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ABSTRACT ‘ Coe

ECONOMIC EVALUATION OF TWO ENERGY STORAGE SYSTEMS

-

John Bela Jutasi

As demands for electric power eo6n e)to increase at a rapid rate, the

. <
generation of peaking power/becomes a major concern for the utility

‘indusAt:ry .

The concept' of stdring excess base-load energy for later.release as peaking
power 1s very attractive, particularly for utilities with system demands
éensitive to atmospheric temperature and with wide day-to-day load
" fluctuations. 1In North America, during the past 20 years, conventilonal
pumped storage found fairly wide application, and has ‘advanced to its
preseﬁt significant role in the production of peaking' power,
'
However, conventional pumped storage is now'by no means the only available .
choice. During the past decade attention has been focused on the
development of new means of bulk energy storage. These alternai:ives

inelude Underground Storage Pﬁmped Hydro (U?H) and Compressed Air Energy
storage (CAES). ' '

v
The objective of this thesis 1ig to describe these two near~term energy
storage systems and to generate preliminary capital and fixed annual costs
for each in oxder to develop information for decision makers as an aid in
the selection of one of the alternatives for the purpose of constructing a

1000MW plant to be designed to ‘provide peaking power for a period of 2
hours daily #1 Montreal. ' ' '

Based on t\le avallable information it was found that the UPH system would
be a more economical choice, in spite of higher capit£31 cost requirements,
because of the greater reliaﬁility, its longer service life, and its
independence” from potential inflation affecting fossil fuels. The. UPH

" gystem also has a comparatively semaller negative ecological impact.
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S "INTRODUCTION

A significant element of the ﬁresent' energy crisis is the growing
inability of existing generating facilities to meet the ever
increasing peak loads demanded by commercial, indﬁstrial and

qOmestic consumers. ~ Before 1960 tflese peak loads were supplied

by, conventiongl hydro plants and gas turbines. Technically it

would be pbss;tble .to' incorporate at the existing hygroelectric

plants sufficient cépacity to meet the peak load demands.. This v
would, however, x."equire additional turbine-generator units - ‘
;éhich would be severely under-utilized during periods of low
load demand - ‘and the comstruction of additional transmission
lines to carry the extra load. ) Considering the 'great distances
between the major hydroelectric generating sites in Quebec (over '
500 miles in some cases) the cost of electricity generated in

this manner would be prohibitive.

The objective of this report is to examine the economic feasibi- - )
1ity of two possible alternative sg.hemes. They are: Underground - ) e
Pumped Hydroelectric Edergy Storage (UPH) and Compressed Air

Energy Storage(CAES).

In this report ‘th(é UPH and th‘g constant pressure CAES systems will

be compared.

Although the exact requirements are not known, for the purpose of
this report it will be assumed that there exists, at the present
time, a need for approximately 1000 MW peak-power generation in

i&ontréal for a period of two hours per day.

The economic evaluation will be based on:
a) the dollars per kilowatt capital cost, and /

b) fixed annual costs.

°
‘N . ~

-xii- Y

iy - - - N .- L e



CHAPTER I )

ENERGY STORAGE . o

1.1 General

buring the last twenty years, peaking capacity in North America has been
provided by an increasing number of hydroelectric pumped storage plants.
These plants employ water as the working fluld, storing energy by
increasing the potential of the water by pumping it to a higher-level pond
utilizing oéf—peak power generation and releasing it through the kinetic
energy of the stored water passing through a hydroelectric generating
'/facility durit}g the peak power demand period.
The total installed capacity of conventional pmnﬁed _storage in North
America 1s currently about 6,000 Mw(l) with on1§ one installation of
198 MW in Canada, the Sir Adam Beck plant in Ontario. All this capacity is
in the form of reversible pump—turbine, mnotor—-generator units operating
under heads of between 80 and 1500 feet. It i1s forecast that in the nex€
20 years the total installed capacity pf energy storage systems in North
America could grow well over 50,000 Mw.(3)
" Conventional pumped storage suffers from a number of disadvantages, not the
' .least being that suitable sites are generally remote from load centers and

are often the subject of considerab.le opposition fron enviroumentalists.

h This is why a growing number of utilities look to underground siting of at
J leaat a portion of‘their energy storage plants.

Ty \

Underground pumped hydroeléctric energy storage (UPH) 1is defined as a

.
&

sysi:em where the lower reservoi}' and one or more power statioms are located
in deep chambers or caverns and the upper reservoir is located at ground.
level. Compared with conventional hydroelectric pumped storage .plant, the
site selection 1is greatly simplified by eliminating the topographic relief
requirements and the need of ground space suitable for the power station

and lower reservoir.

R e O



2
R - &igure 1 shows, in very general terms, the current light in which pumped
) energy stgﬁage absorption and generating capacity might be viewed 'in a

planning sense. On the load generating side, pumped energy storage plants

have five major advantages: —
1. Standby capacity available at very short notice;
2. Spinning reserve capability; '

3. Frequency regulation ability;

4. Load carrying capability in midload factor band;

5. Stored energy to meet system demand variations.
]

~

During the last ten: S'ears an altegnative method, the Compressed Air Energy
Storage (CAES) has ‘become accepted as a potentlally feasible system. A
modified gas turbine uses off-peak electric power to compre‘;s alr which is
stored in an underground cavern. When electric generation is required the °
compressed ai% is supplied to t:hé turbine along with fuel to drive the
) generator. 3
{ - ‘ . )

One type of ézémpressed air storage system includes a pressure compensating
water reservoir sgituated at ground, level which 1s alternately filled and

emptied. Site requirements for this system are similar to those of the’

underground pumped hydroelectric energy storage plant.

LML

7
g

1.2 Gharaci;éristics of Electrie Loads

i
i
{
-

It is, perhaps, rather remarkable that a large electric power system, like

.Hydro—Quebec, can operate well with no capacity "for storing electric\ity. )

O  0 SNE L DR L 2

" That it does so is largely due to the diversity of consumer demand which

traditionally ensured that the total load om the system normally changed
rather gradually, and in a fairly predictable way. However, the demand in
f;he small hours of the morning may be only 1/3 of that during the peak
hours of the working day. | ' §

/

Sl v e e, 3

. {
System loads normally are highest during the weekdays &and drop off on

weekends as shown 'in Figure 2.

t ~ '
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. ' .
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In recent years, many utilities have expetiencéﬂ a change in the character-
of their daily loads, due primarily to electric air conditioning during the
summer and-electric space heating in winter. These changes have increased
the peaks and extended the duratiom of daily' and seasonal near-peak demand
1évéls. Exaz_ninitig Figure 2 it can be seen that about 50Z of the syétem
capacity of this particular utility is cofitinuous. This 1s called the
gystem's "base load”. The “intermediate systen; load™ amounts to
approximately 302 of maximum demand and 1s continuous for periods of 12 or
more hours on weekdays. The "peak”™ portion of the load, amounting to about
20Z of the maximum demand can occur over a .period of less than one hour to
about 12 jours. @
The immediate consequence of this load curve is8 an economic penallt:y.

Generating plants must be available to meet the peak demand for only a |few

"‘hours daily. As far as it can be seen the total demand will continue to

vary markediy as a function of the time of day and this must be met either
by direct generation from plants whigh take up and shed load in response to
the variations, or through storage systems which would permit existing
plants to operate at higher capacity factors to inject power into storage

during low load periods for return to the system later.

-

0
1.3 Determination of Need for Peaking Power

The lstarting po:l.t;t: in the evaluation of peéking power teq'uir'ement for a.

"utility {is a system load forecast study. The forecast of peak loads and

surplus off-peak capacity gives an indication of the size of the' peaking
power plant which the itility requires.

A detailed system load forecast study is outside the scope of this report,
it is also a very specialized aspect of system management which requires an
intimate knowledge of all aspects of a utility. However, there are other

methods of establishing if i:he.re is a potential need for peaking power.

_One of these methods is the review of the ‘system's capacity and the

corresponding peak demands. Table 1 shows these figures for the Hydro
Quebec system from 1965 to 1979 and also 1indicates the preliminary
forecasts to the year 1990. ‘
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Hydro Quebec's current generation expansion is designed to meet an average
“utility growtﬁ of 7.7% per annum in peak demand over ' the next
decade(13).

Figure. 3 shows the total capacity ‘and peak demands of the Hydro Quebec
system for the period 1965 - 1990.

~

The installation program is expected to have three stages duriné 1979 -
" 1990: ‘

1979 - 1980 I

- Complete the Outardes hydroelectric base load plant of 454 MW capacity.

= Install the La Citiére gas turbine peaking power plant of 284 MW
capacity. . v

- Continue the purchase{of peaking power, as required by seasonal demands,
to meet the capacity deficit which would otherwise exist in this
period. '

- Start bringiné into service, in stages, the La Grande complex now under
construction in the James Bay region.

4

The 1La Granqe"complex has an ultimate capacity -of approximateiy
10,270 MW. ‘

1981 - 1985 -
- Continue adding the La Grande complex to the system.

1986 ~ 1990 . . , | . ‘
- Complete the La Grande complex. )

- Add about 3,600 MW of nuclear ba;e load capacity.

-~ Add about 4,600 MW of peaking capacity.

~

2

The following brief announcement appeared In the Lmid-Jandary 1979
HYDRO-PRESSE publication (translated from the Fremch text):
"NEW PEAK DEMAND RECORD: on December 18, 1978 at 17:00 hours the
_ temperature was -13°C, at this time the load demand reached a peak of
15,747 MW exceeding the ptezrious record demand of 14,879 MW set on
December 12, 1977." ) : '
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Although Table 1 shows that the total capacity of the system in 1978 was
17,748 MW (including 4,842 MW import from Newfoundland Hydro's Churchill
. Falls -plant) this capacity was not fully available because:

S~—

a) the Tracy thermal power station of 600 MW was out of operationm.

b) the Gentilly 1 experimental nuclear power station of 266 MW was also
- inoperative and has peen so for a number of yeard due to corrosion
problems. This power station is still owned by the Atomic Energy of

Canada Limited, however, transfer is expected for take place in the
near future.
F)

¢) the capacity figures do not indicateyg%ﬁctrical losges in the

transmission network, which amount to about 7%.

. ‘ .

It must also be realized that the total capacity can not be counted. on
entirely fo£ local consumption because Hydro Quebec has contractual
agreements with the U.S. and with Ontario, the latter amounts to some
10,455 GWH per year(13), However,‘on thé date referred to above Hydro

Quebec had to stop exporting power and started to import ig,,includiné some
. . LY
200 MW from Ontario.

'Therefore, in summary, 'it can be stated that:

1) There exists, at the moment,.in the Provtnce of Quebec a deficit in

peaking power during the winter months, under certain
circumstances.

2) Hydro Quebec is planning to install peaking power capacity in the

l' form of gas turbines to satisfy the need until 1986 and that between .

1986 and 1990 the present planning indicates an additional 4,600 MW
of peaking capacity instai;ation.
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It is not exactly known what.type_ of generating method will be used for

* this purposé, however, it 1s safe to assume that it mlgﬁt include some form

of energy storage system. Hydro Quebec had studied various sites with the
view of establishing conventional pumped storage hydro plat;ts; < One of the
potential sites is situated some 30 miles north of Hull in the Gatineau
hills where evidently there 1s a potential site on Proulx Lake with an

&b .
ultimate capacity of some 4000 mMw(16), During the past 10 ygars Hydro

Quebec has met with a great deal of hostility from environmentalists

whenever it had investigated the possibility of rconstructing conventional

, punped storage hydro plants. Some of the proposed sites were elther

protected natural parks (Mont St-Hilaire)} or near bird sanctuaries (Lake
Memphremagog, Lake St. Joachim) or located on some of the few remaining
true wilderness areas (Jacques Cartier River in the Laurentide Park). It
is safe to assume that the continued desire to protect the environment will
prevent Hydro Quebec’ from comstructing economically feasible conventional

pumped storage hydro plants. . Therefore, two possible other alternatives to

generate peaking power are: )
[

v

‘1) Underground 'pumped hydroelectric energy storage, and D

2) Coumpressed air energy storage

since neither of these involve extensive above ground installations or
flooding of river valleys and, thus, should be more acceptable from the
envirommental point of vieé. Tt‘iey can also be placed near the major load
center of Montreal tﬁereby eliminating the costly long transmission lines
which, apart from economical consideration, would also attract the

attention of the environmentalists who are of the opinion that transmission
1lines create "visual pollution”,
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, CHAPTER II
UNDERGROUND PUMPED HYDROELECTRIC ENERGY STORAGE (UPH)

.

2.1 General Concept

The general characteristics of a UPH plant are similar to those of
conventional pumped storage hydroelectric plants - with the exception of

a

the location of the lower reservoir (Fig. 4).

B

P
L]

Table' 2 shows the 'Zharacteristips of some existing and proposed
conventional pumped storage hydroelectric plants. The most importhnt items
for comparison being the generating and pumping net hydraulic heads.
oy

UPH employs the same basic principles as the conventional surface-sited
pumped storage plaP£/ except that the hydraulic head is created between the
upper reservoir situated at ground surface and a lower reservoir located in
cavities excavated in rock at depth. )
The concept of UPH was decumented in.1968 in a paper presefted at the VII

World Power onference in Moscow, U.5.5.R. by Isaakson, Nilson and
Sjostrand(a) that time, considerable development of -the concept

has taken«place, a mmber of studies have heen made and several papers were
published.(3)(5)(6)(7)(8)
. !

These have covered both single stage and two stage developments as
1llustrated in Figures 5 and 6. ;

Alkhough puﬁped storage generation reduces efficiency, because more energy
is required for pumping than the energy actually generated, it provides a
means to satisfy excessive load demands.(15) The 1nstaliation,
therefore, consgists, in essence, of an energy retiming mechanism composed
of a hydrauliclloop. A pumped storage hydraulic plant requires, on the
average, three kilowatt hours of energy for each two kilowatts produced due
to hydraulic, mechanical and electrical losses. However, favourable site

arrangements, combined with the latest highly efficient generating

. ) °
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equipment improves that ra.tio to thr‘ee‘ kilowaf:t hours of generation for
every four kilowatt hours used for pumping, (the conversion efficlency of
the Dinorwic conventional hydraulic” pump storage project' is 76%. This
project ois curreﬂtly under comstruction in the United Kingdom). Therefore
in this repor't the latter figures will be used. 1In smm.nary, it can be said
that although pu;nped storage does not conserve energy it improves the
conditions of supply of available energy‘ thereby increasing its utilizatioﬁ
for the benefit of consumers., .

The use of underground facilities for large scale storage of energy has

evolved as an alternative solution to the increas'ing claims for groundlevel

space by cultural, recreational, industrial and environmental needs and

desires. In competition for such space, energy generating and storage
complexes are being pushed further and further from urban load centers into
areas rejected for other uses. * Comnsequently.energy production suffers
increasingly the disadvantages of greater costs, remoteness from ce.nters ‘of

service and rapid elimination of sites available for future expansion.'

Topographical configurations'of the 8ite.selected for a conventional pumped °

storage plant generally establish within a narrow margin the differential
head under which theu plant will operate.. In contrast, when the lower
reservolr 1s placed underground the vertical separation of reservoirs
becomes a variable to be defined by the designer. : -

Where rock defects are not limiting factors‘, economics tend to encourage
increasing the vei'tical separation to the maximm? heald under which

-

available equipment .will provide reliable operation.

“

‘The layout of power station facilities for a UPH plant’ is, in most

-respects, . similar to an .underground hydroelectric plant: utilizing time

tested ' arrangements for electrical, mechanical and hydraulic aspects. In

. April 1976 the Electrical Power Research Institute (EPRI) published a

research report entitled "Underground Pumped Storage Research Prioritieg"'.

The primary findin'gs of thig report were that there are

~4
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.... a number of aspects of the concept which will benefit from further
development to improve its economics. These aspects relate primarily to
the excavation of the lower reservoir cavern and to. the further devélopment
of high head pump turbines to allow higher heads.and hence smaller working
volumes per unit of energy storage. This work can best be accomplished in
the course of preliminary- design of one or more gpecific projects......”

]

2.2 Comparable Eaisting and Proposed Developments

At t:he.Z time of writing this report there 1s no existing UPH project
anywh)ete in the world. The first such development would have been a 100 MW
plant in Finland. This plant, referred to as the Parainen Project: in. a
report given during the Syposium on Hydroelecttic Pumped Storage Schemes
held in Athens, Greece, during November 6 -~ 8, 1972 'would have been
situated adjacent to a limestone quarry and would have operated under a
head of about 1000 feet utilizing the sea as upper reservoir (Figure 7).

The construction of the access tunnels started in April 1972. .

The excavation of .the powerhouse and lower reservoir began in 1974 and the
first unit was scheduled to be operating in 1977. However, work on the
project stopped in 1977. Although no reason was ‘given for the

cancellation, it is assumed that shortage of funds was encountered.

The Drakensberg pumped storage scheme presently under construction in South

Africa can be considered as a hybrid be::ause, although the lower - reservoir

1s situated on the surface, the powerhouse is entirely located underground
(Figure 8).

B ! I’
Figﬁré‘9 shows the general aspeéts of the Tuscarora Project at Niagara

Falls, N.Y. to i1illustrate a conventional pumped storage hydroelectric

A

plant.
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Table 3 shows the characteristics of some comparable conventional pumping

statiouns currently under comstruction in Europe and North America.

) 3
2.3 Description of the Proposed .UPH Project

Site Selection

‘
Although a detailed site sélection methodology is outside the scope of this

report, following is a brief @escription of some of the requirements of a
potential site:

~ Favourable geological conditions at the lower reservoir level;

- ,Availability of a suitable upper regervoir, which will assure that the

operation of the plant will not be impaired by techmial, hydraulic or
environmental problems; '

L]
Proximity to the load center and to a suitable existing electrical
transmission line in order to minimize construction costs associated

with new lines and transmission losses which are directly proportional
to the length of the line;

- Availability of sites within reasonable distance of the proposed plant,

where the excavated materials could be disposed of without adversely
affecting the environment. .

>
The site proposed in this report is situated on Ile Ste. Therese and has
the following characteristics — in general terms:

Geological conditions

identified:

In the general study area three distinct rock formations can be'
( ‘ .

0

\{ .
intrusive and metamorphic rocks of precambrian age

0 more recent sedimentary rocks, and the
o, still more recent intrusive rocks

e e g ottt ¢

=




. The available information(9) on ﬁheqe rocks indicate that they are

14
' {
competent at' the desired depth of 4bout 2000 feet. However, extensive
geological exploration would be required at the site to determine the exadt
quality of rock, the nature of any geological faults, and the presence of

water or gas concentrations.

In a repoft entitled "Etude SE&dimentologique, du Cambrio~Ordovicien des
Basgses—terres due St. Laurent” prepared by the Bureau d}Efudes
Industrielles et de Coopération de l'inéxitht Frangais du Pétrole (BEICIP)
in 1975 reference is made to a number ‘of deep drillings‘execqted in-search

of natural gas and oil along the St. Lawrean river.

»

The report states that the geological formation located, generally, at the

proposed lower .regservoir level and called "Chazy format}on" is considered
medlocre as potential rnatural gas or oil regservoir due to its low
permeabiltiy. This would indicate that this formation 1is well suited for

the proposed lower reservoir.

Hydraulic Conditions °

e

The annual mean flqw of the St. -Lawrence River at Beauharnois 1s 250,000
cfs. During flood periods over 300,000 cfs flows were observed.(10)
The required flow for the prbposed plant during the generating cycle is
only 7,600 cfs. '

Ice Conditions

/

o e

In general, the ice cover on the St. Lawrence River is in the order of 1.5
- 3.0 feet. However, in certain locations, due to overlapping, the ice
thickness can attain over 30 feet.(10)

elevation. Observations indicate that the water level may be 3 - 6 feet
higher in the winter than in the summer for the same flow.(10)

'

-

‘The degree of severity of ﬁﬁé ice condition directly affects the ﬁater

Phpdiawiie v
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o . 1s
'
Certain sections of the river remain free from ice cover during the winter.
These sections are potential sources of frazil ice which is undesirable
.because of the possibility of severe icing omn the trash racks of the water
intake. Ice conditions at the proposed site.are normal. If needed, an icé

boom will be installed upstream of the water intake.

'Sedimentat ion and Erosion

In the study area the St. Lawrence River does not carry significant amounts
of suspended particles.  However, dredging operations along the navigation
canal might create undesirable conditiona. Also, it is quite possible that

the river banks might be exposed to_erosion due to ice action.

Navigation

The navigation route in the study area is shown in Figure 10.

Between‘ Caughnawaga and St. Helene Island, the Seaway constitutz:s the only
navigable route. The depth ‘of water in this cégal is about 25 feet. This
canal exits into the channel of the Port of Montreal whefe the depth of
‘water is abou;t: 35 feet. At the easten{ extremity qf the Port of Montreal
the Seaway follows the south bank of the 'river.

Existing Electrical Transmission Network

The Montreal region is encircled by a network of high and very high tension
electrical transmission lines.

“
i

The 315 kV lines originate in the north-east reglon of the Province and the

735 kV 1lines bring electricity from the north shore and from the Churchill
Falls Hydroelectric project in Labrador. N

. »

These, two transmission line systems are shown in Figure 10., \

The proposed energy storage project could be attached to the existing 315
kV nétwork, with a very short transmission line. '

I . , )
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Surface Features

!

All work on the surface vgill‘be confined to an areatof about L5 acres -

located on the west side of Ile Ste-Therese (Figure 11) with the excepcionl

of access rogds, portal structure to the. access tunnel, and the access
tunnel ventilation shaft housing.

The access tunnel shown in Figure 15 will be ventilated by a vent shaft of
"6 foot diameter.

The water intake scructurelwill be designed to take into consiﬂeration the
water level fluctuations of the river and the heavy ice cover during ’the
winter mor_u:hs. The intake structure is shown in Figure 13.

The four vertical penstocks will be protected against floating debris by
suit;ble trash-racks. 1If necessary the trash racks will be heated during
the vinter months. ’ .

There will be two verticle cable shafts situated at the switchyard east of
the water intake structure. ~

Other surface features will consist of the housing for the elevatdr, the
powerhouse ventilation shaft and the ventilation shaft of the- underground

reservoir, as shown in Figure 12. ’

4
“

An access road and a bridge will connect the installation with Moutreal as

indicated in Figure 12, ' -
Underground Features C.

M . v

The. pénstockq will be concreted and the lower portions will be .steel lined -

up to the spherical valves. The four reversible Francis turbines of 250 MW
each will be igolated from the water .storage by butte:?fly valves which will
be installed in the elbows of the draft tubes. (Figures 13 and 14)
The control center, situated at one end of the machine hall, will be

connected to the access building on the surface by an el'evator located in a
- concreted shaft. The erection area and t:_he‘power‘house ventilation shaft

o
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are adjacent to the ‘control center. : The unloading area is situated at the
other extremity of the powerhouse. A drainage galler}: will protect the

powerhouse from water infiltration from the water storage caverns.

The transformer gallery will be connected to the generatbr floor by the bus

bar galleries.

The powerhouse, drainage gallery and the water storage caverns will be
connected to the access tunnel by secondary galleries that might be
,isolatgd by installing watertight bulkheads. (Figur::es 13, 14, and 15)

.

The physical arrangement of the proposed project elements is shown in
Figure 16. T S

The con’figuration of the tipdefgrOund installations would be selected to
achieve the most tenable compromise between rock defects and costs,
recognizing the desirability of facilitating mass-mining and quarrying

excavation techniques. *
¥

’

The required lower reservoir volume was computed as follows(4);

Vg3 = 3,600 xPmax x T
H, x g x Na

A

Pmax = maximum plant capacity = 1 x 106 ww
T +» = duratienm of generation = 2 hours
Hy = mnet hydraulic head = 540 metres

I8

g = 9.81 m/sec?

equipment at power generation = O.

. ‘ﬁ ]
Therefore, the lower reservoir volume, in cubic/metres is:

A .
Vp3 = 3,600 x1 x 109 x2 = 1,580,000 n3 :
: 540 x 9.81 x 0.86

[

3y

N —
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A
1 \Converting to cubic yards we have:
o
~ 1,580,000 x 1.3 = 2,055,000 cy.

J v

'Orientg;ion, height and width of openirigs and su.ch details as the shape of

+ the rock roof would be adjusted to minimize excavation problems and costs.
| . .

|

f i

| The centerline of the turbines is located well below the level of the lower

reservoir as governed by submergence requireﬁ:ents during the pumping cycle.
¥Such submergence is substéntially greater than would normally be required
| during the generating cy‘cle so the turbine \oper“at:es ,under more than the

3
usual back water pressure.

2.4 Optimum Deépth of Lower Reservoir

, For all practical purposes, the optimum depth is only a function of the

. cost of the civil works. The prinvcipal ‘factox?s are the costs assoclated

with the access tunnel and the shafts, as well as the cost of  transporta—
tion of the excavated materials to the surface. All these costs increase
with depth altheugh the voiume of the lower reservoir diminishes. as the
gdepth increases. The optimum depth was found to be around:2,000 feet meas~
ured from the surface of the upper reservo.ir. I;lhen the powerhoose is git-
‘uated at less than 2000 feet the reduction of costs accociated with the
acoes's\ gallery, shafts and tramsportation of materials is inferior to the
cost increment d\;e' t.o the larger water storage caverns reguired. ’

At“depth‘s greater than 2000 feet the decrease of the sts associated with
the lower reservoir 'does not compensai:e for the 1increase 1in costs
asaociated with the access tunnel, shafts and trai:sportation of materials.

Figure 17 illustrates graphically the semsitivity of capital cost to the

. positioning of the powerhouse below the, upper reservoir.

¥

The present\ state-of-art of single runner, rewfersible ,_pmnp turbine
performance limits a 250 MW unit to a net hydraulic head of about 1800
feet. Therefore this criteria governs over the optimization of excavation
quantities. However, the, two_values are quite closé. cImprovement in
pump—t:urbine performanbce can also be expected 1in- the coming years. To
illustrate, until 1968 the highest hydraulic head for a reversible Franmcis

o

_pump-— urbine was 1280 feet installed at- the Villarino project in Spain.
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2.§ Excavation methods, transportation and disposal of excavated material

-

The galleries, the powerhouse and the underground storage caverns will be
excavated by conventional methods of heading and‘beﬂching. The arches will
be consolidated by grouted rock anchors anq shotcfecing. For estimating
purposes, the power penstocks will be exéa;ated by the "Alimak" raise
climbing system. This system is described in detail in Appendix’ B.

On the surface the excava;ion for the water intake structure and the shaft
collars will present difficulties due to the presence of sensitive marine

clays. Therefore the water intake structure will be excavated with the use

of a cellular cofferdam system and the shaft collars will be constructed

inside of caissons.
The excavated materials will be removed through an access tunnel of 35Z
slope with a conveyor system and will be transported to the disposal area -

,
an abandoned rock quarry - by-trucks.

This method was selected as a result of evaluating three alternatives. The

methodolgy of optimization is described in Appendix A.

A
T

Thehma{n characteg}scics of the proposed project are shown in Table 4.
Preliminary dimensions of the major project elements are summarized ‘in
Table 5. Construction costs, based on comparable projects 1like the
Churchill Falls ﬁydroeiectric Project, the La Grande 2 and 4 Hydroelectric

shown in Section 2.6.

Projects of the James Bay Complex, and escalated when. appropriate aiéﬂ7‘wt7(

3
4
{
i
{
!
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, , TABLE 4
'MAIN CHARACTERISTICS OF THE PROPOSED UPH PROJECT -
'INSTALLED CAPACITY 1,000 MW
‘NUMBER OF UNITS . ' ' 4 -
GENERATING CYCLE - 2 hours
\
" GROSS HEAD S 1,880 ft.
MINIMUM HEAD . . X750 ft.
. (
NOMINAL HEAD . 1,780 ft.
N \\\ . . .
. \ n
FLOW .DURING GENERATING CYCLE R 7,600 cfs
STORAGE CAVERN. CAPACITY 2,055,000 c.y.
’ » - -
y
>
- ' & .
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Comparison of Capital Cost Estimate to Similar Projects
N,

In the absence of existing UPH projects it 1s somewhat difficult to
determing if the cost of $4}3/kw is a reasonable figu‘re.’” - .

\ .
In the August 29, 1968 ‘Engineering News Record (pp.36) the figure of $64/kW,
was quoted for a 400 MW UPH installation operating under a head of 1500

o

feet.
Assuming 'an inflatloh rate of 8 per cent per year this figure, in 1979
dollars would be

$64 (1.08)11 = 3150/kw{-w

%

«

However 1t 1is unlikely that any hydroeléctri’c project could be constructed
for t:his. amount in 1979. '
L

The 5225 MW Churchill Falls Power Project completed in 1975 cost a total of
606.2 ‘million dollars or $116/kW, however this 1s an extremely large
generating faciliti.y 80 the cost/kW would not be representative.

1 ’ }
A better comparison would be the 1000 MW Champigny conventional pumped
enérgy storage plant estimated by Hydro Quebec in 1973 to cost $235/kW.

Again, using an 82 inflation rate per year we would obtain for 1979: .

$235 (1.08)6 = $373/kw .
The Bay of Fundy Tidal Power Review Board and Management Committee estimated
the cost of conventional pumped storage plants at about $305/kW (1976
dollars) in the report entitled "Reassessment of Fundy Tidal Power”.

- | .
In the capital cost estimate no attempt was made at crediting the potential

value of the excavated material to the project.

»

¢
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-

» .

Although it 1is realiééd that this material would be sultable for the
‘produdtion of crushed stone or concrete aggregates the value of such

. products depends on the ﬁar&gt demand which vary from one year to another.

P

Therefore, for the purpose of this study, the revenue that *might be

. realized from the excavated materials was nét congidered. "

v

) ' '
L .

<
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-%.7 Economic Analzlsis ~ UPH Pfojet

Fixed Charge Rates Related to the Cost of Investment
#

.

Book Life (years) 50
Capital' recovery factor [¢3)

- Interim réplaceﬁient ¢
[

' ‘Insﬁrance 2)

¢

Operation and mhiptenance )

Fixed charge rate %) 7.016 -+

P ’ . A
. Therefore the fixed ammual costs of the proposed UPH project are: .

<

($433-x 106) x 0.07016 = $30,379,280 ] :

o

Cost of Pumping

S 2 L4

{ The generat{tng facilities of Hydro Quebec comsist virtually exclusively of
hydroelectric’ plants. Erergy used for the purpose of pumping would not .

- gené‘r:yaﬂée any revenue during this time! Therefore in the calculation of
cost of pumping, the full potential revenue producing value of $0.02/kWh is
not justified, and a nominal, amount of $0.90$/kWh will be‘ uaegnqo account
for equipment‘ wear during thg pumping period. :

T a

Therefore, the annual energy used for pumping 1s:
1.{:; x l‘,'OD0,00QE;W x,2 hra/day x' 3§5§days/yr =
0.973 GWh/yr o o
{ ' v
So,the cost is: 973 x 106 kWh x $0.005. = § 4,686,500
. t ' 4 A '
| Total fixed annual costs: . $35,065,780° ' °F.
‘ say: y $35,100,000
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*  Note: Fixed charges assoc:l:ai:ed with Hydro Quebec do not include taxes as

‘ 3

it 1s a provincial utility.

L .'

Explanation of Fixed Annual Costs = UPH Project
)]

Book Life

'ﬁajor hydroelectric projects are assumed to have a service life -of 100
years apd this period irs'norn‘mlly‘ used in economic analyses. However in
view of the fact that there {is presently no data alvailable on UPH projects
the service life of the project was based on 50 ymars which is the life
sfpah used by' Hydro Quebec for hydroelectric projects. (Source: Rapport

annuel .d’e 1'Hydro Quebec 1977)

Capital Recovery Factor (crf)

@ &

‘This "was, based'oq real interest rate of 5%%. Real interest is défined,;to
a close approximation, as the difference between the actual interest rate
&

(taking into account the borrower's credit rating and the risk\invo_lved)‘
} and the inflation rate. L ‘ 4

‘

This 1s the interest rate which was'used in the 1977 Bay of Furidy Tidal

- Power Project evaluation: ' ‘ ~

&)

¥

~

crf = 1 (1 +4)2 = 0.055 (1.055)30 : , S
L @+ Dol (1.055)°0-1 . .

'

= 0105906 .
= 5.906% ‘ S o .

'l‘hfa éeﬁsitivity of debt retirement to interest rates and service life is
shown in Figure 18. ‘ 4 ’

L]

v oo, 0

Interim Replacement ' ’ oL . ’

-

The use 'of sinking fund depreciation method does not provide for the

r:e.placement ‘'of those units of prbperty included in the plant with 1life
spans less than the adopted qverall ag‘acility service l:l.fe. ‘'Therefore,
pi'ovision must be made for financing the cost of replacing such short lived

. units- ' a -

?
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For economic analyses of hydroelectric projects studies indicate that the

’ appropriate annual amount for interim replacements would be 0.41 percent of

total power investment. (23)

Insurance -

The annual cost of fire, vandalisﬁ, machinery, public liability, property
damage and other miscellaneous operating insurance applicable to electric
utility facilities range from 0.0l to 0.35 percent of the total groas
investment dependlﬁg on the property involved, the location and management
policies. A reasonable amount for hydroelectric projects is 0.1 percent of

total gross 1nvestment 23
4?
£ - ,
§3\.: . ,
Operation and Maintenance .

The amnnual operation and maintenance expenses per kilowatt capacity vary
aecording sto the size of plant and, the type of operation. Automatic,
remote controlled plants require addtional investment but reduce operatiﬁg
costs. . )
» - . N

The Bay of Fundy Tidal Power Review Board and Management Committee obtained
costs for pumped storage schemes during 1977 from power utilities in New
Brunswick, Nova Scotia and the New :":‘.:igland States and estel)\bliehed this

’ 1
component at 0.6 percent of total gross investment.

r

i
s
"'

o

Ay
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CHAPTER III

o

. COMPRESSED AIR ENERGY STORAGE (CAES)

v

.3.-1 Historical Background

The firgt co&pressed air storage ‘'scheme was constructed in the Striberg
mine, Sweden in 1910 to provide compressed air to drilling equipment
employed ' there. The volume of this -air storage Teservoir 1is about 1,100 > .\‘
cubic yards with the air stored at 7 atmbsphere. This storage is still in
opergtion. R ,

! .
. Several other countries adopted this gystem in their mininé/ operations.

The concept of Compressed Alr Energy Storage (CAES) for energy generation
was first introduced by Stal-laval Turbine AB of Sweden .in 1949.

3 1]
1

Table 6 shows some of the existing and proposed Compressed Alr Storage

Schemes. . , Co

’ \
v

3.2 General Concept :

CAES 1s a technique for; supplying peak load power to électric utility
sysrféms; Although the basic idea of CAES has been discussed for a 1long
t:i}:né, only theé techmological ad‘vances made in.the field of high pressure
ratio, modified gas. turbines make the economics of the plant attractive for
consideration a,s‘ a commercially feasibl@ system for peaking pover.(lz.)

The concept functions in a similar manne‘r to a pumped storage hydroelectric
plant. Eléctric energy 1s withdrawn from the utility system during
off-peak periods to compress air during the pressurization or s‘tgtage mocie,

and store it in an underground containpment. .

?In the power generation mode the stored air is withdrawn from the
containment, heated and expanded through suitable gas turbines to generate

electric power. -




g

e .mkﬁ,n?«smwiz:? ot s wSTRRS ﬂ@@%

I

—
. r/fl/, -
<
3 —_
*juamdynba
8L61 0L
posodoad 97
0161 L
* +38u0d van: cY
- . Y161 1A
) umwonou& 0%
€L61 08
aesx (m3e)aanssaxg
] > "

LY

el

.no«uwucduw xamod Bupyesd 103 pousfsep sjuerd saV) mwuwuuvnH wf

L
000 ‘00% paoueTequUq
000°Z€S paduereg
< 001°1 pasueyrsyg
000°cEl psouetey
0sZ‘8 paoueTEqUQ
000°€€1 paduereyg
- 019t padueTeqy
*9 “JOA ad&y

g109{oagd sAvV) pue -
82WaYds 3Ze103g 1Y possaadwon -
pesodoxg pue Sup3sfxy owog-

9 FM9VL° g

(MK 062)
s¥JI03unyg

, (MR 0€2)
»xUBTD

SUTH
x¥819q1a13s

*TEPTTTAN
yepng

(M 00€)
»xyUIPUBTA

—¥JUTEsEYLg

UoFIBD0]

B

-

Qum wo uofiexado a3yl xoy pouSisop sswayds mmwucum X1e pessaiduco s3ajevdIpuUI ¥

fuvwisn 389N

-

uapamg

LemaoN

ganquexny

vawﬁnww
Xx3uno)

[~



35

'Y I

The consumprion of fuel oil by a CAES facility can be between one half and
one third of the oil consumption of conventional peaking power gas turbines
(25) because the gas turbine 1s relieved of the duty of driving the
oompressor during generation to the power system and. the full turbine

output becomes available as net work.

In a conventional gas turbine the;compressor consumes about two-thirds of
the power output of.the turbine. Figures 19 and 20 show thé general layout
and detail of a conventional gas turbine peaking power plant constructed by
Hydro Quebec in Cadillac, Quebec in 1977.* /In the CAES system the energy
transfer is accomplished by a motor generator attached by clutch drives to

both the compressor and the turbine, as illustrated in Figure 21.

¥

In the pressurization or storage mode the motor—-generator drives an axial
oompressor that boosts air pressure to about 160 psi.

*

Thé air 1s then passed through a series of coolers and auxiliary
centrifugal compressors that raise it to the final 1028 psi pressure at

which it is stored in the underground storage cavern.

In the power generat}on mode, the compressed air is released from the
storage cavern. The high pressure air 1is throttled to a.pressure of
approximately 600 psi and passed through a recuperator where it 1s heated
by the gas turbine exhaust. It-1s then channeled to an expnnsion turbine
thar drives a 50 MW generator. After leaving the turbine, the hot, high
pressure air travels to the gas turbine combustors where it {s heated. The.
resulting very high temperature and high pressure air 1is then expanded
through the gas turbiné to drive a motor generator unit that produces an
additional 150 MW of electric power. This concept, developed by General
Electric (25) 1s. {1lustrated in Figure 22. The CAES systems might

)
operate at a constant pressure or at variable pressure.

wy




’ () | (Sourcez LAVALIN Montreal)

Fig. 19 - 162 MW Conventional Gas Turbine Peaking Power Plant

- ) Cadillac, Quebec. Owner: Hydro Quebec

... (Source LAVALIN-Montreal)

Fig. 20 - Detail of 162 MW Conventional Gas Turbine Peaking
: Plant, Cadillac, Quebec, Showing the Three Groups

of 54 MW Units Under Construction and Part of the
Switchyard.

P T A




(82 Joy)

JuRLd S3y) 40 Weubeig d}3RWAYIS - 1Z WAIIS . .

(ol '0od) NHIAVD

¥31000U3 LY - §0Lvy3dNI3Y w o
M k
1304
HOLVYINI9
R uy
ul | ONII009
13INd—
M mo..&mm.mzua . 197
/4010M , -

o E< ﬂz_gooo ,._

13
- - A



’ R . Fig. 22 - Compressed Air Storage
’ : v ‘ Power Plant Concept .
: . (Ref. 26)
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The Constant Pressure System .

) N | ~

Thig system utilises a hardrost:aticglly compensated lower reservoir to
maintain. a constant pressure during the cycle. During the compreasion
period, water is displaced from the lower reservoir and forced thrdugh a

shaft to a surface reservoir (Figure 23). 4

The Variable Pressure System

‘Stores gair in an uhderground reservoir which acts as a simple pressure
tank. Pressure and temperature in the cavern increase when compressing air
into the fixed volume and decrease as air is fed to the gas turbine (Figure
24). ’

3‘.3 Subsystems of a CAES Plant

4 -

The plant consists of four subsystems (Figure 21)

1. Turbine system . L 2 .~
'2. Compressor system C v

3. Motor/generator o ‘ -

4. Underground air storage reservoir

The components of the turbine system are:

- '

low presaure gas turbine (LGT) .
High pressure gas turbine (ﬁGT) 2

two combustors J , ) ,

o o o0 o©

recuperator

It is assumed that the LGT 18 a modified conventional gas turbine unit and
the HGT is a modified steam turbine operating at gas temperatures of about

Y

iooo°r. ~ . ‘
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[
The combustors are modified from conventional gas—~turbine units whereas the .

recuperators will be designed specially for CAES operation. ' They differ

from conventional units because of the high pressure of the storage

reservoir. . i A '
The compressor systems consists of:
low pressure compressor (LC)

high pressure cdmpressor (HC)

booster compressor (BC)

O ©0 o o

after cooler

A S .
Inter .cooling 1s necessary for the operation of the compressors within

acceptable temperature limits.

]

t

| The after cooler is used to cool the air entering the storage reservoir -

because of tHe possibility of thermal damage to the reservoir wall.

. B
L . 0

" .
i

o
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' * 3.4 Specific Parameters-of CAES Plant Performance ' . . an
. ) — -
| . . ' _ « . -t
% B Four specific parameters characterise a CAES\ plant p&orma’nce‘: # ’
| ' N . . N 4 1\
tl\ . : ! . ! _,t . f:
- . o' Specific air fiow . ! . \\ e e, T v .
| Y <~ o Specific heat rate . ' g oo, = T *
| o Specifié: storage volume = - ' =N )
’ o Specific compression rate o

« ° E)
> !

Specific Air Flow ~ ° g R , !
. i ) : ? \ ) /

“ ’ Al ' . ‘ Al . '
It is the mean flow rate of! alr supplied to the turbine system per kilowatt‘,

of power generated.  This is the ma jor factor in the sizing of turbines,

comp‘ressors Sand the air 'storage reservoir. (Figure 25) : .

[N } \.\I ’_ | 7 ) .

~ Specific ,Heat,Rate ’ v . - ) - "“T' : ’
[' N It. 18 directly .proportional to fuel consumption. It 18 the product of

specific fuel consumption and the lower’ heating’ value of  the fuel. ’

7 ?‘ fore it affects the turbine generatﬁng costs. -
. ‘ - r - \“
.\\ .\ ? ' . . ;L ' - / .
Specific Storage Volume / '
' L]
g - It is the volume of reservoir required per kilowatt of power generated. I}:‘
/1 depends on the specific air, flow rate and the temperature of stored air.
r (Figures 26 & 27) - , Ch o
- N . '.
\ Specific Compression Rate T e / b

: ) ’

It is the Euergy equivalent of the power supplied 'to the cc;mpressor per

kilowatt - o “power generated.' ~ This 1s/ the a’unt of off-peak ‘energy

i

required to operate the compressors.
« LN , R ‘ N \ ‘ -,

The overall plant efficiency 18 equal to the total energy output from .
turbines divided by the sum of the energy input,from the fuel and off-peak‘

3. spnergy to the compree!aore.' . ; L
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Turbines

NLGT = N HGT = 0.9 |
Recuperation effectiveness: = 0.8

Temperatures: T3 = 1000°F (811°K) = LGT inlet temp. -

’ - : Ts = 1600°F (1144°K) = ‘HGT inlet temp..
‘Pressure: Ps = 16 atm. i (1.6 x 106 Pa) ~ . - e -~
- Power output of an LGT: W = 200 MW . .
§ ' s i[ e. ﬁor ‘the required 1000L§$ output- five 200 MW units will be\mned.
- The efficiencies oé turbines .and combustors are based on the’ o
) , state~of-the-art values of avéileble equipment.'('za) ‘ \
¢ . B ’ ' '
¥ : . .
Compressors:
) Y. MEc "= MLC = NBC = 0.90 .~ adiabatic effictercy
S _ P . ~ of compressors
Temperatures: Ty; = 77°F ] : I i
' S . :1‘13 . = T35 = 200°F ‘ \
\ T19 = 120°F 7 \
* i Pressures: 15 S L atm, ’ ) ’
. v T =16am S '
L o .
¢ The éffect of‘storage 'pressure Ion tfxe required speeifié storage’ velume is
" ghown in Figure 26. v - ' :
" . . - ’ . ! N .’ ’
At the selectned pressure of 70 atmosi:heres, 2.1 cubic feet of storege h
. vollume ie needed per kilowatt hour of povie} generated:.“\ i
. Therefore, we have: ’ o ’
o - Plant capacity: 5§ =~ ZOOJ‘M unj,ta =1, 000 MW ‘
S ' JLtF 1,000,000 kW .
fi AR = Operating period: 2 hours. Ay . : k ’ :
. ~ Total kilowatt hours generated . . v
L . 1,000,000 kW x 2 'hrs .= 42,000,000 kWh
i - Storage yolume requn['ed per 200° MW unit: - )
. 2,000,000'x 2.1 mu. ££. = 4.2 x 106 cu. P
~ P - .
e Lo . ‘
.!'-\,J e S vy,




- Total storage volume required:
5% 4.2 x 106 cu. £t. = 21 x 106 cu. ft.
- ='778,000 c.y.
add 10% capacity margin

778,000 x 1.1 = 855,000 c.y.
: \

1]
In order to provide a valid comparison of the air storage reservoir of the .’
¢
CAES with the lower reservoir of the UPH system the cavern dimensions of
88-foot width and 150-foot height will be retained. .

vt

Therefore the required total cavern length for the air storage reservoir
will be: ‘

_> 855 000 c.y. x 27 cu. ft./c.y. = 1750 ft.
: ‘ 88 ft. x 150 fc.

Due to éhe ' comparatively low quantities * of undetgrouuﬁl excavation
assoclated with this project (855,000 c.y. versus 2,055, OOO cs y. for the
- “UPH projectg the material will be removed by vertical hoistiqg through the
- watershaft and then ‘trucked to the disposal area  selected for the

depositing of excavated materials for the UPH projec‘:}:‘. “

The cost of transporting the excavateéu rock from the hoist to t;he'disposél
area 18 calculated in Appendix A. .

bl A N

.

3.5 "Existing Devei@ment . \

< The world's’ first CAES plant, expressmgned to generate peakiné poéer
was placed into operation in the fall of 1978 at Huntorf, West Germany, by -
the Nordwestdeutsche ‘Kraftwerke AG (NWK). A gen#al view of t:h:ls plant is
shown in F:’Lgure 28. The 290 MW system uses a two-cavern air storage system
éxcayated by\solution mining techniques ix_x a galt dome., The total volume
\of the two caverﬁs is about 400,600 cub yaré’a. 'I‘h:a conceptual design
, took about t\:zo years.k Construgtic;n of t plant: and stora’ge‘ cavities was

started in 1975. The caverns were comple ed two years later and the plant

waf put on stream for peakirig power generat in October 1978 13 . ‘ j
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Fié. 28 -. 290 MW CAES Peaking Power Plant Huntorf, West
-, - «  Germany, ‘Air Productlon Well Head and Plant
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‘operating cycle is considered to Ee negligible.

-

3.6 Description of the Proposed CAES Project

sy

. For the purpose of this study a water-compensated air storage cavern is

'considered, thetefore the pressure variation in the cavern during the

i

‘In order to avoid discharging water of unacceptably high temperature in_to'

the river during 'Re compression cycle the air temperature of the storage'

%
cavern (To) 1s assumed to be 120°F (322°K) and the air storage pressure
(Po) i3 70 atm (7 x 106 Pa) to minimize the cdvern ‘size.

) ) : , 2 , .
Site Selection , ) - '

]

)

In the U.S., Harza Engineering Company carried out site selection studies
for °potential CAES development as part of an overall national survey. 1In
addition to the geologic and general aspects of the study, Harza also
included the {dentification of regional markets, recommendations for
further research and developuent and demonstration '‘efforts required to make

underground storage commercially attractive. < e

¢

1

Afta&considerable research and interpretation, Harza geologists preéared
generalized maps of the. U.S. that showed areas unsuitable for the
development of CAES pro jects. ‘

The rejected .areas contained: : . R

unconsolidated sediments of great th:lqkness;

‘o

.
a o
£

o voleanfe rock not sufficlently thick to contain the structures;

o. geologically ‘complex areas; ’

o areas of extensive major faylting; ’ :

o] 0il and gas fields - these were rejeét:ed because of the danger of
residual hydro-carbons' creating combustible mixtures or a possible
ch;amical reaction ‘causing oxygen deficiency. ' ’

uical rssction caustag oxygen deficiencs, .
- 1
!
! . '

P
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At the proposed project site, described in this report the air resérvoir

would be situated in crystalline metamorphic rocks of precambriap
age(g) ;
. z ’
Bush, et al(26) reviewed the characteristics of various rock types for - ~
potential mined air reservoirs for CAES and concluded that this type of
" rock 1s one of the most suitable fof tliis purpose.

Surface Features . o '

.

The project 'will be conatructed on a site of about 150 acres located on the

- west side of Ile St.Therese (Figure 11) with the exception of the access

roads. i

The permanent surface features include:

t
o water intake structure for the pressure compensating water cglumn;
o administration and control building; !

i
[}

2,

o plant building housing the -air processing and compressor/gqnerator
equipment; ' . ‘ oo ‘

o switchyard;

il

e ) .
‘o fuel storage tanks; . : \ ‘

(=]

.air pipe system; . 4

) Y
An access road and two bridges will connect the site with the Island of

Montreal as shown in ?igute 11. ) B

Underground Features . .

’ : 1 .
The main permanent undergr&hnd features of the project are: ~

-

o air. storage cavern; -

o pressure compensating watershaft and U-bend water seal.j
. \ - . .

o The design of the U-bend vater seal below the air reservoir 1swa special
. aspect of this systeA\gnd requires ‘careful consideration tn grdet to avoid . *

+ a8 potentiaily catastrophic*blovout created by a phenomenon-meferred to as

the Champagne gffect(17). . e v

- v
. «

Fa » o .



P . . - . 43
' ) L

The Champagne Effect

.The~}61eehanism of the Champagne Effect can be described as follows.
vi\-",n.?{i , .

.

. '_Should the water.in the cavern become satureted with eir, it would remein

. in solution as long as the water remailns at a pressure‘equal to or greater
. than that sf the cavern. However, during the charging cycle, water in the
cavern would be pushed up the shaft‘ where it is exposed to reduced
- hydrostatlc pressure. As the water reaches a level where the hydros‘tatic
g «pressure 1s less than the saturation pressure the air would begin coming

: o out of the solution. If a gilven volume of water were saturated at cavern
pressure, then an incremental afiount of air would be released from solution

as soon as the given volume of water rose above the cavern level. This

proce'ss would continue until that particular volume of water xeached the

: surfs.ce' at which point virtually all the dissolved air would have been
released. As the particular volume of water rises, not only would the
. . total mass of atr released from solution increase with decreasing pressure,
but the volume occupied by a unit mass of that air would correspondingly
%ucrease. For cavern pressures typical of those referred to in this report
the air released from a unit volume of water is equal to or greater than

that of the water in which it had been dissolved a o

’ . . { '
' While the bubbles that would be released would tend to rise faster than the

water, the net efféct would be a twp-phake columm having a lower average

% density than a water column, resulting in a reduced hydrostatic pressure at

the ‘cavern level. ST
Even 1f eharging of the cavern was to be stopped, there would still be an
unbalanced buoyant force, tending to accelerate the water in the shaft.
‘The water velocity would increa&until frictionial forces could counteraet
the difference between the cavern pressure and the hydrostatic head of. the

two—-phage column.

b ’

At the same time, water leaving the cavern would increase the,air volume of.

the cavern thereby reducing cavern pressure. ' s

.
~ . \ K B s ,

®

A
'3
"
A
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¥
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If cavern pressure were, reduced far enough the water column would
decelerate, eventually the velocity would reach zero, the bubblés would
disengage and "rise to the surface, and the resultant increase in
hydrostatic head -would -cause the cavern air to be recompressed by a reverse
flow of water into the cavern from the suface reservoir. Should the cavern
be emptied of water before the water column is stopped, the air in the
cavern would follow the watig‘ up the shaft, further_‘accelerate' the
remaining water, destroy the water seal and blow out through the

.

watershaft.

g

!
»

Tﬁe scenario described is called the Champagne Effect.

~,

At a minimmm, it would caose a geyser of water abodye the compensating
reservoir. It could also enable the .ai{ in storagd to escape. The
momentum of the water could cause serious damige to the’ water intake and

any other structures in the path of the geyser.

b}

Figure 29 shows the surface and underground features associated with the

project. The proposed system parameters are shown in Table 7.

Location of the Air Storage Reservoir . ) o .

The siting of the underground air storage reservoir in. the case of a
variable pressure CAES system depends on the structural competence of the

- cavern rock and the thickness and ‘quality of. the oOverburden above the

° 4 .

rock.

The project proposed in this report ia a balanced, coustant pressure CAES
system where, 1in addition to the requirements of a variable pressure
system, the designer must also satisfy the requirements of the pressure

compensating water column imposed by the selected cavern pressure(le).

For the proposed project, the cavern’ pressure was selected at 70 atmosphere

(1028 psi) in order to minimize the storage cavern volume. y-

? LA

v

"

~

A

o
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Therefore, the positioning of.the cavern must be based on the height of the
-compensating water column that will be .in equilibrium with the ‘cavetn

pressure. : - W
B, = T?P” = 1028 pounds per square inch (psi) S
where: He - height of water column, ft, b o ( < o~
P = pressqfe of air storage reservoir psi. o
, weight of watFr = 62.4 1bs/ft3, and ’ e ,
. s ! '
' 1£t2 = 144 1 e T . .
: o? -t . R
‘So the weight of water per foot of hydraulic head is ..

. 624 lbs/ft3 = 0.433 psi/ft o,
144-1nZ/£¢? v . . - .

Therefore, the height of the cotipensating water column wil) be: AJR

. ) Hg = 1038 psi = 2,375 ft L
- “ o 0.433 psi/ft .7 .

u

. Y

- &

" The air storage cavern invert, therefore, will be located ;2,375 feegmbelow

"the surface elevatior of the water reservoir as-shown in Figure 29.
] '
a t & “ ' [

* Comparison of Capital Cost Es%imare to Similar Projects- : /
T 3 ' « o

M

AlthOugh historical cost figures are not available for CAES plants in North -
America, since none were constructed so far, following are the Capital Cost
estimates per kilowact hour generated by Acres Americam Ingorporated as a
result of feasibility studies of CAES plant in CaliforniaJ (In 1985 u.s.
dollars)

v

) . ¥, ' o9 .-“" i
'705 MW = CAES plant in porous media § 46b/xM
TS0 MW = CAES plant in hard rock - §" 385/kW £

Iy . )
[ 7
' o
.

‘In’ comparison, the 290 MW Huntorf’ CAES'plant construeted iﬁ l97§ in West .

Germany cost 400 DM/kW or about U.5.$ ZOQ/kw. - . ‘ v

.o ‘. L]
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. The recently- (1977) cofnpleted 162 MW convent»io_nql gas turbine peaking plant
‘ \\ constructed by Hydro Quebec in Cadillae, Quebec\cost GAN 'S 265/kW. . ‘
‘ , . \ / ‘ o
i Kartsounes and Daley(3o) havg generated the foll\dwing cost estimates

\\for a CAES plant of similar characteristics to th ~\one proposed in thise

report, ' Y

LERY

ik

y *
N «

Near Term Turbine.System

C;pitail Cost, $/kW: ‘ (1000,1600 °F)* :
Turl;omac‘hinery, engines " 40.8
Storage cavernk* ) . 87.0
Surface reservoir “ ' 8.1
Bal!gnce of plant ) ' , , 80.0
Indirect costghk* . ' 134.9

' Total : U.S.§ 350.8/kW
Operating Costs, mills/kWh
Capital Charge . 29.i
Fuel ., ) 9.5
Electricity . " 10.6°
Operation & maintenance ‘ 2.0

Total © U.S.  51.3 mills/kWh \

The cost of electricty (10.6 mills/kWh) shown under operating cost
probably indicates that the CAES plant will use off-peak electricity
. generated by fossil fuel thermal plants during the compression cycle.

* Inlet temperature to high pressure and low pressure turbines,
respectively. ,
*%  Water compensated, mined cavern
' %%t Contingency, engineering, escalation and interest

A4
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3.8 Economic Analysis - CAES Project ’
Fixed Charge Rates related to the cost of Investment(22)
Book life (years) 35
Capital recovery factor (X) 6.50
Interim replacement (2) ; 0.35
Insurance (%) , . ‘ 0.25
Fixed Charge Rate (Z) 7.10
Therefore the fixed annual costs of the proposed CAES i:rpject are:
($330 x.106) x 0.071 =  $73,430,000
Operating Costs
Mills/kWh
0il cost component ' 16.92
Fuel inventory component © 5.00°
Pumping cost component 6.53
Operating and maintenance 3.00
Total 31.45
1,000,000 kW x 2 hrs/day x 365 days x $0.03145/kWh § 22,958,500
Total Annual Fixed and Operating Costs: $ 46,388,500
say: $ 46,400,000

v

Explanation of Fixed Annual Costs - CAES Project

Book Life

¥

The estimated service life of modern generating facilities is from 30 to 35
years for thermal electric production plants, A 35 year life may be used

for gas turbine peaking plants(23),

?

RIS P b s ol o 3 i




t

Capital Recovery Factor (crf)

Was based on the same assumption \of real interest of 5%% as previously
described for the UPH project, however using a service life of 35 years
instead of 50 years used for the UPH project. . - ..

crf = 1 (1 4+ 41)0 = _0.055#.055)35
(1 +1)8 -1 (1.05%)35-1
‘ fa L. o= 0.065
. , = 6.50%

Interim Replacément

. . R . "
Studies indicate that an average allowance of about 0.35 percent of the
total investment is required for each year in the life span of a thermal

electric plant<23) .

Insurance ¢
[ ,

s

»

An annual allowance for 1nsui'§nce for - thermal power production plants, \

excluding nuclear, ig 0.25 of 1 percent of total gross investment(23),
N /

Explanation of Operating Costs

011 Cost component

s ' ‘ ' :

A s8tudy by P.A. Berman of Westinghouse Electric Corporation(zs)-
determined that this cost component for a CAES system with the parameters
proposed in this report is 16.92 mills/kWh. %

Annual Charges on Fuel Inventory Stock

. . . » . .
A reserve fuel supply is normally maintained at major gas turbine peaking

plu.anﬁs. Since fuel deliveries may be disrupted by production or
transportation problems, a reserve supply 18 necessary to assure

uninterrupted operation of the plaant. ‘ 1

e et




'75 days x 2 hrs/day x 1,000,000 k¥, x 8,800 Btu/kWh

The anmyﬂl charges on the investment in fue} stocks are part of the cost of

producing ' power. Eleetric utilities rdports iqdicate(23) that fuel
stoeks necessary for ‘approximately 75 days of normal operations are:*

maintained. '

On the basis of a net plant heat rate of 8,800.Btu per kilowatt-hour, the

k]

annual fixed charges on fuel inventory stocks would be:
Fuel stock required: 75 days . " - . -
Heat rate: 8,800 Btu/kWh A '

Plant capacity? 1000 MW = 1,000,000 kW S \
Operation period per day: 2 hrs.' . .

o O ©O

[«]

75 x 2 x 1,000,000 x 8,800 = 1.32 x 109 Btu

Cost = $2.85/Btu x 106

L]

Cost of fuel = 1.32 x 109 Btu x $2.85
1 x 10 Btu '

‘= $3,762,000
Interest @ 5.5% : 206,910

To&al annual cost of fuel inventory $3,968,910

Cost mills/kWh . $3,968,910 = $0.005
. 1 x 109 x 365

= 5 mills/kWh

%

Pumping Cost Component

[}

The study. referred to above also determined that 1.306 kW of energy is
required during the off-peak compression cycle to obtain 1 kW of energy
during the generating cycle. T '




v

If‘the cost of energy for the compresaion cycle is agssumed to be 5

mills/kWh the p\mping cost component is:. . . . "
kW compression ' = 1.306 = 1.306 - | '
- kW out 1 ] '

1.306 x 5 mills/kWh = 6.53 nilla/kWi™

3

Operating and Maintenance Costs-

In the absence of cost figurea for 'é CAES system the figure of gas turbine
1.71 mills/kWh" quoted for 140 MW units in the U.S. in 1968 was used and
escalated GZ annually to arrive at 3.0 mills/kWh. . o , .
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CHAPTER IV
. )
' +
COMPARISONYOF ALTERNATIVES
( . ) v
J o

In the previpus cﬁapters the two alternative methods of ' energy storage,
‘each capable of supplying 1000 MW of power for a beriod of two 'hours daily,
were described both from technical and.econgmical ~viewpoints.

7

However, it is felt that the figures given may not adequaté].)" describe the

alternatives and, therefore a set of qualitative terms were developed as

criteria for further aid:lng»in the selection of one of the technological

\
i

options. . )
Although an attempt was made to include as many criteria as necessary to

‘provide a complete li;nt it should not be viewed as such, but rather as a

g

very general guide.
® -
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A
N R 2% § Criteria for Selectiné Technological Opgibn X |§°4: ' .
* . R
N . .Complexit . ~ the technology must be simple to operate,‘

. easy to mainrain and simple to repair and
A - generally it should’ be longlasting.
s 1 o . ’
Dependability = the level  of service to be provided with a

spécific degree of certainty must be an
° - *  explicit component of dgsigﬁ, construction

and operation. ? !

+ (4

\‘ ) . . ) . T :\

—

Timing - bécause the purpose of installing any
" technological option 1s to produce some
desired outputs, an important consideration
.18 the time required until th; first outputs

+ are actually produced, For a major project;
. using - capital intensive methods of
| " construction early completion will enable

benefits from outputs to be derived earlier.

Cost . © = Central to all decisions regarding choice of

technology are tosts. Theae include:

o~ -

N ST y . i - qpﬁgtruction costsg,
| ‘ - operation and maintenance costs, together
with replacement costs, .
= administrative costs, ' _;
Included in all three costs are equipdent,
materials_  and supplies, enefhy; tand and
L . : .labour of all types. °
& : :

It ig the time stream of total comstruction,
installation, operation, maintenance: and
re?lacemgnt costs which is the moat releyant

oo . .o criterion.

.
ok, . . . E
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Related non-human input — _ Because -there may be physical constraints on'
B 3

a

. the availability of some resburcgs, such as
fdel, oil, land - contraiﬁt.s which should be
refl’ecte& in costs but for which costs are

'usually underestimated - it 1is wuseful to
indicate the bhysical quantitigs "of these

inputs required for a technological optioum.

An ':lmportant: consideration in costs 1is' the
_amount of foreign exchange required for the
technological option. '

Cost effedtiveness the ideal criterion for ‘the evaluation ot'

a technological option 1s net benefit.
However, in many cases not all of the net:.
. benefits - cdn be . translated uintc monetary
terms. ‘
L

Criticalto the success of the application of

- any level of technology is the existence of a
management organization capabl.e of providing
the requisite trained manpower to supervisge,

_operate and maintain the physical system and
a financial  structure capable of i:roviding
the requisite  monetary resources  for
opération and 1 maintenance and" replaéement
over time. '

Rélatibn to other options - ‘Too often a particular technological option

LY ‘. is viewéd in dsolation, rather than in

S

relation to other options being developed.

v ”

Side ‘effects o . ‘Consideration must be given to whether or not
— . : ' the technological optiomn can result in
condition which exacerbate or - conceivably,

witigate some existing problems.




o : Lo

Accuracy of estimates ~ The choice of technoioéy may hinge on the <
. ‘ degree of accuracy associated with the
- R estimate of .both: costs and results.

Different levels of complexity of technology ‘
‘may well have substantial differences in the
accuracy of the. estimates of costs and
results associated with them. On the other
o @*5%: S © hand, the range in the dccuracy of the
- ‘ A ’ ' estimate may be similar for both highly
. E complex and . simple technological options,
but the consequences of 1naccuracy in
'Nestimgtioﬁ may be muip grgéter for the

former..

Political consideration v Regardless of economic costs, the ultimate
. locus of choice is the political arena. The
decision makers are likely to consider the o
. ' ' technological option in terms of the priority.
of the bénefitg‘perceived to flow from it in
relation to other 1local problems; in
cTelation to its impact, 1if 1mp1émented, on
intergovernmental relations; and.in«relation‘

é o o to public acceptance. .
: . , ~

.
s b M
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) TABLE 8
RELATIVE MERITS OF THE TWO PROPOSED
. v ‘ ENERGY STORAGE ALTERNATIVES
C, CRITERIA o UPH- . ‘ CAES
;
. . -~ ‘&
1. Complexity ‘ 3 ‘ 2
: Lo v
2. . Dependability’ 3 L 2 )
3. Timing _ S 2 3 N '
4,  Costs ' 3I . 2 %
. i
ks
. _ )
5. Related non-human inputs 3 1 i
6. Cost effectiveness . 3 ‘ ' 2 :
L)
7. Management organization* 3 - "3
8. Relation to other options 2 _ . 1
/ . ' .
9. Side effects 2 1
10. - Accuracy of estimates .3 . 2
11. Political considerations 2 . . ) . 1
Ratio of total poiamts to " 29/33 ‘ 20733
maximum possible total: ° (0.878) , (0.606)
.z (0 to 3, 3 highest - Acriteria have eqdal welght) i

@
°
| ]

* It is agsumed that the project will be managed by Hydro Quﬂeb_ecr This
utility is considered ome of the very best in North America from the
énanagement point of view.
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4.2 Capacity Probability Analysis (29)

a

4

Many utilities use the probability theory in figuring out .their probable

forced system outages* to arrive at a suitable reserve capacity. Lef Qi,

Q2, Q35 +--+, Qn be the forced outage rates of Unit No. 1, 2, 3...., m,

expressed as the ratio of number of days-outage to the number of days in

the year. Similarly, let Py, P, P3, ....., Pn be the operating
rates of Unit No. 1, 2, 3, ....., n, expressed as the ratio of number of
days of running to the number of days in the year. Then P + Q = 1 for any
unit b; definition. From the probabllity. theory the product P1P2“ is
the probability of Units No. 1, and 2 being in operation simultaneously
over any given period; the product Py{P7P3 1is the probability of Units
No. 1, 2 and 3 being in operation simultaneously over any given period.
The product Qp Q2 Q3 1s the probability of Units No. 1, 2 and 3 being
out of service simultaneously.

To find the probability of different combinations of units out of service
and in service, we use '

«

Py AQ1) (P2 + Q2) (P3+ Q3)cveee(Pun+Qn) =1

If all the units have the sameé service and outage probabilities P and Q,

\

this equation reduces' to:

®+Qn = 1 . ‘
’

The probahility of forced outages for the two schemes is plotted in Fig.32

Tlu!‘r plot shows that the four\lgit: UPH system has a lesser probability of

maximum outage than the five unit CAES system. ‘

\

\

The probability of 0 MW loss (continuous operation) is 0.98 for a single
250 MW UPH unit; this falls to 0.92236 for the four 250 MW units. This,
however, is not the basic criterion for selecting a system for continuous'
operation. The probable outages are’ significant in this respect. The
single unit is out of service 2 percent of the time but the four unit

sys‘tem would be out of service only 0.000016 percent of the. time.

* As opposed to-planned outages (eg. malntenance, replacement of certa;n

components. ) s

i
d
)
¥
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Forced outage calculation

a) UPH System

1000 MW capacity '
4 - 250 MW units .

The operating probability for all units is P = 0.98; and the forced
outage probability rate is Q = 0.02.

e Therefore for the four ZSQ'MW units we have: —

»

(P + Q)% =%(0.98 + 0.02)4 =1
- P4 + 4p3q + 6p2q2 + 4pQ3 + ¢4 = 1

0.98% + (4 x 0.983 x 0.02) + (6 x 0.982 x 0.022) +
///// (4 x 0.98 x 0.023) + 0.02%4 = 1 ,
Sumnarizing, we have the following tﬁbulatidns: '
P 3

Capacity out of service ) \ /

or forced outage, MW . .« * Probability
0 - 0.92236816
250 . o 0.07529536

500 ' . 0.00230496 .

. i / ‘
' 750 ¢ 4 , 0.00003136 o ’

1000 | .. _0.00000016
1.00000000
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b) CAES System

1000 MW capacity
"5 - 200 MW units .

v

" The operating probability for all units is P = 0.9 and the forced‘
outage probability is Q = 0.1l.

- Therefore, for the five 200 MW units we.have: -\
(P + Q)3 = (0.9 + 0.1)° =1
P + 5§4Q + 1993Q2 + 10p23 + 5 pQ4 + Q5 = 1
- q.954+ (5 x 0.9% x o.15 +‘(1o x 0.93 x 0.12) +

(10 x 0.92 x 0.13) + (5 x 0.9 x 0.1%) +0.15 =1

Capacity out of service

or_forced outage - MW o Probability
0 ‘ ' 0.59049 .
-/
200 . 0.32805
400 | ~0.07290
600 _ : " 0.00810
800 -  0.00045
1000 I 0.00001 _
* . 4

1.00000° , ' ..
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s 4.3 Summary Statement
Based on the foregoing it would seem that the UPH project would be better !
i : .
suited for consideration as a source of peaking power than the CAES .
project. . ) ’ '
v/ i
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Covélusions ' , IR

The foregolng preliminary analysis indicates that:

»

a) A 1000 MW UPH project could be constructed in Montreal in 1979 for about
$433 per kilowatt installed.

"The fi‘xed annual costs of the project woul[ be $35,100,000.

b) A CAES plant of the same capacity would require a capital expenditure of

$330 per kilowatt inatalled and the total fixed annual costs would be
‘ $46,400,000. ‘

In orde:; to further aid the decision makers in the selection from thesé two
alternatives the following information is provided. ‘

3 '
UPH Project
- The concept utilizes electrical and mechanical equipment similar to

conventional hydro projects successfully operating around the world.

The reliability of the equipment is well known and its behaviour is
predictabfe.

Thg coat figures generated in this report are based on current actual

figures and are thought to be accurate to within + 10Z. vt

The surface area occupled by the project is relaﬁively gmall and would
require only about 15 acres for the permanent structures.

' f
After having placed the project iu£6 operation, it would require a

minimum amount of maintenance, it would not pollute the air and it would
. be virtually noiseless. )

[
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' CAES Project

” . - /
- The c&hcept utilizes mechanical equipment of relatively new design.
This equipment would require an extensive research and development
. progran ig ordef-to assure compatibility of the system components. To
date there is only one existing plant in the world utilizing this
concept. This plant is relatively small -~ 290 MW -~ compared to the
- 1000 MW instali;tion discussed in this reﬁort.

By ,

'

+ =" The reliability of the equipment is not known to the same degree as that

of hydro equipment.
= The cost figures generated in this report are, for the most part, based
on conventional gas turbine plants. The accuracy of the figures for the

mechanical components is probably + 20Z, - S5%.° -

= The surface area occupied by the prgject is large, being about 150
acres. This figure is a preliminary estimate and was based on the la
Citiere conventional gas turbine peaking plant of 284 MW capaciﬁy
presently under coanstruction near Laprairie: Quebe¢ by Hydro-Quebec on a
68 -’écre gite. Since the proposed CAES éroject useds only 35% of the

.~'fqel required for conventional gas turbines, the fuel storage area was
reduced by 65Z. - Also units of 200 MW capacity were used in piace of the
smaller units - that would require greater area for the same installed

kS

capacitym’

In spite of extensive efforts;to equlp a gas turbine instgllation with
silencers, there 1is considerable notse during the generating -‘cycle,
‘'comparable to a medium size airport. Attempts to silence the equipment
. beyond'a certain level would be impractical because the turbine would
- have to work agaiést i%Freasingaback prepsq;e_that would rgduce its

efficiency.

¢
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Air pollution iscpresent both by the discharge of exhaust fumes during

normal operation and by the occasional discharge of compressed air
directly into‘che atmosphere from the storage.;eservoir. The latter
operation might dischargé..a certain amount of rock particles, natural

gas and other possible impurities contained in the storage cavern.

_ Although more' fuel efficient than a conventional gas turbine, the CAES

system ‘still uses imported fuel during the generating cycle and

therefore it is exposed to the effects of the ever present fuel cost
escalation.

The extremely high storage cavern pressure could, conceivably, cause a
blowout under certain circumstances endangering life and property. From
thi&fpoint of view the construction of such a project might be found
objectionable near built-up areas. , °

e Y =X T
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5.2 Recommended P}ogram of Additional Work

< ' ' v

The following recommendations apply to both projects: . . I

1. Design Criteria and Impact on Existing Power System . E y

= Literature search and survey of available components.
v ) of
- Develop cycle for optimum utilization in the existing Hydro-Quebec

System. - - B

- Prepare Design Criteria documents.
A o

2. Site Selection and Establishment of Site Characteristics ‘ 1

-~ Develop site selection methodology. ‘ !

@
L3 ’

Access to site.

I3

-/\

Prepare site selection report.

‘

Surface exploration program.

Subsurface exploration program.

2
.

3. Formulation of Degign Approaches

Develop performance requirements for compressors, heat exchangers,

turbines, reservoirs, shafts, etc.

1 4 " . »
-~ Subecontracts for development of specific components (confirm feasiblity,

.performance characteristics, cost<estimates etc.).

- Integrate 4all sub~systems into a coherent coqfiguratipn.
L3 ‘ \.' .
~ Estimate preliminary construction costs and schedules.

~

o

. . o . .
' , .
¢ .
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\

. = Identify further research~and'deve16pment requirements.

- Prepare the design approach report. T )

0 1

4, Assessment of Environmental and Safety Aspects -

S l

/ ‘4‘

~ Perform safety evaluation (inside plant and outside plant boundaries).
- Preépare Preliminary Safety Analysis Report.

-~ Perform environmental evaluation.
. b

- Prepafe preliminary Environtental Assessment Report.
~—

5. Preparation of Preliminary Design of Plant

’

- Prepare facil1ty/componenb?@€bkages.
-,

=~ Refine construction costs and schedule estimates.

»

~ Perform cost/risk study (identify risks, determine probabilities, =«

identify associated costs and tradeoffs).

- Prepdre licensing package (idehtify requirements, applications, assemble
available data).

.
t

- Prepare Plant Design Report (final report). h '

i)

- ‘ . * . .
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GLOSSARY OF TERMS AND EQUIVALENTS

Capacity of hydroelectric
station '

e, vy

Cofferdam

. ?

Constant dollar

Current dollar '

.
.
-

- the minimum "load imbosed on an electrical

system over a specifgd period of time. A
baseload generation unit 1is  dedicated’ ‘to

meeting a more-or—less continuous electrical
demand.

Total genérating capacity of all the units of

a hydropower station under givén conditions.

A distinction 1is made beéween the installed

capacity and the guaranteed capacity.

“

A temporary structure, often of steel sheet

pilings, erected to exglude water from ‘an |

-’

area that would normally be' submerged to
facilitate the construction of - foundations
.under dry conditions.

Values are expressed in unit prices

congldered to prevail at a particular point

. {
in time. In this report, constant dollar

‘3aldes have been established on the basis of
prices prevailing in Maréh 1979. . |
Values are expressed in umnit , prices
considered to prevail at the actuai time that
expenditures are incurred or revenues,
received. In this report, future current
dollar values have been estimated by
incféasingu the constant dollar prices of

March 1979 by price 1inflation factors

_ pertinent to the "period and subject under

construction. -

o
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" Design head
S

lDr.‘af t tube

Efficlency of the ‘pumped

storage cycle

Firm capaciﬁy of hydro '

electric stqtién

Y

’ ¢

‘ Frazil iee

S
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4

Smallest working head with which the turbine & '

must develop a éov;ler equal to the installed ,

capacity.

* 1

Element of a hydro—power’ station with

reaction turbines designed to regain the

kinetic energy of the flow leaving the runner

by conversion into suction head.

/ "y

i
S

Ratio. of the power output fros;x discharge to

"the power consumed for recharge (measured on

the high voltage bus bars of the pumped

storage hydro power ‘station).

Minimum daily generating ‘capacity of a
hydro—-power station which can be achieved
;dth a given degoree of seéur'it:y,p‘ which
characterises the electricity output during a

geries of years with low water availability.

Various® ice crystals (laminated, round,
lenticular, etc.) or their accumulation in

the water as a spongy, opaque mass. It forms

when the water 1s supercooled. Suitable

conditions for the formation of frazil ice
arise ' at the open water surfaces within
non-moving ice cover or between iced sections
on rivers and albo in large ice fields in
lakes. Accumulations of frazil ice form on
the bottom (submerged ground 1ice) or on
objects situated 1in the . water, causing
blockage of openings: of hy"drotechnical
installations, canals, etec. FraziI‘ ice
floa-c:gng- on the surface together with other
kinda of ice formations constitutes slush.

\




Hydropower unit of a

pumped storage plant

Hyd ropower 'unit run—-away

A

Installed capacity of

speed .o

hydroelectric station

~

Load factor

Net head of hydroelectric

station

e
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N
v
H

A unit which, when operating as a hydro
turbine-jenerator, éonverts the hydro- energy
into elecfricity, and when operating as a
motor driven pump converts electricity into
potential hydro energy. Three schemes are
normally used: - Scheme I -‘the whole unit
comprising of the pump, motor-generator and

the turbine, 1s mounted on one shaft. In

Y

some cases,) it may also have a clutchq&‘\‘

éonnection and a starting turbine. Scheme II
—~ the unit consisting of the_:pump-turbine
(vhich can serve as pump or turbime) and the
motor-gederator mounted on one shaft. Scheme
I11 - individual units of (a') the’ tur."bine and
(b) the pump and motor.

«

Maximum ‘speed (rpm) of a unit ,on tripping
full load and with guide vanes fully open.

Sum of the nominal active capacities of all
the generators of a hydropower stationm,

including auxiliary power generators.

18 the ratio of the average demand load to
the maximum or peak demand load over a

specified time period.

Head of a hydfo power atat:ion' is
the difference in the s;ecifie energles pf
tl;e water at' the turbine inlet and at’ t:Ce
outlet of the .draft tube for reaction
turbines, and at the middle outlet lev:el of

the jet' from the runmner for free jet action

turbines.

-~
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Overburden Voo =« The: overlying stratum of soil relative to a

Peak demand . -

Penstock; pressure conduit -

‘Present worth -

Reversible turbine

{pump turbine) -

Shqre ice . : -

Specific speed~(specific

,speed of a turbine) - -.

4

level of iInterest. Frequently used Eo refer

to all ‘'soil materials overlying the bedrock.

is the waximum capacity demand of an
electrical supply system over a specified
Qeriod of time.

Pipe 0{1? duct along which the water flows

.

under pressure. )

uis the measure - of _value ascribed to

1nvestments“aﬁd revenues in this repbrt. It
represents the value, in a base year, of a
dollar value in an§ other year or a series of
dollar values ovéL a number of years, after
adjustment  for 7the effects of price
inflation. The/ "base year"” used in this
report is 1979. Alternative descriptions fo'r
present worth commonly used are “present

¢
value” and "discounted ‘value”.

Bladed hydro. machine, able to work both as a
reaction turbine and as a pump, with

reversible or single direction of rotation.

Strips of 1ice bordering the banks of river

when the remainder of the water surface 1is

-

not frozen.

,speed in rpm of a turbine, geometrically

similar to the ore being tested and operating
under  hydraulically _ similar conditions,

required to deliver a power output of 736 .
watts (1 HP), under a head of 1 metre.

PR . S WP DTSR LAt

duck




Stored volume of water

Trash rack

Turbine efficiency

Turbine run—-away speed

Water intake;

, structure

water intake

73

(live storage capacity in a pumped storage
plant) ﬁé;imum'Quantity of water which can be
pumped into the upper reservoir by a pumped
stor4§e power station in the course of a

single cycle of regulation.

Device 1nst§m1ed at the inlet of a water
intake structure for trapping large floating

" objects. According to the space between the

bars, the Screen may be safety, coarse or
fine. According té the method of removal of
objects trapped, the screen may be designed
for mechanical cleaning, hand cleaning,
disintegrators, etc.

Ratio of the power output to the power
input.

Maximum speed (rpm) which can be reached by a
turbine with no load, uncoupled from the

generator.

e

‘fﬁgd;;:;; {ntake structure at the head of the

conduit. to which the water from the stream or
' A

reservoir is diverted.

Py




Btu

=

,bounds.

EQUIVALENTS

[ [

1 cu. metre (m3) = 35.31476 cu. ft.
= 1.30795 cu. yards.

1 kilopascal (kPa) = 20.88555 pounds/sq.foot
« /’ 0.14504 pai’

“

. 1 kilowatt hour (kWh) = 3412.13 Btu

megawatt - 1,000,000 kilowatt (kW)

.

Gigawatt hour - 1,000,000 kilowatt hours (kWh)

>

British Thermal Unit. The amount of heat equivalent to

251.996 IT (International Tables) calories or 778.26 foot’
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APPENDIX A ;

COST ESTIMATE - ROCK EXCAVATION AND
s

" TRANSPORTATION - LOWER RESERVOIR -

Source of Costs:

/

1. -Programmation et Contrdle des colits (PCC) - Socidte d'energie de la
Bale James; Montreal, Que. '

-

2. Spino Construction Company; - Montreal, Que.
' ‘ »
3. Revay & Associates Ltd., Construction Management Consultants,
Montreal, Que. '
{
4. Projects of similar nature, e.g. Churchill %alls Pawer Project. In
these cases prices were escalated to 1979 using an inflation rate of

8% per year.

Summary of Direct ‘Costs 3 "

.

Cost per c.y. - 1979 dollars !

Alternative Excavation Hoisting Conveyor Transport Total

A. - Holsting C 19.26 6.00 - 3,34 28.60 ;

B. - Conveyor 19.26 - . 4.96 1.33 25.55 3

C! =~ Access a) tunnel 21.07 - - 2.78  23.85 : .
tunnel b) reservoir 19.26 - -, 3.83 23.09 o :

E

\ a
\ Estimated tendered prices with 50% mark-up for overhead and profit

kY
il N ’
! . 3

1.5 x §28.60 = $42.90/c.y.

. A. - Hoisting

1

,Bq\’ Conveyor 1.5 x $25.55 = $38.33/c.y.
C. - Access = a) 1.5 x $23.85 = $35.78/c.y.
tunnel b) 1.5 x $23.09 = $34.64/c.y.

-
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‘Estimated Total Tendered * '
- A. - Hoisting 2,055,000 c.y. x $42.90 = $88,160,000
' B. - Conveyor 2,198,000 c.y. x $38.33 = $84,250,000
C. - Trucking a) 1,160,000 c.y. x $35.78 = $41,500,000
b) 02,055,000 c.y. x $34.64 = $71,180,000
Summar . ' Estimated Total Tendered $
. | .
' A. - Hoisting - vertical shaft: ‘ 88,160,000 /
’,add heavy equipment hoist, T
operation and maintenance 9,000,000
‘ 97,160,000
B. - Conveyor - 35% grade 84,250,6Cp -
C. - Access tunnel ~ 7% grade: 112,680,006 .

Therefore, the most géonomical method of removing the excavated material to

the disposal area is by a 357 inclined tunnel equipped with a conveyor belt

system combined with trucking from the tunnel to the disposal area.

*

Note: The tunnel was sized tﬁl;nable the passage of heavy powerhouse

equipment like turbines, generaﬁors and trangformers. The cost of

special equipment required to convey the equipment underground is

~not knoﬁﬁi however, it is thought that the 25% contingency allowance

will be sufficient to absorb the cost of modification necessary to

the conveyor or the installation of a suitable “cograil system and

' carrying platforms.

’
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Determination of.the Probable Duration of Excavation

»

Information concerning excavated volumes and actual duration of excavation

were gqbtained .for eight projects. All these excavations weIe performed in

hard rock.
. 1. Helms Project - California, U.S.A. \\
Conventional pumped storage'. .
' Excavated volume: 1,000,000 c.y.
Duration 31.2 months

-

-

2. Underground Nuclear Plant - California, U.S.A.
Excavated volume: 1,060,000 c.y.
Duration 34 months

3. Churchill Falls Project
Powerhogse and Surge Chamber
Excavated “volume: 4 713,900 C.y.
l Durat16n~ 21 months

/ 4. Churchill Falls Project "
Tunnels | ’
Excavated volume 1,334,800 c.y.
Duration 33 months
5. James Bay Project, LG-2
Powerhouse and Surge Chambers
Excavated volume: - » 813,210 c.y.
Duration nlS*ﬁpntha

6. James Ba§ Project, LG-2
Diversion Tunnels

‘Excavated volume: 1,121,330 c:y.
‘Duration 24 months ' -

S R T A v ~Widh




7. James Bay Project, LG-2
Access Tunnel
Excavated volume: 144,400 c.y.
Duration “‘5 9 months

-

/Aﬁ. Nynashamn Project - Sweden .

. Underground O0il Storage Caverns . : {
) Excavated volume: 1,200,000 c.y.
Duration ” 26.4 months

,Linear regression analysis was performed to plot the best line throuéh the

data points. The results are summarized in Figure 1.

The coefficient of determination (r2) was cémpufed at 0.75.. which
indicates a fairly large scatter of the data points. The figure indlcates
that for the UPH project, having a cavern volume of 2,055,000 c.y. the
duration of the excavation would be 48 months. However, all the prdjecta
used 1in  the analysis were excavated on one face. In case of the UPH
project three faces would be driven simultanéously, therefore the expected

duration of excavation is 48/3 = 16 months. )

On the other hand, the proposed CAES project cavern would be excavated by
driving one face only. In this case the graph is valid and indicates an

expected excavation duration of 23.22 months. ¢

Therefore,- it would appear that the excavation of the storage reaervoir of
855 000 c.y. for the proposed CAES project could only be done in 1.5 years
1f there will not be any delays. Based on the information contained in

Figure 1 a potential overrun of excavation timi'i? indicated.

>
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Cost Estimate — Rock Excavation and Transportation

e, - . . Lower Reservoilr '

5
Al

~
0 ]

* 1.0 Excavation of underground reservoir utilizing.’the following

alternative methods of transporting excavated material to surface:
= .

»

’

. i
A. - Hoist and vertical shaft

B. - Conveyor and inclined shaft 352 grade -
C. = Truck and ramp\- 7% grade " T

. 2.0 - Excavation of underground reservoir - Direct costs: . . *
=~ Quantity .excavated 2,055,000 c.y. x 2.2.' tons/c.i. \
' =" 4,600,000 tons . :
- Duratfiqn 1.5 years '

= 1.5 x'220% = 330 working days

!

»

2.1 Top heading 4950 1.f.@ 60-c.y./ft. = 297,000 c.y.
(Fig.2 shows a typical top headoing‘operat.ion)

2.2 WVorking 3 shifts/day/face S

220 working days per year -~

2.3 Advance/shift/face

" Drilling 7 ft. .o I . ;
" Advance 5 ft. = 1 round ° : - . . ¢ ,
2.4 Advance/day/face = 3 rounds = 15 ft. . ‘ '
2.5 Advance/year/face = 15 x 220 = 3,300 ft. o .

2.6 " Advance/1.5 year/face = 4,950 fe.’ ‘ .

2.7 No. of faces to be worked

- 21:_:%2% = 1 faf:e . o ' |
2.8 Total advance per day ' . ‘ ‘ o A )
1 face x 3 shifts x 5 ft./face = 15 ft. ' . .
‘ 2.9 Advance per year: ) p ’ . R « )

220 days x 15 ft. per day = 3,300 ft.

'
\ .

* 220 woi'king days/year assumed
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2.10

" 2.11

L
2.12

2.13
2.14

2.15

“

?Qtal time required:

4950 ft = 1.5 years )
3300 ft7yr .

Total number of rounds:”

4950 ft. = 990 rounds
5 ft/round '

Crews:
- Drilling and blasting
~ Muckihg and hauling -
-'Service
Drilling and Blasting crew: -
No. of crews per shift = 1
1 shift crew production:
1 x5 ft/shift x 60 cy/ft =300 c.y./shift
Equipment:
2 - Jumbo's (5 drills each)

7”1 = Loader with 4.5 c.y. bucket - .
3 - 40 ton off-highway trucks
2 - Pickups '
1l - Bulldozer .
1 -5 ton truck . '
Labour: , .
1 drill foreman g o »
10 drillers k - ‘ )
1 drill mechanic *
} bit grinder
2 labourers
1 service truck driver , . . .
2 powdermen \i
2 scalers ) L
1 loader operator \;' )
3 off-highway truck d;ivers
2 truck spotters
_1 excavation foreman

Total 27 men per shift crew

-




4

2.16

»

Cost of jumbos and drill-material:

Purchage cost of Humbos
2 x $250,000 = $500,000

No. of hours used/round: 2

; Total jumbo hours .

2.17

S

‘990 rounds x 2 hrs = 1980 hrs. -
Purchase cost per hour: y
$500,000 =~

1980 hrs

3

Operation and maintenance per hour
10 drills @ $5.00/hr.

Cost of bits ﬁnd steel

300 c.y./hr kx 4.5 ft/c.y. x $0.25/ft.

"Total drill equipment and material cost/hr

Mucking cost
Purchase 1 - 992 Loader @ $300,000
Number of hours used:

300 c.!u =
150 c.y./hr.

Total hours used:

2 hours/round

2 hours x 990 rounds = 1980 hours

Purchase cost per hour $300,000
1980

Operation and maintenance

Total Loader cost/hr.

Cost per c.y. = $§202. x 2 hrs. \=

300 c.y.

2.18 Hauling cost (to shaft or ramp)

Purchase 3 - 40 ton off-highway trucks

3 x $200,000 = $600,000
’ Purchase cost per hour

$§600,000 =
10,000 hours*:

85

$252.00

$50.00

$338.00 -

$640.00

$152.00

50.00 -
$202.00

,"31.35/(:.)'.

$60.00 : ' -




o . Operation and maintenance per hour ]
S 3 x §35.00 = ‘ $105.00 !
" Total hauling cost per hour: ' $165.00
Cost per c.y. $165. x 2 hrs.
300 c.y. $1.10/c.y. .
2.19 Bulldozer cost L : °
Purchase $150,000 ' 4
Purchase cost per hour $150,000 = $ 15.00 ' )
. v 10,000 hrs Co
4 Operation and jmainenance 30.00
Total cost per hour. $ 45.00
Cost per c.y. $45. x 2 hours i
300 c.y. : $§ 0.35 c.y.
2.20 Cost of pick-ups and service truck
. Purchase 2 x '$7,000 = ¢ $14,000
\ 1 x $9,000 = $ 9,000
\ Total $23,000
Pur\chaae cost per hour $ 2.30%
. Operation and maintenance 10.00
Total cost per hour $12.30
Cost per c.y. $12.30 x 4 hrs. = $0.2/c.y.
! . 300 c.y.
) 2.21 Labour cost
| 27 men x $15.00 = $405.00
. Cost per c.y. $405. x 8 hrs. = $10.80/c.y.
: 300 c.y. - N ) g ’ ‘ . 3
. -+, 2.22 Explosives and accessories costs ) g
- Powder factor: 3 1lb/c.y. “ i »
T , Cost per c.y. 3 x $1.00 $3.00/c.y. ‘ S i
.A ' * ’Life of equipment 10,000 hrs. ' By ' ) .
' ¢ ‘ ‘.
' . . 4 , / $ . o '
e



2.23 Total top heading direct cost

2‘16

2.17 .

2.18
2.19
2.20
2.21
2.22

3.0 Benching

Total excavation:

Excavation per hour:

Drilling

Mucking.

Hauling

Bulldozer

Service vehicies
Labour

Explosives

Total direct costs

benching

= 6,000 houtrs

$4.27/c.y.

1.35
1.10
0.35
0.20
10.80

3500 :

$21.07

1,760,000 c.y.

Total hours for 1.5 years:

1,760,000 c.y.
6,000 hrs.

(Fig. 3 shows a typical excavation procédure of heading and

1.5 years x 220 days x 3 shifts x 6 hours

300 c.y./hr

Excavation per shift 300 c.y. x 6 VOurB‘- 1,800 c.y.
Excavation per day 1,800 c.y. x 3 shifts = 5,400 c.y.

3.1 Drilling /
' Using a 4~drill jumbo
2%" dia. holes @ 45 ft/hr
¢ R Drill factor 1.2 ft/c.y. |
6' x 5' pattern + line drilling

™~

+ 102 subgrade drilling

Drilling per hour (for one jumbo)

Drilling/hour required 300 c.y. x 1.2 ft/ch, = 360 lin.ft.

Number of jumbos required 360 lin.ft.
180 1lin.ft.

4 x 45 = 180 lin. ft.

7

= 2 jumbos

7z
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3.2 Drilling, Blasting, Mucking and Hauling Equipment:
2 - 4 drill jumbos
b Y

992 loaders

2..

4 - 40 ton off-highway trucks :
. 2 - bulldozers

2 - pickup trucks V4
\2 - gervice trucks -
Labour:

2 - drill foremen

8 - drillers

8 - drill helpers ;

1 - drill mechanic

2 - labourers

4 - powdermen

1 - blasting foreman

2 - loader operators

1l - excavation foreman

4‘— off-highway truck drivers

2 ~,bulldozer operators . )

ro

- service truck drivers
_2 - truck spotters
Total 39_nmen per shift .
C
3.3 Cost of drills and drill materials

R

" Purchase: cost of drills

2 x $200,Q00 - $400,000
Cost per hour: \\\\\\\\

$400,000 $ 40.00
10 000 hrs
Operation and maintenance: - § ’
8 drills x $8.00/hr $ 64.00

Cost of bité and steel:
300 c.y./hr x 1.2 ft/c.y. x $0.25/ft _90.00

Total cost per hour " $194.00
Cost per g.y. $194.00 = $§ 0.70
2} 300 c.y.

\




A “

3.4 Cost of mucking and hauling equipment (see 2.23)
Loader . 1.35 /c.y..
Trucks ' 1.10 '
o Bulldozer 0.35
" Service vehicles 0.20
_Total $ 3.00/c.y.

3.5 Cost of labour crew Cost/shift
39 men x $15.00/hr x 8 hrs/shift $ 4,680.00

Cost per c.y. $4,680 = $2.60/c.y.
. 71,800 c.y.

3.6 . Explosives and accessories cost
Powder factor 148 1b/c.y.
Cost per c.y. 1.8 x $§1.00 = $1.80/c.y.

3.7 Total benching cost
3.3+ Drilling $ 0.70/c.y.
3.4 ,Mucking and hauling 3.00
3.5 . Labour( ' . 2.60
3.6 Explosives _1.80
Total Cost . § 8.10/c.y-

4.0 Cost of services

4.1 Cost of air compressotrs:

Air requirements cfm Hours Total cfx106
Top Heading - 10 drills x 400 cfm = 4000 x 3300 x 60 = 800
Benchinsﬁ— 8 drills x 500 cfm = 4000 x 6000 x 60 = 1500

Miscellaneous = 2000 x 1500 x 60 = 200
Total ) 10,000 2,500

Compressors required:
10,000 cfm x 80%Z = 8 - 1,000 cfm electrical” compressors

¢

Number of hours used:

f 2,500 x 106 cfm + 10% capacity margin . = 45,800 hours
: g , 1000 cfm x 60 min

say: 46,000 hours




Cost of compressed air supply:

" 4.2

)

Air compressor purchase 8 x $40,000 = $320,000
Maintenance 46,000 hrs @ $3.00 = 138,000
Power 46,000 hrs x 200kW x $0.015 = 138,000
_Compressor operators - ) )

2 man/shift x 220 days/yr. x 24 hrs/

'3 shifts x 1.5 yrs. x $15 "= 237,600
Alr bIFEs & fittings (estimate) = 100,000
Miscellaneous materials (estimape) = 100,000

. Total compressed air supply $1,033,600
‘ allow 1,050,000
\
Ventilation
Alr required:-
'~7,000 HP, 75 cfm/HP @ 80Z = 420,000 cfm
Number of fans required ‘
4 - 125 HP
Total fan hours:
4 fans x 3 shifts x 6 hrs/day x 220 days/yr
x 1.5 yrs = 24,000 hrs
Ventilation pipe: '
48" dia. duct 10,000 lin. ft. .
Power required 24,000 hrs x 90 kW = 2,200,000 kWh
Doors — 2 doors/face .= 2 doors

Cost of.ventilation:{

Fans 4 x $15,000 - " -$. 60,000
Duct 10,000 1in. ft. @ $10.00 - 100,000
Power 2 x 2 106 kwh @ $0.015 33,000
System maintenance (estimate) ~ 50,000
Doors 2 x §5,000 10,000
Total‘ventilation ) $253,000

w

4.3 Miscellaneous power requirements’

Heading, benching 100 kW
Lighting 750 kv
Exterior lighting 200 kW

90
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91 o
Power tools 100 kW | 4
Punps 500 kW N | ?
Total . 1,000 kW ' § J é
* Net power required 1,000 kW x 60% 600 kW 3
Electrical material for 20,000 feet A ?
Cost of power: ‘A
¢ 600 x 24 x 250 x 1.5 x 80% = 4.32 x 106 k¥h .
' 4,32 x 106 x $0.015 $ 65,000 .
. Material 20,000 ft. x $20.00 400,000 -
Maintenance materials (est.) 200,000
E?ergency power (estimate) 100,000 | ‘ .
Total miscellaneocus power $ 765,000 ‘
: 4.4 Water supply and dewatering~allow™ - §1,000,000 ' '
' 4.5 Telephone - allow . : $ ' 200,000

!

4.6 Service crew

2 foreman ’ .
electricians Co- |
electrician's helpers
pipefié‘ters
plpefitter helpers
pumpmen J Sy
labourers )

N W NN

2 service truck drivers

l.'l'otal' 21 men

. Service cre;_w cost:

¥ . : 21 men x 30-hrs x 250 days x
1.5 years x $15.00 - . 83,550,000

3

.

4.7 'Misceliax}eous‘ service crew

.maintenance waterial (152 of labour) ~ 550,000

-




5.0

Total Services Cost

4.1
4.2
4.3
4.4
4.5
4.6
4.7

Total sg:viée cost

vt

Compressed air $ 1,050,000

’

Ventilation . 253,000\

Miscellaneoﬁs power . 765,000
Water supply & dewatering 1,000,000
‘Telephoue ' 200,000
3,500,000
Misc. maintenance material - 550,000

. § 7,318,000
aliow $ 7,320,000

Service crew

Cost per c.y. excavation

$7,320,000 = 53.56/c.y.
2,055,000 c.y. )

+

Summary of Underground Regervoir Excavation Cost

2.23 Top heading 297,000 c.y. @ $ 21.07 = § 6,258,000
W7 Benching 1,760,000 c.y. @
4.8 Services 2,055,000 c.y. @ 3.56 =

v ’

I

Consolidation, including rock bolts,

érouting. supports and shotcreting 20%
Total cost of excavating

Cost per c.y. = $39,571,000 -

7,055,000 c.y.

+

8.10 = Y4,256,000

Total direct cost of excavating $27,829,000
Delays and costs of opening face and
. establishing ramps 202 of above 5,500,000

$39,571,000

7,315,000

6,600,000

Ny

$'19-26/C-Yo
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/
TRANSPORTATION - ALTERNATIVE A - VERTICAL HOISTING AND TRUCKING -

©

Q /
e

T “»

1.0 Shaft construction . ) ;]
1.1 Shaft sinking = 2,000 ft. shaft x 30 ft. dia.

= 26 c.y. per foot
Excavation direct cost
2000 x 26 x $50.00 - 2,600,000

1.2 Construct concrete collar : . o0
50 ft and sheet piling . . N
$2000 per foot ) - 100,000 °

Ba v e aia e a

1.3 “Shotcrete material and equipment’
2000 1in.ft. @ $250.00 per ft. = ° 5003000 .

2.0 -Shaft equipmeqtv : : . 3
2.1 1,000 ton/hr double skip hoist 20 toms 1,500,000

2.2 man hoist , _ - 1,250,000
2.3 service hoist 750,000
2.4  1install 4 hoistways @ $500,000 2,000,000
2.5 headframe. and bin 1,000,000 *

2.6 . feeders (2), measuring pockets (2) 750,000

' 3.0 Power
'+ . 3.1 6,000 HP x 0.75 = 4,500 kW
@ $0.015/kWh = $68/hr ‘ s

Cost: 2,055,000 c.y. x 2.2 toms/c.y.
: 1000 tons/hr

= 4,500 hrs @ $68.00 310,000
. ' N

4.0 Operation and maintenance
h.l Hoist maintenance, including ropes.
" 4,500 hrs @ $200.00 N - 900,000
4.2 Labourl— operate and monitor hoists:

- Total operating hours: 4,500

- R & ’




Crew:

"3 hoist operators

z

riggers

2

2 mechanics
1 bin operator
1

! ¢
skipgan
\ _1 foreman \
Total 10-m9n . ’ ‘ Lt
Cost 10 x 4,500 x $15.00 675,000
Total cost of hoisting - . $12,335,000

Cost per c.y. = $12,335,000 = $6.00
. 2,055,000 c.y.

5.0 Hoist for heavy powerhouse equipment
To be installed after excavation 1s completed
’5.1 200 ton capacity hoist

including headframe, hoistway etc. 8,000,000

5.2 Operation and maintenance,
power (estimate) * 1,000,000
$9,900,000

6.0 Additional transportation - trucking from shaft to disposal area
Distance: 25,000 ft. L
Volume: 2,055,0Q0 c.y. (lower reservoir) + 52,000 c.y. vertical
shaft) = 2,107,000 c.y. Using 25-ton highway trucks.
Speed: 9 mph =9 x 5,280 / 60 = 792 ft/min.
Cycie time: 25,000 ft. x 2 = 63.13 min

792 ft/min

Trips/50 min. hour: 50/63.13 = 0.79 trips/hr.’

.Truck hours: 2,107,000 c¢.y. x 2.2 ton/c.y. = 234,700 hrs
3 25 tons x 0.79

Trucking cost: .
- 234,700 hrs @ $30.00/hr. = $7,041,000

Cost c.y. = §7,041,000 = $3.34/c.y.
2,107,000 c.y. .
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TRANSPORTATION — ALTERNATIVE B - 35Z (18°) INCLINED SHAFT,
CONVEYOR AND TRUCKING . __ ——,

P
A Y

1.0 Construction of inclined shaft S | , A
-~ 6,500 ft. x' 32 ft. x 18 ft. -
22 c.y./ft « . . .
v 1.1 Shaft excavation ~

Direct cost . ‘

= 1.8 x undergro'und heading cost (2.23)
- = $21.07 x 1.8 = $37.93

Direct cost of shaft excavation . ' l

6,500 ft. x 22 c.y. x $37.93 $5,424,000

2.0 Conveyors ‘
- 2.1 Conveyor purchasd and installation:

Purchase 1 conveyor

Belt $50/ft. x 2,080 ftr. . 104,000 _
‘ ' Pulleys and drives - - 15,000 o :
Idlers IR 53,000, - : «
Frame, hoppers, hoods ) ° 32,000 ‘
v | Motors and starters (650 HP egcv 13,000 > ,
.o ‘ " Wiring and controls 7,000 .
" . Lubrication piping .~ 13,000
Cost/conveyor $237,000 v
Cost of 6 conveyors . : 1,420,000 ’
Installation — 6 conveyors ‘ ' . ‘500,000
2.2 Maintenance '
, 1 belt . 105,000 ‘
Lubrication : ~o _ i
o, . @$50,000/yx x 1.5 75,000 - . )
Le T o . Repair materials 100,000 - $280,000
f I: ‘ .’2.3 -Power )
; ' N 4,000 HP x 0.76 kW/HP = . 3,000 kW x $0.015/kWh = $45:/hw.:
‘i;o Cost . = * ) ’
) 2,055,000 c.y. X 2 2 con/c,y. -
1,000 tons/hr o - :
. 4,500 hours x $45/hr ‘ §205,000 .
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Total 5 men x 4,500 hrs x $15.00/hr.

2.4 .Labour
1 millwright
2 oilers
1 operator

_1 foreman

o 340,000
3.0 Primary é;usher'for 10z over;ize .
= 10Z of 1,000 tons per hour
= 100 tons per hour'
3.1 Use 48 x 40 crusher 250,000
3.2 Maintenance , .
" 4,500 hours @ $5.00 22,500,
3.3 Power ’ ¢ ) : A///
500 HP x 0.75 kW/HP x $0.015/kWh x 4,500 hrs. . 25,300
?\4 Operation * &Jf ‘
2 operators x 4,500 hrs x $15.00 ' 135,000
N
/4.0' Feeders and Hoppers'
. 4.1 Feeder and hoppers .(2) purchase 320,000
4.2 1Installation ' 30,000
4.3 . Maintenance - feeder and hoppers
* 4,500 hrs x $3.00 13,500
) N
‘5.0 Man hoist and track
) 5.1 §a1n5qqgnce‘4,sbo hrs. x $10.00 45,000
5.2 Operator 4,500 hrs. x $15.00 67,500
6.0 Equipment and material hoisting .
= 6.1 Purchase Hoist o 500,000
. 6.2 Operation and maintenance 4,500 x $15.00 ¥ 67,500
"Total cost of Conveyor Transportation’ $10,200,000
Cost per c.y. ‘
$ 10,200,000 © =  $4.96/c.y. , ~
2,055,000 c.y. ) 1
. I ~
° . 3
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7.0 Additional transportat;on = trucking from shaft to disposal area

Distance: 20,000 ft. ' 4

Voiumq: ‘2,055,000 c.y. (lower reservoir) + 143,000 c.y. (inclined
* . ' ghaft) = 2,198,060 c.y. Using 25 ton highway trucks.

“Speed: 9 mph = 9 x 5,280/60 = 792 ft/min

Cycle time: 20,000 ft = 25.25 min

792 ft/min

Trips/50 min. hour: 50/25.25 = 1.98 trips/hr. T

‘Truck hours: 2,198,000 c.y. x 2.2 ton/c.y.
25 tons x 1.98

= 97,700 hrs.
Truéking cost:

~
97,700 hrs @ $30.00/hr = § 2,931,000 | o
Cost/csy. = § 2,931,000 = ¢ 1.33/c.y.
7,198,000 c.y.
, N
\ )§\~‘\
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TRANSPORTATION ~ ALTERNATIVE C — 7% ACCESS TUNNEL AND TRUCKING
)

1.0 Excavate access tunnel

\ , -

. Tunnel dimensions: 46 ft. x 25 ft* = 57 c.y./ft.
Grade 7% i ‘
Maximum depth: 2000 K‘c. '

Length of tunnel: 2000 = 28,500 feet
: 0.07

Total volume: 28,500 ftr x 37 c.y./ft .,
= 1,054,5500 c.y. + 10X for cutouts (for electrical
installation, vehicles and equipment etc)

D‘l\ = 1,160,000 c.y. )
- - ®

fl1.1 Cost of access tunnel excavation ,

’ “Use tép heading cost determined un&er 2.23 ($21.Q7)
1,160,000 c.y. x $21.07 $ 24,441,000  #-

1.2 Truck hauling o . . .
Length of tunnel: 28,500 ft. ' '
average hauling dist. 14,250 ft.

Volume: 1,160,000 c.y. using 25 ton highway trucks
Speed:, 9 mph = 9 x 5,280 / 60 = 792 ft/min By
Cycle time: 14,250 ft. x 2 = 36 min

792 ft/min

Trips/50 min. hour: 50/36 = 1.39 trips/hr.

Truck hours: 1,160,000 c.y. x 2.2 ton/c.y. = 73,440
25 toms x 1.39

Trucking cost: )
73,440 hrs @ $30.00/hr = $ 2,203,200

Cost/c.y. = $2,203,200 = § 1.90/c.y.
1,160,000 c.y.

N
* Determined by the size of heavy equipment to be installed in the
_"powertouse (turbine scroll cases, transformgfé and the transpofting

vehicle dimensions).

A SN TS PN o
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1.4

~ .

Cost per c.y. - Excavation and Transport4‘

$21.07 + $1.90 = $22.97

.

Excavate lower reservolir

Use excavation cost determined under 5.0 ($19.26).

2,055,000 c.y. x $19.26 =  $39,580,000

Truck hauling
Length of tunnel: 28,500 feet

Volume; 2,055,000 c.y. using 25 ton highway trucks

Speed 9 mph = 9 x 5,280 / 60 = 792 ft/min

Cycle time: 28,500 ft. x2 = 72 min.

/ 792 ft/min

3
Trips/50 min. 50/72 = 0.69 trips/hr -

Truck hours: 2,055,000 c.y. x 2.2“tons/é.y.
: 25 tons x 0.69

| = 262,100 hrs. t
Trucking cost: , .
262,100 hrs @ $30.00/hr. = $ 7,863,000

Cost c.y. = § 7,863,000 = $3.83/c.y.
\ 2,055,000 c.y. '

Cost per c.y. Excavation and Tranmsport

.$19.26 + $ 3.83 = § 23.09

[
N
“x»
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PENSTOCK EXCAVATION WITH THE ALIMAK RAISE CLIMBER

1

Introduction

Yertical shaft excavations i{§eneral and penstock

excavations in particular Fequire speclial degree of

expertise to achieve the high production rates which are

usually imposed by the construction schedule. In

addition, the method employed must maintain safe working

conditions il:1 the hazardous climate creé.ted with the greaf
heights invol'\re;i. In Canada, the Alimak Raise Climber was

A
successfully \iﬂvolved in the excavation of penstocks

asSociated with the Churchill Falls Hydroelectric Project,

in Labrador, as well as the LG-2 Project of. he La Grande

Complex.
14

Alimak Raise Climber (20)

!

This system of shaft excavation was developed by Linden-
Alimak of Skelleftea, Sweden. The system is designed for

the driving of vertical and inclined raises of practically
any 4shape.

The main elements of the system aye (see also Figure 1):
1.\ Work platform, safety metting and safety roof,

2.' Support beam and frame ‘

3. Drive unit, operated .by air or by electricity

’
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Safety
roof

Safety
tailing

Work
platform

Upper
frame

Drive
unit
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k, Cage for 6peratoré of equipment (used during

a

asecent or descent)

Air and water supply system.
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“The electrically driven raise climber is' used in

long shafts where the loss of air pressure would not
permit the use of the air operated drive unit. Electricity
also offers the advantage of higher upward'travelling gpeed

4

of 60 ft./min., and downward speed of 80-100 ft./min.

,The Raise Climber climbs along the rack bolted to

the. guide rail. ' The guide rail also carries the air and
water pipes and is easily extended ag the drill‘ing progresses.
The guide rail and rack are fixed to the rock wall by

expansion bolts.

Figure 2 shows the stegs involved in starting the -
driving of a vertical ghaft. o

\]
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1. Drilling and loading are done from ‘the plat-
form, under a heavy safety roof of steel. Air and
water are available through the pipes of the guide
roil. \

3. After blasting, the raise is cleared of Lume:
with an air ond water spray. The top of the guide
rail is well protected by a heavy steel top now
functioning as jets for the ventilation,

- Pig, 2 - The Alimak Method of Raise
- Curved Guide Rails

2, After drilling and looding the Raise Climber

is driven down to the bottom of the raise so that

during blasting the machine is well protected.
te +

4. Scaling of the face and walls can be done
from under a safety roof, offering the miners good -
protection. +

Driving using

o

pReey
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The minimum

-~

e ,

. . . S B

dimensions of, station ;5*\‘ 't

' . I L SLd

. cut out required for = : 2

the installation of a Min, distance approx. 400 mm (16"} Y »

standard Raise Climber (guide rail + bracke) ¥ :

' yr T :

with a platform of 5'3" ] o ! ' r;

i % W’ Seadm . P o

. o \

x 5'3" when mucking is 5 : ‘,3‘7)} q 5

‘ 3 - € ]ll ;
- done in the direction of Ry v

the guide rail or at 9o°

: - /
to the guide rail track 3
! A: Trapsport way for
is shown in Figure 3 and mucking machine
<
E'S
FPigure 4. \
1 )\
‘. \
* \
S
L ]
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:
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,Figure 5 shows
the aiyangement when

mucking is carried

out at lower level

and Figure 6 depicts
thq[érrangement in
thé case of a high

station cut out.
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The dimensioning of tge‘horizontal cut out for

N v
the installation of the Raise Climber in case of an

inclined shaft is shown in Pigure 7 and in case of a

vertical shaft, in Figure 8.

. 8

' 166"
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Fig. 7 -« Dimensioning of Horizontal Cut out for an

Inclined Shaft
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Fig. 8 -.Dimensioning of Horizontal Cut out for a
Vertica® snart

-

The 1nstallatlon of a 90° guide rall curve (8°, 25 ’
25 , 25 , 89, radlus 7'=7") requires a minimum space of
8124 safety distance between guide rail and face of
raise or 11.3° é;tal distance as shown on Pigure 9, However,
to facilitate the work, the first excavétion should be
16.7' as this will make it bossible‘to £it one or more
straight guide Tail sections so that the work platform of

the Raise Climber may be horizontal.
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To install the ‘curve, the brow is slashed at’a 45°
angle (see Figure 10) which corresponds to approximately
3.3' from the corner as per Figure 11. The location of

the rail is then marked on the rock anq the rail curve

is installed. (Figure 12)
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,

The slashing for a 45° guide rail curve together
with the installation of the rail section is shown in
L. 7 .

Figures 13 and 14,
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A=2m guidé rail P ) . ) .
B = Shield R - ‘
C j-- Muck drift, alt, 1 . - R

= Muck drift, alt. 2" . L a

Figc lu . N T l‘ N M ! . e

€ ! o

The guide rail sections are installed as folldws:
- standiné'on the rock, .pin holes are drilled and

©  a platform is installed

b

- at aJminimum height of 9'-10" above the horizontail
But out a pulley is installed (P 1 in figure 15)
.and the rail sections are pulled up and installed

on anchor bolts driven into the rock. f\
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- in inclined shafts the pulley might have to-

B o i

' be installed quite far ’up in the shaft requiring ;

LHTEN

the construction of platforms (Figure 16).
. ) ’

"

4

[



The Raise Climber is then

- connecting an air hose to one of the air

motdrs to enable the dr

‘Climber along the guide

- installing the grive unit (Figure 17)

Tt e SRR e 1o

Fig. 17

- attachingycage, platform, etc. (Figure 18)
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The hose reel
shall be installed
behind the hoist in
a location which
willhprovide protect-

E RSN IELIERAED

ion against falling

Fig. 19 - Hose Reel protected
rocks (Figure 19). ‘ ‘ ‘ against falling stones

After this the
automatic air/water
‘center Qill be in-
stalled in the
station cut aut.
(Figure 20). The
center is qonnected
to the guide rail
by three 1" air
hoseé and one 1"

water hose .
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When all systems are installed drilling can commence. :
Drilling is done from the work platform (Figure 21).
’ ) \% -
. . Some of the .more common drill patterns are shown in -
Figure 22. There is no universal pattern as conditions
" vary from site to site.. )
” L .
‘ ! .
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Blasting agents
Dynamite  25- 165 mm (1" - 6‘/ "
L 26-1150 mm (17 - 45Y/,)
] a [ ] Gurit ¥ 1750 /
A-A . ) The numbers of the holes indicate
Round type pyrami sequence of ignition. .
Raise 3%3 ’;ﬁ (95%,.)(9,]0") El. blasting caps: 0,5 sec.
Dia. pf hole 32 mm (11,") Area’ 4 m™43 sq.f)| 4 m?
No. of holes 28 No. of holes | 22+1 Y12
gfve}:gge depth 22 m 3117) Depth of round [ 2,4 m (7°117) 24 m
Drill metre 6146 m (202 Side dimension { 2 m (67") 2m
Advonce 2.1 m (3'6") Drill‘metre 528 m (172 | 69.5 m {228")
Drill metre m? ‘ ianiti Y )
solid rock extracted 3.26 m {10'8") EI,' 'gnition R / s‘ec.
Kg dynamde round  20-30 kg [44-46 Ibs) Kind of rock Lephte\ Leptite
Fig. 22
' £

¢
Drilling in vertical

machine (Figure 23) under the safety roof.

«
-

Al

raise is done using a stoper

In inclined

shafts the safety roof is not essential as the hanging

wall provides sufficient protection.

air leg is used (Figure 24), .

s

A jack hammer With

Y
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After the drilling is finishqd theiholes are loaded
with‘dynamite or other ‘blasting agent and blasted with
suitable eléctric éaps. After the round -is fired, water

. and air is discharged through the. guide rail to clean the -
' face. The time required for this operation depends on the
excavation facilities in the horizontal shaft.. To
facilitate the evacua?ion a fan‘may pe installed. After
ventilation, the Raise Climber ascends to the top of the
guide rail. ihe face is then scaled éb that ahother

section of guide rail may be installed.,

The final scaling of face and walls must be done -

under the safety roof..

Large diameter raises may be done with special stepped

€

platforms in the case of inclined shafts (FPigure 25) or

by using additional platform sections and drive units
(Figure 26). -
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To drive a large diameter raise, the Raise Climber

may be used to make a pilot raise, at the center of the

finhl raise planned (Figures 27 and 28),

» « full area will then be done.

Slashing to the

Personnel and materials are

transported in the Raise Climber through the pilot raise

from above.
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The men drill and load standing on the rock pile.

Before blasting, the lowesf guide rail sections are removed

and transported in a special basket attached to the cage of

the Raise Climber. An extra bottom stop (B) must be fitted

under the Raise Climber before removing the lower guide rail

&£

sections, otherwise the Climber may be‘driven off the rail.
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., ' Stoping with a pilot raise is shown in Figure 29(a).
. Lﬁ 8 i

Figure 29(b) shows the equipment required for stoping in

a fairly large raise and Figure 29(c)- shows the équipment -

in a very large faise in three steps.
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Fig. 29(a)

'

Fdr large raises the blatform is built in-two steps.

The upper platform covers the whole area and protects the

men during drilling and loading. The lnwex?) platform' covers

the pilot raise. .

C o | \
During blasting the w!'fole platform is driven up into

a safe position above the.stoping level. |
o , k] Y . ) ' ‘ ”
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Psttock Excavatlon with Alimak Raise Climber

Cost Estimate-

120

r%  Deseription

imUpper elbow

Cost $/c.y.

- {2 Sl 3 3 0ceh el 2 AL SR B BB VTV b Y
LRI WMW‘GW

- 30
Vertical portion - 80 ) ,
Lower elbow ‘ ! 90 - \
Horizontal portion - 65
Reducer ' 65
Average direct cos: of excavation 66
Indirect cost 40% :é direct . cost: 0.4 x 66 26

Average cost of Penstock Excavation per Ge y. 92

L4
-

Penstock Concreting

. o Cost Estimate o
, -

Upper elbow

Vertical portion

" Lower elbow .

Horizontal portion

' \_// Steel lined portion -
Reducer

Average direct cost -of concreting

' Indirect cost 40% of direct cost: 0.4 x 317 127

«Average cost of Penstock Concreting per

P - ‘ Penstock Steel Liner
, Cost Estimate
£

Horizonta1~sed§;on
Réducer. -

_ .+ Sourde: Programmation et Jontrfle des lofits (PIl)
Société d'Energie de 'la Bdie James (SE3J)

Montreal, QJuebec

<
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270

277

505 ,
264 .
114 .
470

me——

317"

c;&. shyly "'1 B
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Cost $/1b., °

1.10 ‘
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. BENSTOCK EXCAVATION .vn‘u kLI‘ﬂAK RAISE .,LIMBER %
CHURCHILL FALLS PROJECT 2
The 1200 ft. long penstocks of the Churchill Falls - © &
. - '—\ * »
Project are inclined at 58 degrees to the ﬁorizontal “
and range in excavated diameter from 22 ft. at the intake. .
* elbow, to 26 ft. near the bottom, before tapering to -
20 ft. at the lower transition elbow (Flgure 30).
s .
low—e_ ___| - /
EL.1399.8' ‘ .
TS & ,
¥
" 20'-0" DiA. <. . i
"(‘!’J.S’&aa rap’ OIA.) g ' * é
i
r Ce 5
CABLE SHAFT ’
3 4 - . .
fe A \ . g B TRANSFORMER ’ ‘ TAILRACE SURGE . -
% . ¥ CHM!!R
. Pig.
1Y e

Viewed in plan, the penstocks fan out froﬁ‘the ‘central

L3
7
A

6 penstoqk, so that.at the intake elbo& they are 60 ft.

.on benteré, and at the lower transition elbow 72 ft. on =+

- Al o »
centers., T oo ' :
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The initial excavation of the penstocks was made.using ° =

. , E ) ‘ :

Alimak Electric Raise Climbers to drive an '8 ft. by 10 ft. .]j D
pilot raise on the penstock foot wall. B S 53

v

The main slashing opefation to full penstock dlameter
was carried out using two 30-ton rail mounted.drill jumbbs,

each equipped with six drills mounted on hydraulic boond ' o

andau§ed in conjunction with a sliding plate assembly. .

Before ﬁsing either jumﬁo in a penstock raise, an
initial 110 féet had to be slashed to full;diameter using.
conventional air track equipment. This gave suff;cient
room for the jumbo to be‘pdéitioned and retracted for the’
initial drilling and blasting. 'The‘qubo and the plate
assembly were both positioned and retracted,K by means of -.

separate caples from the hoist in the intake area.

a

Thére were seven stages involved in the slashing
: . .

operation, as shown on Figure 31: .
. , .
1. Round was drilled and loaded

S
-

2, Pilot raise safety bulkhead was raised and

. \ . ‘
't:hsa jumbo retracted to the back of p%te -
' \(apprbximatély 30 ft.). ' Platform outriggers

wére then raised.

¢ 9
. "
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3% SlJ.d:mg plate assémbly was re%r\acted abou’c
. )
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. o4, Jumbcr-.was retracted abgut 14 £, ahd blast -
o . took place. SR ’
Y ‘5, Jumbo was lmovgd- to the front of the.plate -
’ .assembly (a’pproximate.‘g 28°ft.) b
6. Plate was moved forward to the new face and
the ou‘t’riggers webe put down. Ao,s ) )
‘ -
4 7 Jumbo was rmoved to the Tace qznd] the pilot
‘ t
i raﬁse safety bulkhead was put in pos:.tlon.
. . Scdling and muckmg were performed as necessarys s

‘the face was marked and drllled whlle 14 ft.

of ra:Ll was 1nstalled \behmd. ' |
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' * . '
. -Muck from each slashing round dropped down the pilot
R raiee on the penstock footwall to the penstock access drift, |
where it was loaded and taken out on trucks to the disposal

area. Rockbolting, wire ‘n'{e\sh, and granite were applied when .

-

« * - required as the work progressed.

. 7 % . .
. Concretiing X . e

e » . . . o ) o ! ) ’ . }7.'" 3
L < KA. steel section - type barrel form, with a"{inged‘

- t

lower section used to permit collapse of the hinged wall y !

’
o 2

(R

.

panels for freeing from concrete encasement, pi‘ovided the

. " -full 20-foot inside giiame‘t_:er lining. ' .
T " 'rop and bottom sections ‘were speclally 1nc11ned to .
L produce a slopé for concrete compaction that. would not .. '

__> " require 4 3011d bulkhead. - Tgkmltlal form installdtion
; ) o ‘,used 1n penstock No. 1 con81sted of a self-cllmbing needle
a b am/barrel form arrangement. However, th%g method of .
: “us ng a 50 ft.. barrel required a 120 ft. long needle bean{
s found to be awkward an potentlally hazardous when
I

/ﬂﬁ. 80 tons ofV stmctu%{o\fom. All subsequeﬂt

were;poured using a 40 £~ form supp%rted on a '

S

e h01st and te -part line or a rope grlp with h_ydraullq ran\s.

)‘/«-4« Each ho-ist was ‘carefully monitored’ to sensure safe movements. .

. * | » v
P sl Concrete piacemen't achieved rates as. hlgp as ore complete \
:‘ v cy} very 2‘4» hours or sustamed perlods. ’
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. The concrete get up considted, essertially, of an .

LY '7, i N . S~ . - ; \

8 cubic yard hopper positioned over a pumpcrete remix : ‘ : <

. o
unit; a 6 inch diameter Schedule 40 slick line in 20 ft.

lengths coupled together with Victaulic couplings; a bridge

'

L. . section to carry the slick line from the footwall to a

A

L position on the top of the form just under the hanging»

[
R

wall; a specially built valve and 3% ft. lengths of 6 inch

\ ) % .
! diameter elephant's trunk couplgd'together with chain links 1 :
) to carry the concrete_béhind the form . (Fig. 32) *
~ ) - :
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S ~ "' Fig.32: General arrangement of penstock cbn;ﬁeting-operat?ﬁy,.‘ o




