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SOME THOUGHTS ON OPTIMIZING
LONG-DISTANCE HEAT TRANSPORT SYSTEMS

AND THEIR STORAGE FACILITIES

France in French Novt 75 pp 1—46
[Article by P. Charroppin]

NOTE: 1 th (therm) lO~~ Gcal 
= 1.16 kwh (th)

1 kth = 1 Gcal

[Text ] INTRODUCTION

This document is the fruit of a lot of thinking stemming from
the study of transport of heat produced in nuclear power reac-
tors with a high enough rating to benefit by scale economy and
relying on seasonal storage to flatten the production curve.

It aims at optimizing such transport systems and is first of all
a search for a simple mathematical method for determining imme-
diately the optimal diam eters and the corresponding costs. It
translates into a straight—line chart whose points were estab—
lished in a given economic cont ext , but are easily transposable :
the only condition for doing this is that, in the field involved,
you can consider the mean investment cost for a transport pipeline
as proportional to a power, ~~.,  of the diameter. It is demonstrated
that at the opt imum, there is a clearly defined ratio (35 percent)
between pumping costs (amortization of the pumps + electricity
consumption) and pipeline amortization. As we move along, there
are several conclusions which emerge:

1. The same diameter is at once optimal for distribution
with and without storage ;

2. It is vital to push for pumping station design such that sta-
tion power is highly controllable and readily adjustable to mi-
nute—to—minute needs;
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3. It is possible to design a syster which wil.L remain op-
timum, to all intents and purposes, throughout a future increase
in flow of 50 percent, without any signif icant penalizat ion of
the initial situation ;

4. The decline in electricity rates further accentuates this
flexibility;

5. Proper manipulation of summer—winter rates makes it pos-
sible to achieve a very marked reduction in transport costs. By
separating the storage depots from the heat sources, in such a
way that a good share of their customers will be along the rout e
of the feeders which join source and storage facility, you can
manage to have your most massive transfers fall in summer: if
you do this, you are transporting marginal heat loads with mar-
ginal kilowatts, and you arrive at an overall production—transport—
storage design with an overall minimization of cost, with each
component , by reason of its existence or its placement , helping
to squeeze the cost of the other two;

6. It is also demonstrated that in such a system you have
no need, except in very rare exceptions, any need for  standby
(or peak) production facilities in consumption centers, and that
for the very rare cases in which they might be useful, it would
doubtless be prudent to consider building small above—ground or
shallow weekly storage pits, which would normally be supplied on
weekends or at night;

7. On a more prosaic level, we find that circulation speeds,
flows, and load losses for the economic diameter are generally
lower than those generally used, at least at present rates for
the electrical kwh.

TABLE I

Diameters Cost in francs A0 in francs Cost in Fr/km
per kilometer per km (Professional data)

a:.~~tr ~~ C en A en Co~~~s er~ F/Rn
F/Km F/Km (re~~se~ gne~~~n~~L _____  ~ro~’essionne~.s

’1

300 i .~ 00.OOO 177.000 i .~ so .ooo
1.850.OC’O 218.000 1 ,800.000

400 2.260,000 266.000 1 .155,000
3,153~ 0G0 352.000 3.156.000

6~~
) 3.950.000 470.000 4.093.000

7tjO 4,990,000 590.000 4.827.000
SJ 0 5.990,000 708.000 5.883.000
900 7.100.000 83o~ OOO 7,354,000
1000 8.300.000 982.000 8.291.000

1 0.750,000 1.270.000 —

(t~~oo) 14.600.000 1.740.000 —

2 
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This cost includes the delivery and return pipelines, the mains,
the pipeline accessories (valves, carryoff apparatus), but not
the pumps. It refers to economic conditions as of January 1975.

12. Establishing an Index

So as to allow for economic variations, take into consideration an
overall index, i, for  the total variation in the annual instalment
for the pipelines, assuming that its value is independent of their
diameter. Let i0 be this i ndex under the economic conditions pre-
vailing at the establishmer.t of Table I, and the annual instalment
is multiplied by i/io.

The choice of an index pinned to the annual instalment allows you
to incorporate into it any variations in the conventional disáount
rate should it change.

For the pumping installations, we shall assume an overal average
plant cost of 650 francs/kwh, or an annual amortization rate, a ,
of 76 francs/kw . In case of variations in economic conditions 1or
in the discount rate), ao will become a. If necessary, it will be
possible to use values of a better suited to a given problem.

One important factor is the cost of the electrical power for the
pumps. We shall designate as p the price per Kwhe. Frequently
the electricity rate is such that you will have to distinguish
between a winter rate , pH, and a summer rat e, pE, as well as a
weighted mean price, pm.

The values for pH, pE, and om to be used will be specified for
each of the numerical examples.

1.13. Pumping Expenditures

The specific power consumption for pumping will vary considerably.
The reason for this  is th e relationship between load loss, circu—
lation speeds, and di ameter, which, in the domain we are concerned
with , is th e Flament formula

j = K~ U175D
125

j = load loss

U = flu id  velocity

K1 
is a constant depending solely on the units chosen

(in general, in all that follows the Ks will denote
constants).

If Q is the hydraulic or thermal flow :

—3—
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j = K3 Q~~~
75D 4’75 because Q = K

2 UD2

As for the power of P of pumping per kilometer of pipeline, it is:

P = 1(
4 
j Q = K~ Q

275 D 4 7 5

We shall nolzthat if j is stated in nun/in and Q designates the hy-
draulic flow Qh/m3/h and if the pumps have a yield of 0.7, we
have P stafed in kilowatts: P =

125

p = x 4J, with Qth being the thermal output in k th/h

t~T= the temperature difference between outgoing and incoming
steam.

For L’r = 1000 , the commonest solution,

p _ .1~th
12.5

When in a given pipeline there is a variable flow , the powe r
needed for pumping is also variable, far more so than the flow.

If we use QN (the normal flow) to designate the flow correspond-
ing to the installed power of the pumps, 

~N, we can, for  a given
pipeline, define two annual schedules, Hi and H2.

H
1 
is the annual schedule equivalent to full power of the

pipeline flow (H1 
= 

~thA~~ thN with

~~ ht~ = total annual heat flow

~tbN 
= nominal hourly heat flow)

H
2 

= the annual schedule equivalent to the full operating
power of the pumps (H2 

= Cp/PN 
with C~ as the annual power con-

sumpt ion, and P~ the nominal power of the pumps).

For a given diamet er the instant aneous pumping power is linked
with the instantaneous flow by th e equation :

..L. ( ~“N ~~~hN /
If you have pumping stations inst alled in a sufficiently rational
manner to be able to adapt P to 

~th (and hence to operate at a
f ixed  i~T)
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p 
— 

fQth \2 .7 5

“N ~
Qth~ )

we see that as P/Pa 
is constantly lower than , we necessarily

get H2çH1 (see Fig 2). Nth

Knowledge of the H1 H~ 
pair characterizes the yearly mode of ope-

ration of the pipeIin~ . We can establish certain relationships
between H1 and H2.

_ J _ ~~~~
_ _

~ _ , ,
~~~~~

‘ I

H i~~q
2 I

ii I r
~~c,

• ‘~~t f  r~y I
I I

I
, ~ I, •

‘1 .. — 1 —i

(600 - 10q ~ 0a4 ‘f Søa Sop o 6 ooo ~oo~

~rs

H,: o r ~.

. A e i C~p r f f i  ~~~ A~~e~p’o~ ~t ; ?~~’~
’$~~~3

’

These relationships are in essence a function of the mode of ope—
ration of the distribution system as a function of heat require-
ments. It depends upon, among other things, the ~~~ otones which
define ti e latter.
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If , for example, a feeder uses a source (a heat—breeding reactor
or a storage pit) to supply a subdivision whose monotone looks
like the one for C.P.C.U., you can design several modalities.

A. Supply and transport all the power and all the heat consumed
except , in the case of the reactor, in periods of scheduled or
accidental shutdowns of the reactor.

B. Supply and transport only n percent (40, 50 , or 60 percent )
of the maximal power , with backup on the coldest days provided
by an independent local source (usually fuel oil heating) which
would also provide heating during shutdown periods and in summer,
and for emergencies. In the case of centralized storage, consu-
mers can be supplied during the sununer as well, and there will
be no need for the emergency standby.

C. supply a local storage facility with continuous heat input :
you would have to supply only 40 percent of power to cover re-
quirements with the CPCU monotone 100 percent of the demand , in
the hypothesis of an 80 percent yield for  stored heat .

In this case, you would have the following pairs for H1 and H2:

Case A 1 bis — central storage ill = 2840 H
2
AI 1110 

~N 
=

1 bis heat—breeding
reactor H1 = 2700 H 2~~ 1100 =

Case Bi Heat—breeding reactor — 

~2O H 2 00 — o L
( n 60% ) H1 — 4 u  2 ~ N

2 Heat—breeding reactor — 
~~ 00 —

(n 50% ) H 1 — 5 7  112 ~ N ° 5
~~~M

3 Heat—breeding reactor 
— 10 H ‘

~~ 0 0 — 0(n 40% ) H 1 — 5 7  2 5 1  
~ N

3 bis Central storage H — 60 0 H —. 5040 = 0.4
( n = ~~40~~) l 2

Case C Heat—breeding reactor H~ = 7460 H2~ 
7460 

~N 
= 0.4

Figure 2 shows cases B3 and C. The CPCU monotone has been limited
to 40 percent of the total power required.

H 1 = area A B C D 0 A

= area A B C’ D 0 A

— ti —



The B C’ curve is deduced f rom the BC curve with the equation:

H M’ = H N 2 .75 with ( A A 1).

When you consider the case of A or B , the fact  that H2 ( Hi means
that at equal normal power the specific energy consumption of
pumping per therm distributed is less than that for  case C; this
may par t ia l ly  compensate, in the overyear balance, for the in-
crease due to the fact that amortization is distributed over a
smaller quantity of therms delivered, particularly if the Kwhe
is costly.

1.13.1. Now we have the emergence of an important factor , the
seasonal nature of the price of the kilowatt hour, which plays a
part in the economic study : in the absence of storage, pumping
energy consumption is essentially a wintertime thing. So , for
case B3, of the 5, 010 hours of H 2 , at least 4, 000 are wintertime
hours, and summer consumption accounts for  only 20 percent of
the total. For case C , out of the 7,460 hours , there will be
around 4 ,360 winter hours and 3, 100 summer hours (see Fig. 2 ) .
Consumption at the reduced summer rat e therefore  represents 41
percent ; if the summer price is half the winter price , this am—
ounts to an effect ive cost cut per Kwh of 10 percent , because :

Case 8
3 ~mP = 0.80 

~H 
+ 0 .20  

~ E 
= (0 .90  

~ H
3

Case C 
~mC = O.59 pH + O.4 l p E = $ D .8 l pH )

~mC = 0.9 pmB3

We can imagine situations in which the great majori ty of transport
would take place in summer. This is the case , for  example, if you
are supplying a subdivision V2 f rom a storage pit nearby, supplied
by a reactor located near or in another subdivision, V1, of the
same size (same maximum consumption QM, same typical CPCU mono—
t o n e ) ;  in addition, for  the coldest days when the demand is over
80 percent of maximum consumption , V1 will be backfed from V2 .
The same applies to a period of scheduled shutdown: heat trans-
port is shown on Figure 3.

(We shall show later on that it is altogether feasible
to provide emergency supply to V1 from V2 under reason-
able condit ions, because this requires a Qm flow which
does not exceed by merely 40 percent the normal flow, 

~N•~
The maximum f low is 0 .7  QM~ We see that there is approximately .

H 2 = 3700, of which H 2H is roughly equivalent to 1100 and H ZE is
equal to 2600. Summer consumption represents around 70 percent .
In the hypothesis already cont emplated in which PE 0.5 PH’ we
have: 

~m 
= 0.30 p11 + 0.70 ~E 

= 0.65

—7—
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Figure 3

(page 8 of original)
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Approximate separation

Winter Summer
A • town V1, plant-supplied
B town V2, supplied f rom plant
C — town V1, supplied f rom storage
D = town V2, supplied f rom storage
E = town V~ , supplied from storage
F = town V2, supplied from storage
G = storage at production site
//// Return

You eee the advantages of such a solution in which, in the last analysis, marginal  therms
are mainly transported by consuming kilowatt hours which are themselves marginal . In any
case, the existence of summer rates for electricity is a factor which provides a strong
incentive for storage.
Their existence, by its very nature, will influence the designer and hence the operation of
the systems, as well as the characteristics of the systems themselves. 



1.14. Losses

Transport losses are re la t ively  insignificant, except over long
dist ances. They are proportional to the diameter I) of the pipe-
line, and the transition from one diameter to a larger one pushes
them up oniy slightly, whereas it sharply cut s the power require-
ment s and the cost of pumping, which vary as D 47 5 .

So the influence of losses plays only a very minor role in opt i-
mizing systems, and we shall disregard them f rom this point of
view .

(The discontinuity of commercial diameters means that
the losses dependent on diameters actually used have
discontinuous values. We can derive the correspond-
ing term in relation to a diameter assumed to be con-
tinuously varying. )

I
DETERMINING THE COST PER KILOMETER OF TRANSPORTING A TH ERM ..

SEEKING TO OPTIMIZE PIPELINE DIAMETERS AND PUMPING POWER LEVELS.

2.1. The elements ‘..,e have thus far enumerated enable us to fix
the transport cost per kilometer, which is:

1 1 1
C = A + 

12 5 ~N~N 
(a + p H2) (1)

10~ ~ N 11l 
. I

The normal pumping power 
~N in Kw is in effect  equal to

‘ 3N in mm and QN and Kth/h for an installation in which
£~T= 1000 (d i f fe rence  between outgoing and incoming temperature)

_ _  
A 1 j ‘

— + 1 2  N~~~ (i bis )
1 ~~N

wi th :
g= p H 2 + a

is a parameter characterizing the economic conditions for pump-
ing operations in the system .

So as to make the considerations and calculation charts which fol-
low independent of economic variations, we remind readers that an

L index, i, was defined earlier, so that :

A A —
~~

—

0 10

— 9 —
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We set:
-i i

~ 0 0
~ =~~~ — — and c c —

1 0 1

Equation (1) will then be written:

= 
H
1 

+ 12.5 ~N ~~~~ 
( l A )

which let s us study optimization under f ix. . i  conditions charac-
terized by the equation A = 51.0. D~~~

435 .

In the case of multiple electricity rates, we need only take the
definition of~~ which is:

p H 2 + a = 

~m 
H2 + a

with H 2~ representing the schedule corresponding to rate p, or

with p being the weighte~J mean rate over the year per Kwh of
elect r~ city.

This same formula can also allow you to make accurate adjustment s
to a , insofar as this term would not have the constancy of cost
per Kwh which the requirements of the method oblige us to assume
for  it.

2 . 2 .  Choosing the economic diameter

The givens are 
~ N1, • 111; 112 , and p, and hence

To find the diameter D which would assure the lowest transport
cost , we need only look for  the point at which the c0 curve is
nul ~~co = o, at a constant flow QN :

i1 A  + ~ d j = 0o 12.5 o
With AQ constant we h~ ve jD 4 7 5  const ant 4~ 

= — 4.75 dD
j D

as A = 5 ; . O  D 1.436 and dAo = 1.436 dD
Ao D

1.436 A — 4 .7 5  ~~ o 
=

12.5

1.436 A0 
— 

~~~~ ~N ~o 
=

A A
— 1.436 o — ~~ 

0
N 4.75 ~~ 

— .J -) F
0

—10—



and the minimal value of c0 is:

I io.~~ io 3
c =

~~~~~~~~~, 
A + p  

~~~ 
= 

~~H 
x l . 3 O 5 A

° ‘~N 1 — ~N l  °

When the optimum is reached the transport cost is such that the
cost of pumping (amortization of the pumps and power consumption)
represents 30.5 percent of the annual amortization of the pipe—
lines (pipelines thus represent 76 percent of the cost of trans-
port , while pumping costs account for  24 percent) .

In using these formulas one can make use of charts either with
concurrent points or with straight—line points. This chart is
attached to the present study .

To f ind C 0 directly, we have constructed the straight line A0/Q
(which there is l i t t le practical point in graduating) which, with
straight lines El and A0, forms a second grouping representing
the equation : 

_______________________

c x 1.3:5 
~~~~~~1

by alignment of points H1, c0, and 
-

~~~~

Once you have this, you need merely join point H1 to the inter—
section of the straight line already foun d and axis A0/Q to read

on its graduation.

3. REMARKS AND CONSEQUENCES

3.1. Discont inuity of diameters. Choice of actual diameters.

The chart  enables us to determine the opt imum diameter, allowing
for the operating level and for the cost per Kwhe. At optimum,
th e cost c0 of t ransport  passes through a minimum.

As a result of this, we f ind t h at aroun d th e minimum of every
curve this  cost , c0, presents a horizontal  plateau in the c0D
di agram ; t h is means that  if we take a d i f fe ren t  value for  1~, but
one still close to the minimum , we get a compensation between the
up or down variat ions in the annual payment corresponding to the
investments and tha t  of pumping cost s which is inverse. So we
have a cer ta in  freedom of choice insofar  as ef fect ive  diameter is
concerned. We can take the next biggest commercial diameter just
as well as the next smallest.  However , if you contemplate any
fu tu re  increase in requirements, we shall  obviously choose the
larger diameter : by reason of its proximity to the minimum, this
choice is not a pen ;diziiu~ one even in the immediate future.

—Il l—



(This choice therefore  entails no perceptible change
in transport cost s so long as we stick close to the
opt imum calculated diameter. The chart does not allow
us to calculate these rectificat ions because the for-
mula C0 = 1.305 A0/H1Q applies only to the optimum dia-
mete r . )

We can, for that matter , quite easily pimpoint this detail by
means of a quick calculation.

If you have an optimum diameter D0 for a flow Q, the choice of
a diameter larger by n percent

D = (1 + O ~)D Cc =

entails an increase in investment of:

(1 +cX.)~
”436

Since at a constant flow we have :

P D4 7 5  = ~
te

with the pumping cost varying as p , it varies as (1 + ~~~~Overall expenditures and the cost per therm (with the number of
therms remaining const ant ) will f inal ly  vary as:

( 1 + O~) ]
~.436 -,~ 0.305 (1 +o~) 4 7 5

for o( = 0.10 1.147 + O.305x0.9045 = 1.335 or + 0.03 or 4.3%

for O( = 0.20 1.306 + O.3O5xO.795 = 1.526 or +—.25 or 17.5%.
Insofar as you can adapt the diameter by around 10 percent either
way , the incidence of diameter discontinuity on cost will not
exceed 5 percent.

3.11. Flexibility of the solution

Even a quite perceptible increase will not necessarily, especially
with large flows (in which c0 is slight)entail a prohibitive in—
crease, but will a1l~~ broad expansion in thè fufure, ~since an
increase of 10 percent in diameter cor responde to an increa se in
optimal flow in the neighborhood of 22 percent. Thus, by taking
a real diamet er 10 percent greater than the optimal, it will
become optimal with a 22—percent increase in flow, while paying
only 4.3 percent more right now for transport. Another 22—percent
increase bringing the total increase to 50 percent entails of it-
self only a 4.3 percent increase in the previous opt imal price,
which was itself slightly below the optimal price for the initial

—l 2—



flow . In practice, we should still be below the initial price.
So we see that  by moving just above the opt imum, we achieve very
great f lexibi l i ty ins o f a r  as the fu tu re  potential  of the system
is concerned ; there i s a very broad area w i t h i n  which you wi l l
get a p r a c t i c a l l y  onstant cost b r  therm t r anspo r t  b y means of
simple modi f i ca t ions  of very low cost in the pump ing plan ts :
that  range can run as high as 50 percent of th e initial flow .

This is probably the main advantage o this economic study, be-
cause in choosing a pipeline diameter according to different
cr i t e r ia  ( f o r  example on a load loss a r b i t r a r i l y  set a p r i o r i ) ,
you may well find yourself in a zone where an increase in the
demand on the system could not be absorbed under reasonable con-
ditions. This shows the advantage of choosing, for  a const ant —
flow installation, pipeline diameters that  are big enough , of ten
with flow rates and load losses perceptibly below those commonly

F assumed.

The proximity of the ~ and the U f low—rates  columns on t h e  chart
shows that  there is an°almost definite relation between U and
For values of 

~o 
close to 800 (for p = 100 and 112 = 7460 hours,

= 822), the rate corresponding to the optimum stays close to
2.50 rn/sec. For p = 6°, H2 7460 h g 460, it hovers around
3 rn/sec.

(On the contrary, for ~~ 1000, which corresponds to
p = 13 centimes, ydu have Là drop to flow rates of
only 2 . 2 5  ± 0 . 25 . )

A proper ly  chosen flow rat e cr i ter ion could , in the last analysis,
yield conditions very close to optin~um. It is in any case much
better than a “load loss” croterion which can have some very tin—
pleasant and costly surprises.

,~.2. Variation i.n optimum diameter and transport cost
as a funct ion of an operat ing leve l.

3.2.1. Pre l iminary  remarks

From the equations shown we can deduce that the optima D and A0
and the cost , c0 corresponding to them are linked to the nominal
flow, QN and to the pair~~ 0 — 11j (1) defining the mode of opera-
tions by the three following explicit equations :

= Cte

~~ U7

c 2 17 
~~~~~~~~~~ 

Cte

i t  Vf lU compare wo .solut ions corresponding t o the same demand ,
QM ’ h u t  w i t  h f l o w s  el 

~~ ~~QM adapt  (‘d to the opera t ional  l eve l
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‘U’

defined by~~ and H1, we get :

1st; level: 
~\ 

H1 D~~~ 
=

2nd level: Q( H D = D.2 2 1 opt 2

We have :

~ ~~2 .7 5  2 . 7 5  D 6
~~~

8
~ 

— ~~ 2 . 7 5  2 .7 5  D —6.1851 1 1 ‘
~2 2 ~M 2

(D1\ 
6,185 ?l (

ot..~
’
\ 
2.75

kDzJ 
— 

~ 2 1
\~

L
2)

The ratio D1/D2 does not depend on The same goes fol’ A
1/A2

.

Any reasoning about a particular case thus has a general impact,
provided you express the results in percentages. On the diagram
this can be seen by the equality of the segments (calculated on
the logarythmic graduations).

3 .22 .  Comparison of severa1transpor~ operat ing levels 
-

Consider the four following levels and a cost per Kwh of 10 cen—
times:

1. Flow 
~N 

= Q fo r  7 ,460 h — H~ = H
2 = 7,560 h = 822

2. Flow with H i = 5,700 h — H 2 = 5,010 h “ = 577
3. Flow 

~N 
1.25Q with H1 

= 5,070 h — H
2 

= 3,400 h “ = 416

4. Flow 
~N 

l.50Q with H1 = 4, 620 h - 112 2,900 h “ = 366

5. Flow 
~N

2•50
~ 

with H1 = 2840 h — 112 = 1,120 h “ = 188

This corresponds:

1. to the case of supply from a storage faci lit y which m ay or
m ay not sat isf y the total demand of a town whose maximal thermal
power is = 2 .50  Q;

2. to supplying the same town with a supply ceiling equal to
40 percent of maximum need;

3. —d°- -d°- to satisf y 50 percent of those needs

4. —d°— —d°— to satisfy 60 percent of those needs

5. to total direct supply of that town .

—14—
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Take for example : 
~M 

1,250 Kth/’h

Q 500 Kth

We arrive at the following results (Table II)

Theoretical Practical Price of transport  in OBS
Case Diameter Optimum centimes/l0O K?
____ ___________  _________  

(wi th in  0.1) 
_______

1 820 800 2 . 6  0
2 770 700 3 .25  + 24 %
3 820 800 2.7 +40 %
4 860 800 or 900 3.1 + 20 %
5 980 1000 or 3 . 5  + 35 %

900 3 .6 + 3 8 %

If you allow for  a storage loss of 20 percent on stored therms ,
the cost per delivered therm in case 1 rises to 2.75 centimes.

We can make the following observations:

a. The same diameter is practically suitable for cases 1 and 3,
with the cost per therm not very d i f f e ren t.

b . It is suitable even for  cases 1 to 4 and would not be too f a r
off the mark  even fo r  case 5. Similarly, the 900 diameter would
be good enough even fo r  case 5 according to the foregoing remarks ,
and in cases 1 to 4 leads to increases of only 0 . 2  cent imes , and
it is therefore advisable if any increase in requirements is fore-
seen .

c. Absent storage at the point of consumption, solution 3 (sup-
plying 50 percent of power) seems to give the lowest cost . This
observation is interesting because it shows that if supply comes
f rom storage at the production sit e, or f rom a heat—breeding
reactor  wi th  a certain excess of power even independent of the
savings resulting from the replacement of fuel oil by nuclear—
origin therms from the angle of transport alone, you are quite
normally led to provide a bigger share of the power that you
would have expected a priori.

(This  share is actual ly  even l a r g e r . )

d. Finally, on short  antennas, tot al supply without storage at
the  po int of’ consumption or backup  ins ta l l a t ion  wi l l  not lead to
any aber rances  ( e x ept tha t  iii lots f lows  t here may be overly high
f l u i d  veloci t i e s ),  at least wi t h t h e  CPC~1 monotone .

— 15 —
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At equal maximum power of 1.250 Kth, a monotone of the PARIS
CLIMATE type (H 1 3, 200 hours , 

~~ 
close to 100) yields an optimum

of 4 .1 centimes per 100 kilometers or 15 percent moie than with
the CPCU monotone, but along with it , it is true, there will be
very high load losses and speeds (even technically too high).

values below 200 [?] appear to be scarcely usable
because of this fact. This means that there will be
a peak problem for systems in which the Q

~
.i/Qmean ra-

tio exceeds 2.5 or 3, which might justify
local storage facilities.)

3.23.  Influenc e of electricity rates

These come in via ~~~ . A drop in the power rate is reflected o.i the
chart in a rotation around point Q in a counter—clockwise direc-
tion by the straight line Q~ , and hence by a decline of optimum
D.

3.231. One initial consequence is that the ~Leady relative de-cline in power rates which has been going on for  a long t ime and
which nuclear power was to let resume af ter  “digesting” the break
due to the oil “crisis, ” will lead to a slight relative shrinkage
of investment expenditures and of costs. On already existing sys-
tems, the rotation of the st raight line around D corresponds to
an increase in the optimal flow.

For example , if the price of a Kwh drops from 10 to 8 cent imes ,
the ~ corresponding to case 1 drops from 822 to 672. This cor-
responds to an increase of about 6 percent in the cost of trans-
port of a therm (A0 being the same, the price c0 = 1.305 A/Q
will follow the variations of Q).

The consequence of this is that a system which was optimized at
one time, is further optimized by a markedly increased demand;
this observation is in addition to the considerations already
developed earlier with reference to a zone of “flexibility” ;
that zone is broadened still further.

3.232. Having different winter and summer rates plays exactly
the  same role as a cut in rates when you are dealing with systems
in which the summer expenditure quota is sizable.

3 . 2 32 1 .  This is the  case , for  example , of the system we have al-
ready talked about , with 2 towns, each with a max imum demand of
1,250 Kth/h, with a mean demand of 500 Kth per hour over 7,460
hours , one of them close to a hea t—breed ing  reactor , the o ther
close to the storage f ac i l i t y .  The maximum t rans i t  is 35 percent
t imes 2 ,500 or 875 Kth:

H
2 

= 3700, 
~m 

= 0.65 
~h 

= ~~~ ~~= 316

The optimal diameter is 910, orresponding to A0 = 855 io3 F/Kw .

—16—
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There is no point in calculating H , since the total annual ex-
penditure is 1.305 A0 = 1120 io3 F~ Kth or 11.200 106 c/l00 Kth
for an actual total delivery (minus 20—percent storage losses)
which is well known to be 7,120 x lO~ therms or 1.57 centimes
per therm and per 100 kilometers of distance between the two
towns,

(1) 
~h 

price for peak winter hours

(not counting transport losses: these losses with a pipeline 900
mm in diameter are 3, 600 th/km/yr or, in the case under considera-
tion, 360,000,000 per 100 kilometers or 5 percent of the total
distribution . With an 800—mm pipeline they are 3,200,000 Kth/km/yr.
The incidence is fairly sli ght: 0.08 centimes /ioo kilometers. -

Storage costs are not included either.) With such a design, it
is no longer possible to dissociate production from consumption
and storage because these three factors are part of a total, co-
herent whole which might be compared with another whole, such for
example as that of two local storage facilities with the produc-
tion plant located between the two towns. At that point we have
an instant flow toward either town of 500 Kth/hr : H1 = 7460 and
H2 7460 and 

~mh 
= 
~ centimes,~~~= 748.

The retail price is the one we have already calculated: ~.75 ~per 100 kilometers for each of the two transport components or
2.8 per 100 kilometers in all, allowing for storage losses, or
1.42 centimes per 100 kilometers of distance between the towns.
The optimum diameter will be 800 or 900, and transport losses very
close (320 x 106 therms instead of 360 x 106 with a differential
incidence of less than 1 percent).

We find a difference of 1.57 — 1.40 centimes per 100 kilometers
equal to 0.15 centimes per therm distributed (or around 0.60 cen—
times per stored therm).

It is this difference we must look at to see if it is or is not
compensated for by the effect of scale economy on the storage
plant facilities (in this case the comparison is between the solu-
tion of two storage facilities with a capacity of 800 x 106 therms
each in each town , and the solution with a single storage plant
with twice the capacity at one extremity).

By virtue of the preliminary observation made as to the propor—
tionalit y of the findings 0.60 centimes per 100 kilometers for
towns of 12500/500 Kth/hr would amount to:

o.~~U x O.75~ / 100km [or (‘u25/’250 Kth

0.60 X 2 7  i$/loo km fo r  towns of 250/ 100 Kt h/h3.

— 17 - .  
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4. C0NSE~ UENCES INSOFAR AS CONCERNS DISTRIBUTION LINES

In a system there will thus generally be a central plant forming
a coherent whole. For reasons made quite clear by the two—town
example just cited, we shall have to supply, within this whole,
certain sub—stations on a priority basis from the heat—generating
plants, and certain others will be supplied in winter primarily
from storage faci l i t ies .  But in the last ~analysis we shall have
a single price per distributed therm bec a~.se it is impossible to
consider such a system other than as a whole. Let q equal the
price which includes transport and storage costs and which m ay
be subject to slight variations as a function of the total annual
demand.

Onto this whole will be grafted distribution which we can assume are
supplied at the single price, q, with this price also open to
influence by the total flow from the antennae.

We shall now look at the problems posed by these distribution lines

4.1. Length of distribution lines

It cannot be such that at its end, the retail cost is greater than
that of the fuel—generated therm, or 5.5 centimes /th in the
first analysis

c i

~~~~~~~~~ 
< 5 .5  - q 1<. 

550—100 q

will depend on the mode of supply.

We have seen elsewhere that for supply with storage at the point
of consumption and with the CPCU monotone c0 had a minimum which
is the  supply of 50 percent of power ( see table in 3 . 2 2 ) .

4 . 2 .  A question now arises: Is there any advantage in providin~g
100 percent of supply?

This leads to an increase of around 30 percent in the transport
price per therm over the optimum 50 percent, but we must allow
fo r  savings in fuel and in amortization costs on the st andby plant .
It is certain a priori that there is always an advantage in sup-
plying at least 60 percent of power because between 50 percent and
60 percent the drop in c0 is very slight . A quick look will show
that between providing 60 percent and 100 percent of power , the
increase  in t ranspor t  costs per therm is just about linear and
increases  by 22  percent ( 5 .5  x 10 percent ) going f rom :

c00 to 1.22 c60 ~~ (L = distribution length in kilometers).

It’ we assume that for 60 percent the additional requirement will
be 10 percent of the  to ta l  and that  the monotone between 100 per-
cent and 60 1.ercent is a s traight  line

— 18—
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(the uppor portion of the monotones is of course
the least clearly defined by reason of the random na-
ture  of extreme cold snaps . In fact , when you supply
more than 80 percent of maximum power , the backup
plant which provides the  ex t ra  20 percent will  some-
t imes go fo r  a year at a t ime without being u sed . ) ,

we can calculate the marginal  re ta i l  proce of t ransport  per therm
when we supply 90 percent, 80 percent , 70 percent , or only 60 per-
cent ( in  relat ion, in other  words , the cost of the total increase,
to the addit ional  amount d i s t r i b u t e d ) :

100 between 60 and 70~ it :i~ d = 1.97 c60 60 100

90 “ 70 arid ~0% “ “ d70 2 . 7 6  c60

80 “ ~0 and 90% “ “ d 0 — 3.65 c60

70 “ 90 and 100%” “ d90 9.17 c 60
60 

____

The sum of q + d must be compared with the price per fuel—genera-
ted therm provided under emergency conditions, which is to say
wi th  an operat ing time o f :

for 60 percent of 1.10 x 3000 = 750 hrs/y r  ( fu l l  power equivalent )
0.4

“ 70 percent of 0.56 x 3000 = 560
0.3

“ ~0 percent  of 0 . 25  x 3000 = 375
0 . 2

“ ~)0 percent of C,. 006 x 3000 = 180
0.1

Assuming t h a t  in the cost of a fuel—generated therm from a plant
operat ing fo r  3000 hours the production amort izat ion amounts to
0 .3  cent imes  of the 5 .5  centimes if the usual cost per fuel  therm .
w i t h  the  rest being propor t ional  f ac tor s , the corresponding retai l
price per fue l—genera ted  therm to be taken into account would be:

b r  O0~ 1~~~ 5. 2 + 0 .3  x 3000/750 = 6 .4  cent imes

f o r  70~ = 5.2 + 0 .3  x 3000/500 = 6.8  centimes

f o r  ~~~ 5 . .~ + 0. .3 x 3000/375 = 7.t centimes

tot QU ,~ 5.2 + 0.3 x ,3000/l~ 0 = 10.2 cent imes.

we I m d  t h a t  inst  allation ol ’ a backup fuel—fired plant is jus-
t, I t ie(1:

— I a —
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for 40% of power (only if the distribution lines exceeds 330 Km)
60~

“ 30% “ “ “ “ 240 Km
6O~

“ 20% “ “ “ “ 205 Km
6O~

“ 10% “ ‘I “ iii Km
60~

In addition, one must of course make sure that :

Cn~~~j•~~~< 5.5~~~— q

as well as:

L ~~c60 Tö?i ~~~ 
— q

6C~ 60~

For example, if you have consumption of l5OKth/hr at maximum
power 

~M, 
or

0.60 
~‘M = 90 Kth/hr

60 = 366 (CPCU monotone)

= 7 cent imes ( approx . )

You have the following minimum distances to jus t i fy  backup
plants:

Power of the backup plant 10% 20% 
~M 

30% 
~M 

40% 
~
‘M

Distance 16 Km 29 Km 35 Km 45 Km

These distances are inversely proportional to c60 and we see that
they are quite considerable even for an antenna of modest propor-
tions. It is most often advantageous to distribute 80 percent ,
very of ten  to distribute 90 percent, and of ten to dist ribute 100
percent of power from the central plant . (i), (2)

i)  (For example , for  a city like Valenciennes which uses 500 Kth
per hour at peak load, c~~ = 4 . 2 , a backup plant rated at 50 Kth

per hour  would be jus t i f i ed  only for  a feed dis t r ibut ion  l ines in excess of
26 ki lometers, which is just about the dist ance between Douai and
Valenciennes .
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z )  What we have here is in fact a fairly academic question when
a system is nearing the construction stage. In practice, since
you w i l l  always allow fo r  some poss ib i l i ty  of extension, it wil l
always be a l i t t le oversized and t h e r e f o r e  you wil l  usual ly  be
better off supplying tota l  requirements .  The problem of opt imi—
zation arises later  in the form of a choice between building a
backup plant act d upping the rated power of the pumping stations,
thus doing the same thing in two very d i f f e ren t  ways .

4.3. Storage at point of coinsumption

The re lat ively slight d i f f e rence  between the 100 percent t rans i t
price and continuous t rans i t  wi th  storage leaves onl y a pre t ty
slim slot for  storage at point of consumption. If you allow for
sto rage losses of 2 0 percent , the d i f fe rence  comes to onl y 2~
percent , which means that storage will have to f i t  into the dif-
ference between

0.28 c Ls per therm delivered
100

c indicating continuous flow wi th  storage of 1.12 c5L per stored
therm; fo r  an investment of 9 . 6  c L  centimes
per storable therm per year .

c L
Fur thermore, -j.

~ j  must be less than 5 .5  ~ — q (q is at least ‘20 ) .

Fo r q = 20, wh ich is quit e optimistic ( 3 ) ,  that would lead to
storage investments of less than :

0.35 Fr per storable therm for a 100—km distribution lines (c5 3~5c)

(5)
0.28 Fr per storable therm for  an 80—km distribution lines (C 5 4 5c)

0.25 Fr per storable therm for a 70—km . . . . ~ (6)
distribution lines (c5 5~ ,

( 3 )  Not absurd , though, if the stored therms have been marg inal-
ly p roduced , which is quite of ten  the case.

( 4 )  This refers to distribution lines of at least 300 Kth/hr , and hence to
distribu tion lines with peak consumption of 750 Kth/hr.

( 5 )  mis may app ly to d i s t r ibu t ion  lines of around 150 Kth/hr .

(t ’ ) Thi -
~ m a y  app ly to d i s t r i bu t i on  lines of around 100 Kth/h r .
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You are at risk of very swift ly running headlong into the scale ef-
fect on storage faci l i t ies  at the  end of the distribution lines. (1)

(1) It is neve rtheless possible to design local storage fac i l i t i e s
tp provide backup for peak-hour standby plants. The sole considera-
tion here is to cope with extreme demand peaks . A closer study of
needs then becomes necessary, because at this point you have to con-
sider variations over the day—span (particularly as between day and
night) and over the week—span (particularly when you have plants or
other activities which are shut down or slowed down over weekends).
What you need now to cover these extreme peaks (above’ 8(L’or 90 per-
cent) is no longer seasonal storage facilities, but daily, or at
most weekly storage facilities. So you can consider several diffe—
rent solutions :

— you can consider storing in reservoirs (even low—temperature ,
unpressurized reservoirs) to supply certain localized sectors which
warrant it,

- or storage in specially dug tunnels. It might be pointed out
that even over the days or weeks when there is no need to draw upon
them, these kinds of storage are still a paying proposition, because
by using them you do, will y—filly, subtract from transport at peak
or full power hours and add to slack hours, and thus save peak—hour
electric power.

4.4. Consequences as concerns storage facilities

We have already noted the difficulties which may arise for storage
facilities at the ends of antennae. the advantage of using differen-
tial power rate structures in order to give preference to summertime
therm transport , and the need for integrated design of production—
transport—storage systems.

Furthermore , intensive design study of storage facilities should
lead to providing them with a major scale effect . The relative build-
ing costs apparently should be strongly regressive , as should rela—
tive losses, once the scale of storage facilities is expanded. This
consideration fits in quite nicely with the overall concept of a
production—transport—storage design for systems, in which the gene-
rating plants are in the center of a sub—group of users, and storage
facilities are in the center of other sub— groups with variable trans-
fers and summer maxima.

This would lead us to establish very large storage facilities at a
centralized point quite distant from the generating plants so that
a major share (at least 20 percent ) of consumers would be located
within the zone comprised between the two ; they would be supplied
sometimes from the generating plant , sometimes from seasonal storage
facilities using the connecting feeder to which the individual anten-
nae would be attached. The boundaries of the zone supplied directly
by the generating plant and from storage would shift over the year.

—2 ’2—
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During the summer months, the feeder would feed into ~he storage
f a c i l i t i e s  direct ly f rom the genera t ing  plant . A sl ightly over-
powered pum~~instal lat ion would even allow of emergency fal l back
wi th  to ta l  re t ro—supply  f rom one or’ more storage fac i l i t ies .

Such a design would lead to sh i f t ing  most of the  work of t r anspor t
f rom generating plant to storage fac i l i t ies  to the summer rionths ,
and hence, in the final analysis, to transporting marginal therms

• using ki lowatts  themselves marginal : this is , of itself , optimi-
za t ion .

APPENDICES

We have seen that in judicious design of production and seasonal
• storage there was art advantage to be derived from distributing

generating plants and storage facilities in such a way as to do
most t r anspor t  in summer , so as, in the final analysis, to trans-
port margina l  therms with marginal  ki lowatts  during marginal  hours.

In fact , this particular observation is even broader in scope ,
since even in winter  or between seasons, the daily and weekly fluc-
tuations in demand mean that trips from the generating plant to the
storage facility (or even from the generating plant directly to
users located close to storage fac i l i t i es  served by the  plant s on
a pr iorit y basis)  are maximal at night or on weekends when the
decline in demand for heat is most marked. Closer analysis will
show that even during these periods, the slack hours are the ones
which match the  peak t ransport  hours , whereas t ransport  is at its
minimum during the peak demand hours .

On a very  general level, the result of this is that the electricity
required for transport is almost always marginal even in winter ,
and t ha t  the  system—wide savings on the nat ional  scale must be cal—
cui nted by t ak ing  a marg ina l  cost f o r  e lec t r ic i ty ,  which is now ,
for example , 6 to 7$, thereby reducing theg by a like amount.

On the p rac t i ca l  level of system operation this  means tha t  the
pumping stat ions w i l l  be us ing  rates at which the obl i terat ion of
pea k loads will  make it possible on the one hand to determine a
f i x ed rat e on the  basis  of r ed uced power a l lowing for  th is  obli-
t e r a t i o n  of’ peaks and f o r  the fact t h a t  fu l l  power is delivered
only in summert ime , an d hence  o~ ach iev ing  m a j o r  economies on t h i s
I I x r d  r a t e ; on t h e  o ther  hand, i t  wi l l  make. it  possible to  t ake
f ull a d v a t i ,  ;~ge ol ’ th e s I ark—hour’ rat (‘S~ even in wintert  ime and
b et ~c t ’ t i~ ~,p,1sOfls

JI)(’S (’ ohs a t ’va t  J o l t s  show l i a  wit Ii i’elat i ye] v low ,,~ levels which
could Lu’ a ’lt i eyed t hi ’ough j u d i c i ou s  u se  of t a t  s (which might set—

I v , t t  at’owid 300), ~ou art get I t ansport c os ts  down to around
o 4$ ~u’ t ’  l Ot) k i. ~ oii~i ‘I v t~~~ eve i t  on t reder’s t t anspoi t ing averages

of’ 0() Nt h/hr. and h i t  l i ’ s~~’ r u st s a t ’  so~ parah1e with those of
(‘ O f l .’-~ ) au ) —I tow t i a t t s p O t ’ t  u l  t L u ’  same amount over a veat ’ , I)ut n o t
en j o y  i f i g  t tie silrfl (’ a(Iv~if1 l ~g ’outs t~~~ t es and f a r ’  less well  m a t c h e d  to
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a c t u a l  production and consumption ra tes .  This observat ion also
leads to a reduction of economic diameters, and hence of invest—
mt ~tts.

Introducing  set rates into the  ‘~~~ formula

E l e c t r i c i t y  rates usually include a fixed annual rat e per k i lowa t t
for  power contracted for , PF, and a scale of prices per Kwh con—
cumed, Pb’ as a function of the utilization timetable (peak hours ,
winter full hours, summer full hours, winter slack hours, summer
slack hours)

It is obvious that PF plays the same part as amortization of the
pumping station, and that we can therefore write:

~~~~
a + pF

+Z
~~
pb1

~
1b2

which get s aroun d having to calculate the mean price per kwh includ-
ing the f ixed rat e for  each period , and let s you bring in onl y
the sliding scale prices in calculat ing~~~.

I-LOW TO USE THE GRAPH

Knowing the nominal flow of heat, Q, and the value of~~ 0, which is
a technico—economic given characterizing the operation of a speci-’
fic feeder and condensing the weighted mean cost per Kwh of elec-
tricity, the per—kw amortization of the pumping installations and
the weighted annual schedule H2 of operation (equivalent hours of
full power), by combining Q and~~ 0 you get, on the D scale, theopt imal economic diameter with its cost , A0 under the economic
conditions of establishment given by the graph, and on scale P
the pumping capaci ty  to be installed per kilometer; and on scales
j and U you can read the load losses and f low rates corresponding
to them , in mm/rn and rn/ sec )

Taking the point where  th is  straight line intersects the peak ,
A0Q, and joining the point thus obtained to the point on the H1
scale corresponding to your operating conditions (H 1 IS the weigh-
ted operat ing schedule for  the system, with weighting for the flow
(1), you get , on the c0 sc ale , the  cost of t ransport  per therm
in cent imes per 100 kilometers (not counting heat losses) under
the economic conditions for which the graph was set up.

The value of 
‘
~o 

is given by the formula:

= the  cost index  fo r  p ipelines.  and is designed to of f se t  eco—
n o m i  c v a r i a t i o n s .  (Wh eir  wei g u t i n g  of 1-1 2 has  an e f f ec t  on t h e
pu inp i ug  power , th  i s precaut ions  makes it possible to make the
c h a r t  independent ol ’ such economic variations.)

a ± 1’m ~~
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r

a = amortization 0 pumping stations reduced to kilometers

pn = weighted annual  pr ice  per Kwh of electricity.

the actual  cost~ c , is  deduced f rom c0 by :

1c = C
0 10

HOW TO USE THE GRAPH FOR SUPPLY-RETURN TEMPERATURE

DIFFERENCES OTHER THAN 100°

The Q and c0 columns (scale on the lef~~) have been set for a~~ T
on de l ivery of 1000 .

For ~~Ts other than 1000 , you must either refe r  to the r ight—hand
scale ( in  T/hours)  and use h ydraulic flows , or mult iply t T re l e f t —
hand scale of thermal flows by EtT/lO0.

At the same time , mult ip ly the  values of the  scale in the  c0
column by 100/AT .

Example:  fo r a f low of geothe rmic or igin at 70°C with backflow
at 55°C (&  = 25°C) you design a f low of 25 Kth/hr  on a cont i-
nuous basis (a round  ~~ = 8 0 0) .

Then connect SOO with the 100/ 1000 point on the Q column
(100 x j~j  2.5 K t h/ h r ) ;  the  opt imal diameter is 400 mm .

100
Joining the  intersection with  A/Q to H 1 = 8000h , you get 4 . 7
over’ c0, which gives you:

4 . 7  x = l~’ . ’ ~~ - I~~/loo km

For a p i p e l i n e  c a r r ying 20 Kth/hu  at ‘)0/ 70 ~~’T = 20° , you will  also
~4et. Dopt = 400 nun and a retail pr ice  of 55$ pci ’ 100 km , wi th  a

• 2t00—hour feed:

- 

~ -= 76 + 12~ (U+ iooo h X 0.07 fr 271

(1) 1 ixed i’atc )

t h e o r e t i c a l ly  wi l l  be 335 mm ; p r ac t i c a l l y ,  it wil l  be 350 mm.

and you read 11$ on t he c0 colum n

1-1 x = 5~ $/ lOO km 0 .5 S$ t h/k m ,

which would bait any such transport over more than a few kilometers. 
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2. USING THE GRAP H IN CASES WHERE THE
ACTUAL DIAMETER IS FAR FROM OPTIMAL

The graph for the cost of t ransport  is set up according to the
formula:

c = 1.305 A
0 QH1 o

which corresponds solely to the optimal choice. If, fo r var ious
reasons , there is variance from this choice, the graph can never-
theless enable you to calculate transport costs. The real cost
at this point becomes :

c = (A + P

Taking the straight line wh ich connects Q with ëeal D (or  A0) ,  you
get the required power, P, to install, but this straight line odes
not pass through 

~~~~~~~
. It cuts across the scale of çs at~~~

which you - read. You then have :

P
~~ b = 0.3O5 A

because this straight line represents the optimal solution for
the value~~~~0, or:

c ’0 is the cost corresponding to Q,
~~

t 0 as read
on the chart via the classical method:

c 
= 

A + ~~~~ 1 + O.305~~~~~~’

F ~ ‘o A + P~~~’ 1.305

and hence:
c = c t (0.774 + 0.226

This formula gives a relatively easy assessment of the real cost,
once you know

SOME THOUGHT ON OPTIMIZING LONG—DISTANCE HEAT TRANSPORT

SYSTEMS AND ON THE PLACE OF STORAGE IN SUCH SYSTEMS

Complement n° l

1. The incidence of c e r t a i n  aspect s of e lec t r ic i ty  rates on t he
cost, of h eat transport i i i  sys t  ems containing seasonal storage
f a c i l i ti es and puss  ible daily—weekly t’acilit ies.

— 2 ( i —  



In t ransport  instal la tions containing storage facil i t ies, it will
in many cases be possible to make dai ly,  weekly, or seasonal ad-
j u s t m e n ts  to t he  heat f low . This potential can result in :

a) storage at production points , be they  seasonal or
da ily storage facilities, or daily/weekly facilities;

b) adjustments in production : this is the case parti-
cularly when production is accomplished by drawing off steam at
some level in the power plant cycle. These steam drawoffs can
be increased when power derrand is low, either in slack hours or
in summer , cut back or even cut out altogether at peak load hours ,
when power demand is maximum and whet u there is therefore an ad-
vantage to be derived from doiing away with all steam drawoffs so
as to achieve peak electricity production.

The coincidence of slack hours for electric power with maximum
heat production is a very favorable factor to the consideration
of systems including storage facilities.

It is in fact possible to transport heat at instantaneous marginal
transport cost. The instantaneous power is in fact proportional
to jQ (j  = load loss, Q = flow), and this instantaneous cost is
proportional to j p (p is the instantaneous rate per Kwh). All
you need is t. o operate at constant jp, which is to say at constant
pQl~ 7S for the electricity cost per transported therm to be con-
stant. The t act that Q enters at its 1.75 power means that the
reduction of Q is much slighter than the rate increase and that
th is  result is ob ta ined  by a very slight reduction in the instan-
taneous f low.

An addi t iona l  advant age of t h i s  option lies in the fact  that  the
“ f i x e d  ra tes” iii electr ical  suppl y contracts  are set on the basis
of a lower powe r level resul t ing  f r o m  the power requirements con-
t r ac ted  fo r  during heavy hours , minus a f rac t ion  ( usually 40 pe r-
cent ) of t h e  d i f f er en c e  between it and the maximum contracted
power dur ing heavy use hours which will be lower , and that  fur-
t h e r m o r e  power overruns  in slack hours are pract ical ly never pe-
na l ized.

A numerical examçle will make th i s  mechanism clear :

Given a continuous t r au s f er  over 74lu hours (436 8  hours of winter
plus 3048 hours of s u m m e r )  at a t ’low of

These 7416 hour s w i l l  b i ea k  down into:

4 , 2 peak load hours
2O .~4 heavy winter hours

• 1~~72 c-J ack wint er hours

• l ) ) 5~ heavy summer hours
~ 1 a ’k summer hours

— 2 7 —



• We shall assume the following rates:

* Peak hours 17 cent,imes
* Full winter hours 12 centimes
* Slack winter hours 5 centimes

• * Full summer hours 7 centimes
* Slack summer hours 4.5 centimes

The p constant, taking as a reference the value of Q~ 
cor-

responding to slack winter hours, yields the following flows:

* slack winter hours Q = 0.94

* fu l l  summer hours Q = 0.86

* full winter hours Q = 0 .5 4  
~ N

* all peak hours Q = 0.44 
~ N

Over the same total schedule the mean flow is 0.77

This means that we have two equivalent solutions:

constant flow across 7416 hours and a
weighted cost per Kwhe (outside the fixed rate) of 8.75$

or a variable flow with a maximum equal to = 1.30 
~M 

(ill 
= 5 8 7 0 ) .

• In the first case the fixed rate is calculated on the power corres-
ponding to the 

~M 
flow (or 

~F 
times Kw of

In the second case the fixed rate is calculated on the basis of
the power corresponding to the 0.86 

~N 
flow (cost 0.77 with

a discount allowing for peak hour flow 0.44

First solution

Let 
~M 

= 250 Kth/hr

= 100 F/Kw

= 8.75$ = 0.0875 F
= 76 + 100 + 7486 x 0.0875 =

176 + 657 = 833

Optimal diameter of pipeline : 620 mm
Real “ “ “ : 600 to 650 mm

hRetai l  price H 1 74~’6

c = 3.6$ per 100 Km per therm .

— 2 8 —



Second solution

QN
= 250 x 30 325 Kth H

1 = 587 0
= 65 F/Kw (since the taxable reduced power is 0.Ô5PN)

There is no point in calculating p~ because we know that the ex-
penditure is the same as if we were transporting the total QN flow
in slack summer hours.  So we have :

Ø~ H 2 = 

~HCe 
x 5870 = 262

= 76 4 65 ÷ 262 = 403.

Theoretical optimum diameter Dth 
= 610mm

Real diameter D 600 or 650 mm .

C = 76 + 65 + 262 = 403.

The difference between the two solutions is less than the inevi-
table error in assessment .

First conclusion

This numerical example, fairly close to reality, has a general
scope (1), and it shows that you can get just about (z) the same
transport price for a therm in constant flow transport as in a
judic iously  adjusted f low and that  the  two systems have just about
the same pract ica l  pipeline di ameter.

(1) Because the result is in fact independent of the chosen
r a t i ng .

(‘2) In t act, t he  two representative straight lines shown on the
graph intersect along the axis of c.

Impact ol seasonal storage on production

It should  be pointed out that if you have seasonal storage f a c i —
l i t  ies on or near the  production site which make it possible to
t r a n s fer  heat to distant  storage fac i l i t ies  outside the produc-
t ion pe r iod , the  result would be very favorable to storage.

rhi s is easy t.o unders tand  f rom a numerica l  example of t r a n s f e r
based t h i s  t .imc on ~486 hours (so as not to take ~760 hour s ) ,  or :

* peak = 412
* fu l l  w in t e r  hours 2084
* slack winter hours = 1872
* f u l l  summer hours = 234~
* stack summer hours = 1770



Or in that case :

* QM 
0.81 QN

and QN
= l.Z4 QM H1

= 68’2O
H

and * Pr =
8486

* PmH 2 = ph’2cHl = 0.045 x 1.24 
= 304

* = 76 + 50 + 304 = 43 0

*QN = 250 x 1.25 = 312

Optimum diameter 590 : practical  diameter, 600

Transport  cost c0 = 3.1$ per 100 km or a saving of around 18’~.

Second conclusion

The existence of seasonal storage f ac i l i t i e s  close to the produc-
tion site thus makes it possible to save around 18 percent of
the cost of transfer to a distant seasonal storage facility. You
will note once more that such installations differ only in the de-
sign of their pumping installations , since the same pipeline dia-
meters are usable under several hypotheses. The transition from
one operating system to the other therefore calls for only modest
additional investments, and at no point moves out of the optimal
domain.

If in addition the storage facility allows you to assure neighbor
ing customers of winter’ peak supplies in excess of the capacit y
of the hea t—br~~eding reactor , or a possibili ty of heat drawdown
from a power reactor, allowing for the electrical power demand ,
such storage facilities may well be quite profitable.

II. Problems of temperatures. Losses
Basic d i f f e rences  between nuclear  fuels  and “fossi l”  fue l s,
and between the case of direct distribution and that of
long—distance transport with storage. Advantage of high
temperatures.

Heat losses during transport  are a majo r  item in plant budgets.

This importance is always much greater insofar as concerns direct
distribution than it is in long—distance transport , particularly
if the transport operations include seasonal storage facilit ies.

In direct distribution , the heat flow is tuned to the instant a-
neous demand and is h i g h l y seasonal in n a t u r e .  Furthermore . los-
ses are not dependent on flow , but solel y on the temperature dif—
ferential between the pipeline and the outside environment . If

-30- 



you are operating at fixed temperature , the relative importance
of heat losses is inversely proportional to the flow . It is
t he r e fo re  logical to min imize  losses b y sett ing outgoing and in-
coming temperatures on the basis of thermal needs, keeping them
as low as possible within the limits of those requirements and
allowing for technical limitations (those resulting for example
from a requirement to provide potable hot water).

This is most important when the heat is produced with costly fos-
sil fuels. You can always assume, in fact , that the lost therms
are produced by marginal operation, since their  abolition would
produce only a marginal gain. In the case of N02 fuel oil,, the
marginal cost per them is now 4.8$ before taxes (on the basis of
380 franc s per ton with a boiler yield of 0.80). In a distribu-
tion system in which losses at full power are 2 percent, in summer
operating conditions, if demand is 20 percent less, if the dis-
tribution temperatures and hence the losses are unchanged, they
will reach 20 percent with an annual mean of 8 percent for a mono-
tone type of housing supply (2000 hours). If, in summertime, in-
stead of distributing at 180°C with return at ~0°C (a mean of 130°
or Q0°C above the temperature of the pipelines), you distribute
at 90°—40° (mean 55 or 30°C above the conduit temperature), the
losses are divided by 3 in summer. They drop from 20 percent
to ~.5 percent , for a gain of 13.5 percent ; with a retail price
of 4.8$ per therm, the summer gain is 0.75$ per distributed therm
(4.8$ (1 — 1/0.865).

In exchange, you will have to allow an increase in flow and hence
in pumping costs, but this flow, even so, is only 30 percent of
the maximum and the specific consumption per therm proportional to
the load loss is only (o.3)1’ 75, or around 12 percent of the maxi
mum spec i f i c  consumption , instead of (0.1)1.75 or around 2 percent,
or a difference of 10 percent more. It should also be added that
in summer you take advantage of the minimum rate, and this mini-
mizes this difference when you look at costs. Well, to compete
with individual household heat  production , an urban distribution
system can accept total transport costs no greater than 3$, a frac-
tion of t h e  d i f f e r ence bwtween t h e  retai l  cost of the  heat in th e
plant at F02 around 5.5 $ and i t s  domestic re ta i l  pric e at FOD
around ~~. If the  system is op t ima l , t he  cost of pumping wi l l
r e pr e sen t  on t h e  average  only 24 percent  of t hose 3 centirnes (we
know t hat i n  an opt imal  ized s ys i  em t h is  is the  propor t ional  share
of pumping in f i x e d  costs i n  th e t o t a l  cost of t r a n s p o r t ) ,  or 0 .72 $
in mean a n n u a l  value . Al lowing  fo r  the existence of the  summer
ra t  e and f o r  the t.’act t ha t  0. 72$ i s  not. the  maximum cost , t he
t r anspor t. su rcharge  may come t o  10 to 20 percent of 0 .72 $  or 0.1
t o 0. 2$, and i s  con sider ab ly less than  t h e  0. 75 cent imes saved.

The “ d i  st . rj b ij t  i o n  t empera tu re  drop ” sy s te m j~ t hu s  c l ea r ly  prof i—
t ab le .
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It is no longer so , however , when you are ta lk ing about heat pro-
duced from nuclear fuel. in this case, in fact, the marginal cost
per therm is 1 centime in the CAS—type heat breeders, markedly
less (0.5 centimes in production from live steam, 0.2 to 0.3 cen—
times in marginal production by steam drawdown),  when the heat
comes from a nuclear power plant .

The loss reduction saving then is only 0.15 centimes or less (0 .07
and even 0.03 or 0.04 cent imes) per distributed therm , ow ing to
the very low marginal cost . The saving fa l l s  to around the same
order or less than that  of pumping surcosts, since the lat ter  are
in fact  the same as for  fuel—produced therms at equal distribu-
tion costs.But since when you talk about heat cheaper to produce,
you can accept higher costs of transport or distribution, the
extra costs remaining the same , but in relative value they are in-
creased. The “lower outgoing temperature ” operation is not pro-
fitable. Only a lowering of the return temperat~rre which enables
you to save at once on transport (by increasing ~ T and hence low—eringflow) and on losses (b y lowering the mean round—trip t empe-
rature), or again the simultaneous lowering of both without dimi-
nishing their  d i f fe rence, are accept able.

The conclusion is even clearer when you talk about long—distance
transport, par t icular ly  to storage point s f a r  from the production
site. Maximum flows in such cases take place in summer and, de-
spite the summer rates, the instantaneous marginal specific costs
are then maximal; at best, they are just about constant over the
year .  Given this, there can be no question of cutting down the
ATs, because a cutback in ~ T of 30 percent (from 1 to 0.7) would
have to be o f f s e t  by an increase in flow of 40 percent , enta i l ing
specific expenditures (1.4)1 75 times as great, or an increa3e of
80 percent on an optimalized system. With a transport cost of
3 centimes of which 24 percent or 0.72 centimes goes for pumping
and 80 percent of that 0.72 centimes are proportional costs. This
would therefore correspond to an increase in distribution cost of
around 0.48 centimes per therm . (1)

(1) 0.72 x 80 percent 0.48 centimes, from which you should de-
duct the 0.0.3 to 0.04 cent imes corresponding to the loss reduc-
t ion , or 0 .33 to 0 .45  cent imes)

Quite the other way around , it is a good idea to take advantage
of drops in return temperatures  during t h e  summer ’ i n sof a r  as you
can design syst ems to exploit them , so as to increase your ~ Ts and
either increase the heat flow without increasing the hydraulic flow,
or cut back the hydraulic f low while  r e t a i n i ng  the heat i low , which
wouldgive you s izable savings on marg ina l  t r a n s p o r t  cost (b y in-
creasing the~~ T f r om 100 to 1400 you reduce , at constant heat f low,
the instantaneous marginal spec i . f i c  cost 0 transport per t herm
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by 45 percent or , under the present hypothesis about ) .30 cent imes ,
which is a long way from negligible , since it would bear on every
therm transported in summert i m e ) .

The approach of t ransporting heat over long dist ances once there
are massif shifts in summer, which is to say when you have storage
fac i l i t i es, is radically d i f fe ren t  from the direct dis tr ibut ion
approach , and even the distribution approach is quite different
according to whether you arc’ dealing with nuclear—produced therms
(at low mar ginal cost) or foss .i lc—produced therms (at  high margi-
nal cost).One of the consequences is that nuclear plants on the
one hand (save in the special cases where their heat production is
surrounded by technological limitations of temperature), and the
season technicque of storage on the other, should logically lead
us to look f o r  the  highest possible d i f f e r en t i a l  in outgoing—in-
coming temperatures,  and that  the guest for low—temperature trans
port techniques which a lot of people are interested in now cer-
tainly does not have the economic f u t u r e  people somewhat rashly
and dcceptively attribute to it on the basis of views which in
fact correspond only to local distribution of heat athigh margi-
nal cost. There is no reason to make nuclear power bear the bur—
den of a haunting fear born of the increase in crude oil prices.

The loss problem is more complex. It is best to distinguish be-
tween “outgoing” losses which entail an increase in flow and
therefore do have a transport cost , and “return ” losses, which
must simply be replaced by an equivalent input but have no trans-
port cost of their own.

Iii variable operation it. is better to break the “outgoing” losses
down into two parts:

a. a part proportional to the  flow which has an identical  cost
o transport with that of heat actually delivered;

b .  the  rest  which  has  no effect, on the dimensions of pipelines.
pumps , or any t h i n g  else , and t he  cost of which consists solely
of the specific in st  an t ane o u,s power  consumpt ion  for pumping.
which i s  very low , because it i.s t r anspor ted  when the QH f low is
low , and hence t he pumping power i_ s t o o  ( i t  v a r i e s  as QH 2 75 )
The cost  of t r a n s p or t  is . .

Final 1 ~~‘ . i wotii.d he we .l .1 1 o m l  ( ‘ t hat.  in a var’ iable operat ion
t ire av e r a g e  out  going cost of. I he hea t  lost is not the average
cost of h e a t . , becau’-~ 

p~ro~~t, of t he lost hea t  is produced in sum-
mer or d u r i n g  s l a c k h o u r s .

E h i e n  I h e r e  i s  I i re  p r e t ty  coim .~ i der’able fac t or of heat f rom the
pumpi r ig  j )OW(’  i • ~ 0 pe i < ’ m ’ i i t  of WII i (Ii i s recove r ed by t h e  wa t e r .
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We might, just by way of a finishing touch, devise a system for
calculating transport costs recurrently. These are initially
calculated disregarding losses, then, once the losses are known,
they are factored into consumer billing as we said earlier. In
this case , it would suff ice to recalculate the transport costs al
lowing for these losses. Since we know that their existence does
not affect  the diameters, one recurrence would be enough. But
actually, this little touch does not seem very necessary .
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