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Abstract

The objective of this paper is to show that for the optimal design of an energy system\ where there is a trade!o}
between exergy saving during operation and exergy use during construction of the energy system\ exergy analysis and
life cycle analysis should be combined[ An exergy optimisation of a heat exchanger has been carried out on the basis of
the life cycle analysis method in this paper[ The analysis of the heat exchanger in which exergy analysis and life cycle
analysis are combined gives the design conditions of the heat exchangers which lead to the lowest life cycle irreversibility[
Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A heat transfer area
cp heat capacity
C cumulative exergy destruction
d thickness of the tube wall
D inner diameter of the tube
I irreversibility of exergy destruction
L length of the tubes
m¾ mass ~ow
M mass
Nu Nusselt number
NTU number of heat transfer units
P pressure
Pr Prandtl number
Re Reynolds| number
R diameter of the tube curving
T temperature
T0 inner tube temperature
T1 outer tube temperature
u¹ mean velocity of the ~uid in the tube
x recycling ratio of the material[

Greek symbols
a heat transfer coe.cient
o e}ectiveness

� Corresponding author[ E!mail] r[l[cornelissenÝwb[
utwente[nl

l thermal conductivity
m dynamic viscosity
r density[

Subscripts
9 environmental
0 inner tube of the heat exchanger
1 outer tube of the heat exchanger
Cu copper
h hydraulic
S steel
in inlet
LC life cycle
man manufacturing
mat material
oper operating
out outlet
pri primary
PUR polyurethane foam
sec secondary
tot total
w welding[

Superscripts
DP mechanical component
DT thermal component[

0[ Introduction

Exergy analysis and life cycle analysis have been
developed separately[ Exergy analysis has been described
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extensively in the books of Kotas ð0Ł and Szargut ð1Ł[
Life cycle analysis "LCA# has been described by Consoli
et al[ ð2Ł and Heijungs et al[ ð3Ł[ The methodology in
the LCA includes the e}ects of all the phases of the
production\ use and recycling on the environment[ In this
paper the methodology has been performed using only
one criterion which is the minimisation of the life cycle
irreversibility associated with the delivery of domestic hot
water[ The complete LCA involves other factors\ e[g[
pollution of air and water\ noise\ etc[\ which were not
considered here[ The concept of cumulative exergy\ intro!
duced by Szargut\ uses the method of accumulation of
the exergy consumption to a de_ned point in the life cycle
analysis ð1Ł[ The cumulative exergy consumption of a
product takes into account all the exergy destruction for
the manufacture of the product[ However\ in this method
the exergy destruction associated with the disposal of the
product and the in~uence of recycling which causes a
change in the exergy destruction are not taken into
account[ Because of its widespread use the heat exchanger
has been selected as an example[

Bejan ð4Ł studied extensively the optimisation of a heat
exchanger\ excluding exergy destruction associated with
use of materials and cumulative exergy of generation of
heat and power[ His approach uses the concept of entropy
generation minimisation[ An extension to his approach
to include material use has been made by Aceves!Saborio
et al[ ð5Ł[ They took into account the cumulative exergy
of the material\ but did not include the irreversibility due
to the pressure drops[

Tondeur and Kvaalen ð6Ł have shown that in the case
of heat exchangers or separation devices involving a given
heat transfer and achieving a speci_ed transfer duty\ the
total entropy produced is minimal when the local rate of
entropy production is uniformly distributed along space
variables and time[ De Oliveira et al[ ð7\ 8Ł has shown
that in the case of an optimal heat exchanger the thermal
and viscous contributions to the entropy generation
should be equal when the heat ~ux is optimised[ It is
shown that the ratio of thermal and viscous contribution
to the entropy generation is between one and three when
the Reynolds number or hydraulic diameter is optimised[
However it is not shown that this is the case when both\
Reynolds number and hydraulic diameter\ are to!
gether optimised[

1[ Optimisation of a heat exchanger

1[0[ The heat exchan`er

The heat exchanger analysed is a balanced counter ~ow
heat exchanger\ which is used in a district heating system
to heat the domestic tap water[ The inner tubes carry the
cold stream and the surrounding outer tube carries the
hot stream[ An equal mass ~ow of the hot and cold water

has been assumed[ The inner and outer tubes have been
constructed from copper and steel\ respectively[ The com!
bined annular heat exchanger is helically wound as shown
in Fig[ 0[ The in~uence of winding on the heat transfer
has been neglected[ The thermal insulation of the heat
exchanger has been assumed to be perfect[

The following formula can be derived for the irre!
versibility in the heat exchanger due to the stream to
stream heat transfer and pressure drops]

Iþ� IþDT¦IþDP "0#

with

IþDT � T9 $m¾ cp ln
T0\out

T0\in

¦m¾ cp ln
T1\out

T1\in % "0a#

and

IþDP � $
m¾
r

"P0\in−P0\out#¦
m¾
r

"P1\in−P1\out#% [ "0b#

Using the heat balance for the n inner tubes

n = m¾ ncp"T0\out−T0\in# � aADT "1#

with m¾ n"m¾ :n# equation "0# can be rewritten as

Fig[ 0[ The analysed heat exchanger[
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IþDT � T9 = m¾ cp

×

K

H

H

H

H

k

ln
T0\out

T0\in

¦ln
T0\in¦

m¾ cp"T0\out−T0\in#
aA

T0\out¦
m¾ cp"T0\out−T0\in#

aA

L

H

H

H

H

l

"2#

because T1\out � T0\in¦DT and T1\in � T0\out¦DT in a bal!
anced heat exchanger[

By using the force balance we can write for the pressure
drops in the tubes]

DP0 � P0\in−P0\out � 1f0"Re# = r = u¹1
0

L
D0

"3a#

and

DP1 � P1\in−P1\out

� 1f1"Re# = r = u¹1
1

L ="D1¦n ="D0¦1d0##

"D1
1−n ="D0¦1d0#1#

[ "3b#

Using

u¹0 �
3m¾ n

rpD1
0

"4a#

and

u¹1 �
3m¾

rpðD1
1−n ="D0¦1d0#1Ł

"4b#

for the mean velocities of the ~uid in the tubes and sub!
stituting equation "3a# and "3b# in equation "0b# yields

IþDP �
21

p1 $f0"Re#
n = m¾ 2

n

r1

L

D4
0

¦f1"Re#
m¾ 2

r1

L ="D1¦n ="D0¦1d0#

ðD1
1−n ="D0¦1d0#1Ł2% [ "5#

1[1[ Turbulent re`ion

In the turbulent ~ow region in tubes and annular spaces
with a limited temperature di}erence of 4 K for liquids
between the bulk ~uid and pipe surface temperature we
have according to Chapman ð09Ł

Nui �
aiDh

l
� 9[912 = Re9[7 = Prn

� 9[912 = 0
ru¹Dh

m 1
9[7

= 0
cpm

l 1
n

"6#

with n � 9[2 or 9[3 for cooling or heating\ respectively[
Experimental data of Kays and London ð00Ł gives a simi!
lar relation[

The friction factor in tubes according to the friction
law of Blasius is given in Rogers and Mayhew ð01Ł as

f"Re# �
9[9680

Re9[14
� 9[9680 = 0

m

ru¹Dh1
9[14

[ "7#

However\ to include the curving of the tube the following

correction factor according to Ito ð02Ł has to be included
in equation "7#

C � 9[851¦9[981 = Re9[14 0
D
R1

0:1

"8#

where R is the diameter of the curved tubes[ Substituting
equations "4#\ "6# and "7# in equation "5#\ using
A � n = p = L = D0 for the inner tubes and
A � n = p = L ="D0¦1d0# for the outer tubes and neglecting
the heat resistance of the tube wall we obtain

IþDT � T9 = m¾ cp $ln
T0\out

T0\in

¦ln 0
T0\in¦DT
T0\out¦DT1% "09a#

with

DT �
"T0\out−T0\in#

9[912 = n = 39[7 = p9[1 0m9[3 0
cp

l 1
9[5 m¾

m¾ 9[7
n

D9[7
0

L

¦m9[4 0
cp

l 1
9[6 m9[1"D1

1−n ="D0¦1d0#1#

L ="D0¦1 = d0# ="D1¦n ="D0¦1 = d0##9[11
and

IþDP �
0[68

p0[64

m9[14

r1 $
n = m¾ 1[64

n L

D3[64
0

×09[851¦9[981 = 03 =
mn

pmD01
9[14

0
D0

R 1
0:1

1
¦

m¾ 1[64L ="D1¦n"D0¦1d0##0[14

ðD1
1−n"D0¦1d0#1Ł2

×09[851¦9[981 = 0
3 = m

pm"D1−n ="D0−1d0##1
9[14

×0
D1

R 1
0:1

1% [ "09b#

1[2[ Comparison with experimental results

The used formulas are compared with experimental
results of the manufacturer of the heat exchanger ð03Ł\
which is a heat exchanger with three inner tubes[
However\ no information about balanced operations are
available\ so the formulas have to be rewritten for the
unbalanced situation[

For the unbalanced counter ~ow heat exchanger equa!
tion 0"a# is rewritten as

IþDT � T9 $C0 ln
T0\out

T0\in

¦C1 ln
T1\out

T1\in % "00#

where C0 � m¾ 0cp\ C1 � m¾ 1cp and with help of the energy
balance

T1\out � T1\in−
C0

C1

"T0\out−T0\in# "01#

and the e}ectiveness
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o �
C0"T0\in−T0\out#
Cmin"T0\in−T1\in#

"02#

where Cmin � C0\ when C1 × C0 and Cmin � C1\ when
C1 ³ C0[

T1\out and T1\in can be replaced as shown in equations
"02# and "01# to rewrite equation "00# as

IþDT � T9 $C0 ln
T0\out

T0\in

¦C1 ln 00−
C0

C1 0
C0

o = Cmin

¦
T0

"T0\out−T0#1
−0

1% "03#

with

o �
0−e−NTU = x

0−
Cmin

Cmax

e−NTU = x

where NTU � aA:Cmin and x � 0−Cmin:Cmax[ NTU is
calculated with the help of equation "6#[ For the pressure
losses equation "09b# can be used by _lling in the correct
mass[ The irreversibility of experimental results cal!
culated with equation "00# is compared with the irre!
versibility calculated from the theory with equation "03#
in Table 0 for m¾ 0 � 3 and m¾ 1 � 4 l:min[ For the mech!
anical losses a balanced operation of m¾ 0 � m¾ 1 � 6 l:min
is taken[

As can be seen in the case of the thermal component
the experimental and thermal results match perfectly\
while in the case of the mechanical losses there is a big
di}erence[ Taking into account the _ve bendings of the
inlet and outlet tubes of the heat exchanger the theoretical
values has a marginal e}ect[ So they are left out[ Further
contact with the manufacturers has shown that the exper!
imental values for the pressure drops are mean values
and there are great deviations between di}erent heat
exchangers[ Probably\ they are the result of irrigual curv!
ings of the inner tubes[ The theoretical values are used in
this article[

1[3[ Cumulative losses due to power and heat `eneration

Irreversibilities in heat exchangers are associated with
external exergy destruction\ for example\ to overcome the
frictional losses in the heat exchanger a pressure di}er!
ence is needed[ The generation of the required heat and

Table 0
Comparison of irreversibilities obtained by experimental results
and theory in W

Component Experimental Theoretical

Thermal 0928229 0920
Mechanical 0[729[0 0[9

power is associated with exergy destruction\ which has to
be taken into account in the optimisation\ according to
the LCA[ We assume the following situation\ based on
the district heating system in Enschede\ The Netherlands[
In this system a cogeneration heat and power plant\ a
steam and gas turbine plant "STAG#\ is used\ which has
an exergetic e.ciency of 49)\ when there is no useful
heat production[ The exergetic e.ciency of the extraction
type of plant stays nearly constant when a part of the
steam is used for the district heating system[ Irre!
versibilities associated with the building of the combined
heat and power plant and the transport of the fuel\ natu!
ral gas\ are neglected[

The exergetic e.ciency of the heat transport to the
houses is estimated to be 9[4 for a widespread distribution
net0 "wide net# and 9[64 for a very dense distribution net0

"dense net#[ The exergy destruction in the wide net is
greater because of more power needed to overcome the
frictional pressure drops and more heat transfer to the
environment[ A great part of the exergy destruction in
the heat transport takes place because of the temperature
di}erence in the heat exchanger between the main trans!
port tube and the local distribution net[ It has been
assumed that the exergy destruction associated with the
heat transport is independent of the district heating water
temperature[ The exergetic e.ciency of the pumps is
assumed to be 9[6[

Hence the exergetic cost\ which is the amount of exergy
which is needed for the production of one exergy unit\
can be calculated for the analysed heat exchanger of
pressure rise\ kP\ and heat\ kT[ The exergetic cost for the
pressure rise "kp# is kpower = kpumps � 1[74\ where kpower � 1
and kpumps � 0[32[ These are calculated by taking the
inverse of the exergetic e.ciency of power generation
and pumping[ The exergetic cost for the heat "kT# can be
calculated to be 3 for the wide net and 1[55 for the dense
net[

For the exergy destruction associated with the oper!
ation of the heat exchangers we have

Iþoper � kTIþDT¦kPIþ
DP[ "04#

1[4[ Irreversibilities associated with the use of the material

The life cycle ~ow diagram of the heat exchanger is
displayed in Fig[ 1 the exergy destruction in each process
is shown in Table 1[

A detailed exergy analysis of the primary anode copper
process is presented by Kolenda et al[ ð04Ł[ The cumu!

0 This is a hypothetical situation[ In reality the exergy losses
are higher because the peak in heat demand is supplied by
auxiliary heating boilers using natural gas[ Their exergetic
e.ciency is very poor[
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Fig[ 1[ Life cycle of the heat exchanger[

Table 1
Exergy destruction associated with the production of material
and manufacturing of tubes

Process IS "MJ kg−0# ICu "MJ kg−0#

Primary process 09[4 59
Secondary process 3[3 19
Manufacturing 4[6 04
Process

lative irreversibility of the ~ash smelting process\ one of
the main copper production processes\ is shown to be 34[7
MJ kg−0 anode copper[ However\ the exergy destruction
consists of the exergy dissipation in the process and the
exergy of materials\ which are assumed to be discharged
and dissipated into the environment\ like slag and com!
bustion gasses[ So the total cumulative exergy destruction
is 44[5 MJ per kg primary anode copper[

No recent publication about the exergy destruction of
the production of primary steel\ the production of copper
out of anode copper\ the production of secondary copper
and manufacturing of steel and copper tubes is available\
so instead of the exergy destruction the energy con!
sumption has been taken[ To use the energy consumption
instead of the exergy destruction due to lack of su.cient
data\ the following conditions have to be ful_lled[ Most
inputs ought to be raw materials\ because the exergy
and enthalpy content are then roughly equal[ The exergy
increase of the product during the processing has to be

subtracted from the energy use to get the exergy destruc!
tion[

The cumulative energy use of the production of solid
copper out of anode copper is around 3[4 MJ kg−0 copper
according to Boustead and Hancock ð05Ł[ The exergy
increase is almost zero and we assume the enthalpy values
of the inputs to be equal to the exergy values\ so this
value is taken for the exergy destruction[ The cumulative
energy destruction for primary copper becomes
44[5¦3[4 � 59[0 MJ kg−0 "Cpri\Cu#[

The energy use for the production of primary steel
slabs is 05[8 MJ kg−0 1 according to Worrell et al[ ð06Ł[
Because most inputs are raw materials of which the
exergy content roughly equals the energy content the
cumulative exergy use is estimated to be equal to the
energy use[ The exergy destruction is the exergy input
reduced by the exergy increase from the iron oxide to the
steel[ The exergy increase is estimated to be 5[3 MJ kg−0\
so the exergy destruction is 09[4 MJ kg−0 "Cpri\S#[ The
cumulative exergy destruction of secondary steel is cal!
culated from Wall ð07Ł by assuming the e.ciency of the
electricity production to be 9[4[ The exergy destruction
associated with the production of the alloying materials
and lime has been neglected[ Boustead and Hancock ð05Ł
give two totally di}erent values for the energy con!
sumption of the secondary copper production\ namely
6[1 and 37[7 MJ kg−0[ The exergy destruction of this
process is taken to be 19 MJ kg−0 "Csec\Cu#[

The manufacturing process of the steel tubes includes
hot and cold rolling and the bending of the tube[ The
energy consumption of hot and cold rolling is 4[2 MJ kg−0

according to Worell et al[ ð06Ł[ The exergy destruction is
assumed to be equal to the energy consumption\ because
the exergy of the material is hardly changed[ The exergy
destruction of the bending of steel has been estimated by
assuming that metal is heated to 899>C by a gas heater[
The exergy destruction associated with the force required
to bend the steel has been neglected[ The exergy destruc!
tion associated with welding of steel tubes has been esti!
mated to be 9[159 MJ per meter "Cw\S# according to the
Dutch steel maker\ Hoogovens IJmuiden[ The energy
consumption associated with the manufacturing of the
copper tubes\ which includes the welding of copper tubes\
is 03[6 MJ kg−0 "Cman\Cu# according to Alvarado!Grandi
et al[ ð08Ł[ The exergy destruction is assumed to equal the
energy consumption\ because the exergy of the material
is hardly changed during the manufacturing[

The heat exchanger is insulated by surrounding the
outer tube by polyurethane foam "PUR# with a thickness
of 9[914 m[ The cumulative energy consumption for the

1 The energy use is based on the steel factory of Hoogovens
IJmuiden in the Netherlands\ which can be considered to be one
of the most energy e.cient steel factories in the world[
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production of PUR with a density of 29 kg m−2 is 87 MJ
kg−0 and the exergy content is estimated to be 16 MJ
kg−0 on the basis of the lower heating value according
to Kindler and Nikles ð19Ł[ So the cumulative exergy
destruction is 60 MJ kg−0 "CPUR#[ No recycling of the
PUR has been assumed[

The exergy destruction associated with the manu!
facture of the heat exchangers is due to the production
of copper tube and steel tube\ welding and the production
of the PUR!foam[

Iþman �
MCuCCu¦MFeCS¦LCw\S¦MPURCPUR

t

�
pL
t

ð"D0¦9[4d0# d0rCu"Cman\Cu¦xCuCsec\Cu

¦"0−xCu#Cpri\Cu#Ł¦
pL
t

ð"D1¦9[4d1#d1rS"Cman\S

¦xSCsec\S¦"0−xS#Cpri\S#¦Cw\SŁ

¦
0
t
ð"L ="D1¦1 = d1¦9[914# = p# = 9[914rPURCPURŁ

"05#

in which t is the operating time of the heat exchanger
during its life cycle and x is the recycling ratio which is
the proportion of secondary material\ i[e[ material which
is recycled[ For the calculation of the amount of material
the mean diameters of the tubes has been taken[

2[ Results

From the above considerations we obtain an
expression for the total life cycle irreversibility\ which has
to be minimised[

IþLC � Iþoper¦Iþman "06#

where Iþoper and Iþman are stated in "04# and "05#\ respect!
ively[

The following operating parameters have been
assumed for the heat exchanger[ The mass ~ow of the
district heating water as the domestic water is 9[0 kg s−0[
The incoming temperature of the cold domestic tap water
is 04>C[ The domestic tap water is heated to 54>C[ So\
the exergy increase of the domestic tap water ~ow is
0517 W[ The temperature of the incoming district heating
water is variable[ The environmental temperature\ T9\ is
14>C[ The operating time for the heat exchanger is 29
min a day on full load for 09 years[ The mean temperature
of the inlet and outlet streams is used for the heat
capacity\ viscosity2 and thermal conductivity of water[

2 The value of the viscosity is strongly temperature dependent[
The viscosity at 04\ 69 and 79>C is 0[03 = 09−2 Pa s\ 9[395 = 09−2

Pa s and 9[246 = 09−2 Pa s\ respectively[ So the assumption of the
mean temperature will cause a deviation from the real situation[

The recycling ratio is set to be 9[8 for the copper and steel
parts of the tube[

2[0[ Reference con_`uration

As a reference situation the SP 04 N is taken ð03Ł[ This
domestic water heat exchanger is commercially available[
It has three inner tubes with an inner diameter of
7[3 = 09−2 m and an outer diameter of 1[66 = 09−1 m[ The
length is 5[3 m[ The wall thickness of the inner and outer
tube are 9[7 = 09−2 and 1 = 09−2 m\ respectively[ As shown
in Table 2\ the life cycle irreversibility of the heat
exchanger in full operation is 5[54 = 092 W for the wide
net and 3[33 = 092 W for the dense net[ Resulting from a
DT\ DP0 and DP1 of 17[1 K\ 9[938 bar and 9[903 bar\
where DT is the temperature di}erence between the hot
and cold stream\ which is constant\ because we have a
balanced counter ~ow heat exchanger[

2[1[ Results of optimisation

The minimisation of IþLC for the four variables\ D0\ D1\
L and n is given in Table 2 for the wide and dense net[
The value of the number of inner tubes is limited to
require the condition of turbulent region operation[

The minimum value of life cycle irreversibility per heat
exchanger in the wide net of the district heating system is
6[13 = 091 W[ The optimum geometrical parameters were
found to be D0 � 1[77 = 09−2 m\ D1 � 1[04 = 09−1 m\
L � 14[4 m and n � 04[ n has been limited to 04\ because
otherwise the turbulent ~ow regime would be left[ The
DT\ DP0 and DP1 of this optimised heat exchanger are
0[31 K\ 0[7 and 1[0 bar\ respectively[

The minimum life cycle irreversibility of the dense net
is 4[89 = 091 W for D0 � 1[77 = 09−2 m\ D1 � 1[04 = 09−1 m\
L � 19[7 m and n � 04[ The DT\ DP0 and DP1 of the
optimised heat exchanger are 0[64 K\ 0[4 and 0[6 bar\
respectively[

We see that for optimal geometrical parameters the
tube diameters are independent of the e.ciency of the
distribution net\ the dense or wide net[ However\ the
length of the tube is strongly dependent on the type of

Table 2
Components of life cycle irreversibility in W

Component
Wide net Dense net Wide Dense
"SP 04 N# "SP 04 N# net net

Thermal 5593 3281 252 185
Mechanical 1 1 001 80
Manufacture 36 36 138 192
Total 5542 3330 613 489
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distribution net[ The components of the life cycle irre!
versibility in the heat exchanger are displayed in Table 2[

The contribution of the use of copper\ steel and PUR!
foam to the irreversibility associated with the manu!
facture is 56\ 19 and 02) for the wide and dense net
optimisation and 36\ 22 and 19) for both heat
exchangers with length of 5[3 meters\ respectively[

2[2[ Discussion

The e}ect of the tube diameters and the length on life
cycle irreversibility for the optimal geometrical par!
ameters is shown in Fig[ 2[ The cross!sections of ~ow
areas of the inner and outer passages are set _xed in the
ratio of 0 ] 9[653 to get a three!dimensional _gure[ This
ratio has been obtained for the optimisation of the wide
net with n � 04[

In Fig[ 3 it can be seen that the life cycle irreversibility
rate rises for smaller tube length and inner tube diameter[
At zero length or at zero tube diameter the life cycle
irreversibility rate becomes of course in_nite[ When the
length or inner diameters are reduced to save material
costs it is shown that there is an optimal relation between
these two geometrical parameters to do so[

A decrease of the number of inner tubes gives the
following optimal geometrical parameters for the mini!
mal irreversibility as can be seen in Table 3[

An increase of the operating time of the heat exchanger
leads to optimal geometrical parameters with greater
diameters and a longer heat exchanger as shown in Table
4[ It can be seen that an increase of the operating time
leads to a relatively small increase of the tube diameters
D0\ D1 and a greater increase of the length[ The life cycle

Fig[ 2[ Life cycle irreversibility "in W# against length and diam!
eter of the heat exchanger[

Fig[ 3[ Life cycle irreversibility "in W# against length and diam!
eter of the heat exchanger in more detail[

Table 3
Optimal geometrical parameters and life cycle irreversibility for
the wide net for di}erent number of tubes

n "tubes# IþLC "W# D0 "09−2 m# D1 "09−1 m# L "m#

0 0948 09[4 0[58 89[5
1 832 6[47 0[64 56[3
2 776 5[14 0[70 45[5
4 714 3[89 0[78 33[9

09 646 2[49 1[93 20[5
04 613 1[77 1[05 14[5

Table 4
Optimal geometrical parameters and life cycle irreversibility for
the wide net for di}erent times

t "years# IþLC "W# D0 "09−2 m# D1 "09−1 m# L "m#

4 819 1[42 0[86 07[9
09 613 1[77 1[05 14[5
04 529 2[09 1[17 25[0
19 469 2[17 1[27 25[6

irreversibility rate decreases steadily by an increase of
the operating time[ There are no signi_cant di}erences
between the wide and dense net for the relation operating
time and optimal geometrical parameters[

De Oliveira et al[ ð7Ł gives for the exergetic optimisation
a ratio of 2 ] 2[4 for the exergy destruction due to the
pressure drop to the exergy destruction due to the tem!
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perature degradation[ This ratio is 2[2 for the dense net
optimisation\ which has about the same exergetic cost
factor for the heat and the pressure rise[

The number of inner tubes is limited to stay in the
turbulent ~ow regime[ The inner tubes leaves the tur!
bulent ~ow regime above n � 19[ The outer tube leaves
the turbulent at n � 04\ which is set as the upper limit[
However\ a correlation could be made to increase the
allowable number of inner tubes to 19 by decreasing the
outer tubes diameter to stay in the turbulent ~ow regime[

The entrance and exit pressure drops are neglected in
this study[ In the case of the wide net optimisation the
entrance pressure drop is calculated to be lower than
5 = 09−2 bar[

No heat transfer from the heat exchanger to the
environment has been assumed[ For the wide net opti!
misation the heat transfer to the environment during
operation has been calculated to be 9[31) of the total
amount of heat exchanged\ when for the heat exchanger
box an outside and a mean inside temperature of 19 and
39>C are assumed\ respectively[ So the neglect of the heat
transfer from the heat exchanger box to the environment
during operation is justi_ed[ However\ if you assume a
constant temperature of 39>C for all times the heat trans!
fer to the environment becomes 19[1)[ But\ if the heat
exchanger is located in a closed space\ the temperature
will increase\ which decreases the heat transfer\ so more
attention should be devoted to this subject[ A constant
temperature in the heat exchanger at all times is desirable
because of comfort conditions[ The coe.cient of thermal
conduction is 9[913 W m−0 K−0 for the PUR and the
heat transfer coe.cient for the dry air is taken to be 09
W m−1 K−0[

The transformation of mechanical energy into thermal
energy has been neglected in the model[ As can be cal!
culated for the optimised situation for the wide net\ which
results in 04 inner tubes\ this transformation would cause
a temperature increase of 9[932 K for the cold side and
9[949 K for the hot side[ Assuming a temperature increase
of 9[934 K due to this transformation gives an associated
exergy increase of 1[6 W\ this would decrease the irre!
versibility due to the heat transfer with 00[9 W as the
e}ect of the decrease of required thermal energy[

3[ Conclusions

With the combination of exergy analysis and life cycle
analysis the optimal design of a heat exchanger can be
obtained[ For all energy systems where there is a trade!
o} between exergy saving during operation and exergy
use during construction of the energy system this method
should be adopted to get the true optimum from the point
of view of conservation of exergy of natural resources[

In the case under study the optimal design parameters
of the heat exchangers are obtained under the speci_ed

conditions[ The dense net\ which is a more energy e.cient
heat supply system than the wide net\ has the same inner
tube diameters as the wide net whilst the length of the
heat exchanger is smaller for the former than for the
latter[ The number of inner tubes is maximal for both
nets under the given conditions[ A decrease of the number
of inner tubes leads to an increase of the irreversibility[
The dense net has lower life cycle irreversibility due to
the manufacture of the heat exchanger compared to the
wide net\ because less exergy is saved by the same increase
of exergy use due to the manufacture[ The increase of the
operating time leads to a slight increase in the inner tubes
diameters and a greater increase in the length of the
heat exchanger[ In the optimised situation the life cycle
irreversibility is more uniformly distributed between the
component irreversibilities than in the _xed length of 5[3
meters situation[

In general we can conclude that the thermodynamic
optimisation of the design parameters of a subsystem is
dependent on the thermodynamic e.ciency of the whole
system and that the di}erent components of the life cycle
irreversibility of heat exchangers are more uniformly dis!
tributed when there are less restrictions on the design
parameters for the optimisation[
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