdl propedled ship is plotted againgt arange of fud prices.

The cdculation that underlies this graph was performed using asingle median
value for Non-Propulsion costs, fixed at US$ 25,000/ day (parameter [36] in
Table 1) Thisvaueresultsinanuclear dot cost of $12.23, about the middle of
the “best / worst” range given above.

Asmay be seen in the figure, the dot cost of the diesd ship crosses over the
cost of the nuclear ship once fud risesto US$ 145/tonne.

2.5.2.2 Sensitivity to Range

The sengtivity to rangeisinteresting — see Figure 3. This shows the diesd ship
to be quite insengitive to increasing range. The dot cost for the diesd varies
across arange of lessthat one dollar despite a change in ship range from 1,000
milesto 12,000 mile. The nuclear plant, again usng fixed assumptions, holds a
constant dot cost of $12.23 for al ranges.
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Figure 3 - Sot Cogt sengtivity to Range. Diesd and Nuclear dternatives only.

2.5.2.3 Sensitivity to Ship Speed

In thisanalys's, ship power has been assumed to vary as the cube of speed. If,
then, 75 MW are required for 25 knots of speed, then the resulting formulaiis P
=48V"3

Applying this formulain the economic modd to arange of speeds from 25to 35
knots, yidds the results plotted in Figure 4

Surprisingly this figure shows the two options (diesd and nuclear) running
precisdy pardld and 26% apart. Thisis surprisng, as one might have expected
the cubic growth in diesd fud load weight to come to dominate the picture at
very high power levels. Thisturns out not to be the case, however, because the
nuclear reactor plant total system aso grows as the cube of ship speed, and the
two exactly maintain pace with each other.
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Figure 4 - Slot Cogt sengtivity to Ship Speed. Diesd and Nuclear dternatives only.
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3 SUMMARY OF RESULTS

3.1 Conclusions

The andysis presented herein has shown the nuclear eectric powering dternative to be
potentialy within 20% of the basdine diesd plant.

Gasturbine power is markedly economicaly inferior to the direct drive low-speed diesd. This
result accords perfectly with the observed facts of the marketplace, wherein gas turbine
container ships are nonexistent.

The introduction of dectric transmisson (e.g. gas turbine — eectric drive) worsens the
economic gap, due to the inefficiencies and weight impacts of the eectric transmisson
components. Thistoo is perhaps obvious.

Thefue cdl dternative may be competitive, if the fudl cdll can be made to operate on low-
priced fuel, and if the fud cdl acquisition costs are aslow as other competing systems. The
fud cdl’s competitiveness arises from its high efficiency, expressed asavery low SFC.

The key to the nuclear plant’s competitiveness seems to be associated with the reduction of
plant weight compared to the diesdl- plus-fuel basdine.

The gap between nuclear and diesdl options decreases if petroleum pricesrise, and it decreases
dightly if ship rangerises. It gppearsto be insengtive to ship speed.

3.2 Recommendations for further study

The conclusions above show that the nuclear option is surprisingly close in economic merit to
the current diesdl basdine. This conclusion has been reached even though the system in which
the plant is used — the modern container ship — is a system very closdly optimized and built
around the diesd engine. If the nuclear plant isthis close to competitive in such a basdine,
would it become more competitive if some of the bas's congtraints were relaxed? Would the
nuclear plant be more competitive in extreme ship sizes, such as the 10,000 teu ULCS that are
forecast? What about a future mission conssting of very large capacity (say 10,000-12,000
teu) very long range (say 10,000) miles and high speed (say 32 knots)?

These and smilar design points are recommended for further study.
The point to be taken is that the nuclear plant appears to be surprisingly competitivein a

system finely tuned for the diesd. Would it be even more competitive under dightly modified
assumptions?
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4 Appendix A: Calculations of Sensitivity to Fuel Price

Line Number

o O WN PR

oo

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

32
36
37
38

SHIP PARAMETERS

Ship Size

Ship Power Demand

Trip Distance
Trip Speed

days underway per trip
Homo. Container Weight

MACHINERY PARAMETERS

tonnes / kW

tonnes fuel / KW-hr
Acquisition $ / kW

Fuel cost
Fuel $/ kw-hr

Other Operating $ / kW-hr

kW-hr used

Powerplant weight
Fuel weight per trip
total Propulsion Weight
Extra revenue capacity
Extra revenue capacity
Augmented Ship Size

ECONOMIC PARAMETERS

interest rate
life span

Machinery Acquistion Cost
Acquisition cost per day

Fuel Cost per trip

Other Operating cost per trip
Acquisition cost per trip

TOTAL Propulsion Cost Per Trip

SLOT COST

Built-up non propulsion cost
Total Ship Cost
Total Slot Cost

teu
kw
nmi
knots
days
t/teu

kg / kW

g/ kwW-hr
$/kw

$ /tonne

$ / KW-hr

$ / KW-hr
kW-hr / trip
tonnes
tonnes / trip
tonnes / trip
tonnes

teu

teu

%

years
$

$/day
$ / trip
$/trip
$/trip
$/trip

$/trip
$/ trip
$ / teu-day

Method

input
input
input
input
input
input

input
input
input
input

[10] x [12] / 1e6

input
(2] x [3]/[4]
[2] x [9] /1000

[15] x [10] / 1e6

[16] +[17]

([18]-diesel) - ([18]-alternate)

[19] /[6]
[1] + [20]

input
input
(2] x[11]

amortization based on [23]. [24], [25]

[13] x [15]
input
[5] x [26]

[27] + [28] + [29]

[35] x [5] x [21]
[30] + [36]

[37]/([21] x[5])

Diesel Mechanical

Best

& B B P

B &

Center for the Commercial Deployment of Transportation Technologies

Nuclear Electric

Worst Best Worst
6000 6000 6000 6000 6000 6000 6000 6000 6000
75000 75000 75000 75000 75000 75000 75000 75000 75000
6000 6000 6000 6000 6000 6000 6000 6000 6000
25 25 25 25 25 25 25 25 25
10 10 10 10 10 10 10 10 10
14 14 14 14 14 14 14 14 14
31.78 31.78 31.78 31.78 31.78 31.78 31.78 29.5 29.5
170 170 170 170 170 170 170 0 0
175 175 175 175 175 175 175 1000 1000
80 100 120 140 160 180 200
0.0136 0.017 0.0204 0.0238 0.0272 0.0306 0.034 0.016 0.016
0 1 2 3 4 5 0 0 0
18,000,000 18,000,000 18,000,000 18,000,000 18,000,000 18,000,000 18,000,000 18,000,000 18,000,000
2383.5 2383.5 2383.5 2383.5 2383.5 2383.5 2383.5 22125 2212.5
3060 3060 3060 3060 3060 3060 3060 0 0
54435 5443.5 5443.5 5443.5 5443.5 5443.5 5443.5 2212.5 2212.5
0 0 0 0 0 0 0 3231 3231
0 0 0 0 0 0 0 231 231
6000 6000 6000 6000 6000 6000 6000 6231 6231
10% 10% 10% 10% 10% 10% 10% 10% 10%
25 25 25 25 25 25 25 25 25
13,125,000 $13,125,000 $ 13,125,000 $13,125,000 $13,125,000 $ 13,125,000 $ 13,125,000 $ 75,000,000 $ 75,000,000
$3,918 $3,918 $3,918 $3,918 $3,918 $3,918 $3,918 $22,386 $22,386
244,800.00 $ 306,000.00 $367,200.00 $428,400.00 $489,600.00 $550,800.00 $612,000.00 $ 288,000.00 $288,000.00
-3 -3 - -3 -3 -3 -3 -3 -
39,175.75 $ 39,175.75 $ 39,175.75 $ 39,175.75 $ 39,175.75 $ 39,175.75 $ 39,175.75 $ 223,861.41 $223,861.41
283,975.75 $345,175.75 $406,375.75 $467,575.75 $528,775.75 $589,975.75 $651,175.75 $ 511,861.41 $511,861.41
250,000.00 $ 250,000.00 $ 250,000.00 $250,000.00 $250,000.00 $250,000.00 $250,000.00 $ 250,000.00 $250,000.00
533,975.75 $595,175.75 $656,375.75 $717,575.75 $778,775.75 $839,975.75 $901,175.75 $ 761,861.41 $761,861.41
890 $ 992 $ 10.94 1196 $ 1298 $ 14.00 $ 15.02 $ 12.23 $ 12.23
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5 Appendix B: Calculations of Sensitivity to Range

Line Number

o U1~ W NP

[e¢]

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30

32
36
37
38

SHIP PARAMETERS
Ship Size

Ship Power Demand
Trip Distance

Trip Speed

days underway per trip
Homo. Container Weight

MACHINERY PARAMETERS
tonnes / kW

tonnes fuel / kW-hr
Acquisition $ / kW

Fuel cost

Fuel $ / kW-hr

Other Operating $ / KW-hr
kW-hr used

Powerplant weight

Fuel weight per trip

total Propulsion Weight
Extra revenue capacity
Extra revenue capacity
Augmented Ship Size

ECONOMIC PARAMETERS
interest rate

life span

Machinery Acquistion Cost
Acquisition cost per day

Fuel Cost per trip

Other Operating cost per trip
Acquisition cost per trip

TOTAL Propulsion Cost Per Trip

SLOT COST

Built-up non propulsion cost
Total Ship Cost

Total Slot Cost

teu
kw
nmi
knots
days
t/teu

kg / KW
g/ kW-hr
$/kw

$/tonne
$/ KW-hr
$/ KW-hr

KW-hr / trip

tonnes

tonnes / trip
tonnes / trip

tonnes
teu
teu

%
years
$
$/day
$/ trip
$/ trip
$/ trip
$/ trip

$/ trip
$/ trip
$ / teu-day

Diesel Mechanical

Best
6000 6000 6000 6000 6000
75000 75000 75000 75000 75000
1000 2000 4000 6000 8000
25 25 25 25 25
1.666666667 3.333333333 6.666666667 10 13.33333333
14 14 14 14 14
31.78 31.78 31.78 31.78 31.78
170 170 170 170 170
175 175 175 175 175
100 100 100 100 100
0.017 0.017 0.017 0.017 0.017
0 0 0 0 0
3,000,000 6,000,000 12,000,000 18,000,000 24,000,000
2383.5 2383.5 2383.5 2383.5 2383.5
510 1020 2040 3060 4080
2893.5 3403.5 4423.5 5443.5 6463.5
2550 2040 1020 0 -1020
182 146 73 0 -73
6182 6146 6073 6000 5927
10% 10% 10% 10% 10%
25 25 25 25 25
$13,125,000 $13,125,000 $13,125,000 $13,125,000 $ 13,125,000
$3,918 $3,918 $3,918 $3,918 $3,918
$ 51,000.00 $102,000.00 $204,000.00 $ 306,000.00 $ 408,000.00
$ -0 $ - % - % -0 $ -
$ 6,529.29 $ 13,05858 $ 26,117.16 $ 39,175.75 $ 52,234.33
$ 57,529.29 $115,058.58 $230,117.16 $345,175.75 $460,234.33
$ 41,666.67 $ 83,333.33 $166,666.67 $250,000.00 $333,333.33
$ 99,195.96 $198,391.92 $396,783.83 $595,175.75 $793,567.66
$ 963 $ 9.68 $ 980 $ 9.92 % 10.04

$

R I <

O ¥+

6000

75000

10000

25
16.66666667
14

31.78
170
175
100

0.017

0
30,000,000

23835

5100

7483.5

-2040

-146

5854

10%

25
13,125,000

$3,918
510,000.00
65,292.91
575,292.91

416,666.67
991,959.58
10.17

Nuclear Electric

Worst Best Worst
6000 6000 6000 6000 6000 6000 6000 6000
75000 75000 75000 75000 75000 75000 75000 75000
12000 1000 2000 4000 6000 8000 10000 12000
25 25 25 25 25 25 25 25
20 1.666666667 3.333333333 6.666666667 10 13.33333333 16.66666667 20
14 14 14 14 14 14 14 14
31.78 29.5 29.5 29.5 29.5 29.5 29.5 29.5
170 0 0 0 0 0 0 0
175 1000 1000 1000 1000 1000 1000 1000
100
0.017 0.016 0.016 0.016 0.016 0.016 0.016 0.016
0 0 0 0 0 0 0 0
36,000,000 3,000,000 6,000,000 12,000,000 18,000,000 24,000,000 30,000,000 36,000,000
2383.5 2212.5 2212.5 22125 2212.5 22125 2212.5 22125
6120 0 0 0 0 0 0 0
8503.5 2212.5 2212.5 22125 2212.5 22125 2212.5 22125
-3060 3231 3231 3231 3231 3231 3231 3231
-219 231 231 231 231 231 231 231
5781 6231 6231 6231 6231 6231 6231 6231
10% 10% 10% 10% 10% 10% 10% 10%
25 25 25 25 25 25 25 25
$ 13,125,000 $ 75,000,000 $ 75,000,000 $ 75,000,000 $75000000 $ 75000000 $ 75,000,000 $ 75,000,000
$3,918 $22,386 $22,386 $22,386 $22,386 $22,386 $22,386 $22,386
$ 612,000.00 $ 48,000.00 $ 96,000.00 $192,000.00 $288,000.00 $ 384,000.00 $ 480,000.00 $ 576,000.00
$ - % -8 -0 $ - % - % - 0% -8 -
$ 7835149 $ 37,310.23 $ 74,620.47 $149,240.94 $223,861.41 $ 298,481.88 $ 373,102.35 $ 447,722.82
$ 690,351.49 $ 85310.23 $170,620.47 $341,240.94 $511,861.41 $ 682,481.88 $ 853,102.35 $1,023,722.82
$ 500,000.00 $ 41,666.67 $ 83,333.33 $166,666.67 $250,000.00 $ 333,333.33 $ 416,666.67 $ 500,000.00
$1,190,351.49 $ 126,976.90 $253,953.80 $507,907.61 $761,861.41 $1,015815.21 $1,269,769.01 $1,523,722.82
$ 1029 $ 1223 $ 1223 % 1223 $ 1223 $ 1223 % 1223 $ 12.23
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6 Appendix C: Calculations of Sensitivity to Ship Speed

Line Number

o U1~ W NP
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10
11
12
13
14
15
16
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22
23
24
25
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27
28
29
30

32
36
37
38

SHIP PARAMETERS
Ship Size

Ship Power Demand
Trip Distance

Trip Speed

days underway per trip
Homo. Container Weight

MACHINERY PARAMETERS
tonnes / kW

tonnes fuel / kW-hr
Acquisition $ / KW

Fuel cost

Fuel $ / kW-hr

Other Operating $ / KW-hr
kW-hr used

Powerplant weight

Fuel weight per trip

total Propulsion Weight
Extra revenue capacity
Extra revenue capacity
Augmented Ship Size

ECONOMIC PARAMETERS
interest rate

life span

Machinery Acquistion Cost
Acquisition cost per day

Fuel Cost per trip

Other Operating cost per trip
Acquisition cost per trip

TOTAL Propulsion Cost Per Trip

SLOT COST

Built-up non propulsion cost
Total Ship Cost

Total Slot Cost

Diesel Mechanical

Best

teu 6000 6000 6000 6000
kw 75000 94478.4 117067.2 142996.8
nmi 6000 6000 6000 6000
knots 25 27 29 31
days 10 9.259259259 8.620689655 8.064516129
t/teu 14 14 14 14
kg / kKW 31.78 31.78 31.78 31.78
g/ kKW-hr 170 170 170 170
$/kw 175 175 175 175
$/tonne 100 100 100 100
$/ kKW-hr 0.017 0.017 0.017 0.017
$/ KW-hr 0 0 0 0
KW-hr / trip 18,000,000 20,995,200 24,220,800 27,676,800
tonnes 2383.5 3002.523552 3720.395616 4544.438304
tonnes / trip 3060 3569.184 4117.536 4705.056
tonnes / trip 54435 6571.707552 7837.931616 9249.494304
tonnes 0 -1128.207552 -2394.431616 -3805.994304
teu 0 -81 -171 -272
teu 6000 5919 5829 5728
% 10% 10% 10% 10%
years 25 25 25 25
$ $ 13,125,000 $16,533,720 $ 20,486,760 $ 25,024,440
$/day $3,918 $4,935 $6,115 $7,469
$/ trip $306,000.00 $356,918.40 $411,753.60 $470,505.60
$/ trip $ - % - % - $ -
$/ trip $ 39,175.75 $ 4569459 $ 52,714.88 $ 60,236.63
$/ trip $345,175.75 $402,612.99 $464,468.48 $530,742.23
$/ trip $250,000.00 $231,481.48 $215517.24 $201,612.90
$/ trip $595,175.75 $634,094.47 $679,985.73 $732,355.13
$/teu-day $ 992 $ 1157 $ 1353 $ 15.85

6000
172497.6
6000

33
7.575757576
14

31.78
170
175
100
0.017
0

31,363,200
5481.973728
5331.744
10813.71773
-5370.217728
-384
5616

10%

25
$ 30,187,080

$9,010
$533,174.40

$ -

$ 68,259.82
$601,434.22

$189,393.94
$790,828.16
$ 18.59

R I <

O ¥+

6000

205800

6000

35
7.142857143
14

31.78

170

175

100

0.017

0
35,280,000

6540.324

5997.6

12537.924

-7094.424

-507

5493

10%

25
36,015,000

$10,750
599,760.00
76,784.46
676,544.46

178,571.43
855,115.89
21.79

Nuclear Electric

Worst Best Worst
6000 6000 6000 6000 6000 6000 6000 6000
243,134.40 75000 94478.4 117067.2 142996.8 172497.6 205800 243,134.40
6000 6000 6000 6000 6000 6000 6000 6000
37 25 27 29 31 33 35 37
6.756756757 10 9.259259259 8.620689655 8.064516129 7.575757576 7.142857143 6.756756757
14 14 14 14 14 14 14 14
31.78 29.5 29.5 29.5 29.5 29.5 29.5 29.5
170 0 0 0 0 0 0 0
175 1000 1000 1000 1000 1000 1000 1000
100
0.017 0.016 0.016 0.016 0.016 0.016 0.016 0.016
0 0 0 0 0 0 0 0
39,427,200 18,000,000 20,995,200 24,220,800 27,676,800 31,363,200 35,280,000 39,427,200
7726.811232 2212.5 2787.1128 3453.4824 4218.4056 5088.6792 6071.1 7172.4648
6702.624 0 0 0 0 0 0 0
14429.43523 2212.5 2787.1128 3453.4824 4218.4056 5088.6792 6071.1 7172.4648
-8985.935232 3231 2656.3872 1990.0176 1225.0944 354.8208 -627.6 -1728.9648
-642 231 190 142 88 25 -45 -123
5358 6231 6190 6142 6088 6025 5955 5877
10% 10% 10% 10% 10% 10% 10% 10%
25 25 25 25 25 25 25 25
$ 42,548,520 $ 75,000,000 $94,478,400 HiHHEHHHHIH HHEHHEHHHE $ 172,497,600 $ 205,800,000 $ 243,134,400
$12,700 $22,386 $28,200 $34,942 $42,682 $51,487 $61,428 $72,571
$ 670,262.40 $ 288,000.00 $335923.20 $387,532.80 $442,82880 $ 501,811.20 $ 564,480.00 $ 630,835.20
$ - % -8 -0 $ - % - % - 0% -8 -
$ 8581056 $ 223,861.41 $261,111.95 $301,227.91 $344,209.30 $ 390,056.12 $ 438,768.36 $ 490,346.03
$ 756,072.96 $ 511,861.41 $597,035.15 $688,760.71 $787,038.10 $ 891,867.32 $1,003,248.36 $1,121,181.23
$ 168,918.92 $ 250,000.00 $231,481.48 $215517.24 $201,61290 $ 189,393.94 $ 17857143 $ 168,918.92
$ 92499187 $ 761,861.41 $828,516.63 $904,277.95 $988,651.00 $1,081,261.26 $1,181,819.79 $1,290,100.15
$ 2555 % 1223 $ 1446 $ 17.08 $ 20.14 $ 2369 $ 2778 $ 32.49
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7 Appendix D: UIC Nuclear Issues Briefing Paper # 60 -
November 2000

Small Nuclear Power Reactors
UIC Nuclear Issues Briefing Paper # 60

November 2000

Thereisrevival of interest in small and simpler unitsfor generating electricity from
nuclear power.

Thisisdriven both by a desire to reduce capital costs and to provide power away from
main grid systems.

The leading technologies use high temperature helium to drive turbines directly.

As nuclear power generation has become established since the 1950s, the Size of reactor units
has grown from 60 MWe to more than 1300 MWe, with corresponding economies of scaein
operation. At the same time there have been many hundreds of smaller reactors built both for
nava use (up to 190 MW thermal) and as neutron sources, yielding enormous expertise in the
enginesring of ddiberately smdl units

Today, due partly to the high capitd cost of large power reactors generating eectricity viathe
steam cycle and partly to consideration of public perception, thereis amove to develop smaller
units which may be built independently or as modulesin alarger complex, with capacity added
incrementaly as required.

The most prominent project in this category is the South Africantled consortium developing the
Pebble Bed Modular Reactor of 110 MWe. A US-led group is developing ancther design with
285 MWe modules. Both drive gas turbines directly, using helium as a coolant and operating at
very high temperatures. They build on the experience of severa innovetive reactors in the 1960s
and 1970s.

Generdly, modern small reactors for power generation are expected to have grester smplicity
of design, economy of mass production, and reduced siting costs. Many are also designed for a
high levd of passve safety in the event of mafunction Some are conceived for areas away
from transmission grids and with smal loads, others are designed to operate in clustersin
competition with large units.
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US Congress is how gtarting to fund research on both small modular nuclear power plants and
advanced gas-cooled designs.

Already operding in aremote corner of Siberia are four smadl units at the Bilibino co-generation
plant. These four 62 MW (thermal) units are an unusua graphite-moderated boiling water
desgn with water/steam channdls through the moderator. They produce steam for district
heeting and 11 MWe (net) ectricity each. They have performed well since 1976, much more
chegply than fossl fud dternatives in the Arctic region.

7.1.1 Light Water Reactors

US experience has been of very smdl military power plants, such asthe 11 MW (thermal), 1.5
MWe (net) PM-3A reactor which operated at McMurdo Sound in Antarctica 1962-72,
generating atota of 78 million kwh.

The Russan KLT-40 is areactor well proven in icebreakers and now proposed for wider usein
desdlination and, on barges, for remote area power supply whereit produces 30 MWe (net) as
well as heet. While these are designed to run 3-4 years between refudling it is envisaged that
they will be operated in pairs to alow for outages. One option is to have on-board refuelling

capability with spent fue storage.

The CAREM (advanced small nuclear power plant) being developed by INVAP in Argentinais
amodular 100 MW thermd pressurised water reactor with integral steam generators designed to
be used for eectricity generation (25 MWe) or as a research reactor or for water desaination.

South Korea's 330 MW therma SMART (System+integrated modular advanced reactor) isa
pressurised water reactor with integra steam generators and advanced safety features. It is
designed for generating dectricity (up to 100 MWe) and/or thermal applications such as
Seaweter desalination.

Japan is sudying asmal (50-300 MW thermd) reactor of marine propulsion or loca energy
supply.

Small reactors under development

CAREM-25 |25 MWePWR  |INVAP, Argentina

KLT-40 40 MWePWR |OKBM, Russa

SMART 100 MWePWR |KAERI, S. Korea

PBMR 110 MWeHTGR [Eskom, South Africa, et &

GT-MHR  |285 MWeHTGR |Generd Atomics (USA), Minatom (Russia) et a
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7.1.2 High-temperature Gas-cooled reactors

South Africas Pebble Bed Modular Reactor (PBMR) with a direct-cycle gas turbine generator is
being developed by a consortium led by the utility Eskom, drawing on German expertise.
Modules will be of 110 MWe and thermal efficiency about 42-50%. Fuel condsts of tennis ball
Sized pebbles of graphite moderator containing 8% enriched UO2 and coated with sillicon
carbide. The 330,000 fue pebbles recycle through the reactor continuoudy until they are
expended, giving an average enrichment in the fud load of 5-6% and burn-up of 80,000
MWday/t U. Each unit will findly discharge about 19 tonnes of spent pebbles per year to
ventilated on-Site storage bins.

Congruction cost (when in clusters of ten units) is expected to be US$ 1000/kW and generating
cost 1.6 US centskWh. Eskom and the South African Industries Development Corporation hold
55% of the project, with BNFL 20% and Exelon 10%. A scale modd criticality test was carried
out in Mascow in 1999 and a prototype is due to be built in 2001 to start operation in 2005.

A larger US design, the Gas Turbine - Modular Helium Reactor (GT-MHR), will be built as
modules of 285 MWe each. Its fud is ceramic-coated particlesincorporated into hexagona
graphite blocks or ‘prisms, giving it ahigh level of inherent safety. It will directly drive agas
turbine & amost 50% thermal efficiency.

It is being developed by Generd Atomicsin partnership with Russas Minatom, and initidly

will be used to burn pure ex-wegpons plutonium in Russa In 1996-97 Framatome (France) and
Fuji (Japan) joined the development consortium. The detailed design stage is complete and
some component testing has started. Plant costs are expected to be less than US$ 1000/kW.

Sources:

IAEA Nuclear Technology Review 2000.

Mourogov, V., 2000, The need for innovative nuclear reactor and fuel cycle systems, Ul Symposium.
UIC briefing paper # 16.
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