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Real and ideal cy cles of any com plex ity can be com pared  through the def i -
ni tion of the irreversibilities and ways of their minimization in the ther mo -
dy namic anal y sis. The pa per con sid ers the use of en tropy-cy cle method for
ther mo dy namic anal y sis of re frig er at ing ma chines and heat pumps. Us ing
this method pre con di tions of prac ti cal use for anal y sis, syn the sis, and op ti -
mi za tion have been cre ated. The meth od ol ogy of the en tropy-cy cle method
can be use in many ar eas of  the sci en tific work and ed u ca tional pro cess.
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Introduction

The ther mo dy namic anal y sis is an in stru ment to de fine the per for mance of any
en ergy con ver sion sys tem (in clud ing re frig er a tion ma chines and heat pumps) and in di -
cate the way of its im prove ment. All el e ments that ren der sig nif i cant in flu ence on the ef -
fi ciency have to be per fect. The ther mo dy namic anal y sis al lows to find tech ni cal ways to
in crease en ergy ef fi ciency and show how to do this, whereas the thermoeconomic anal y -
sis re veals the ben e fit at given eco nomic sit u a tion when the fuel, cap i tal, op er a tional, and
main te nance costs are known. The cre ation of a real schemes of com pres sor re frig er a tion
ma chines and heat pumps have been con sid ered from this point of view. The en tropy
method [1-6] is a cal cu la tion and anal y sis of the en tropy gen er a tion in all parts of the sys -
tem un der con sid er ation. Some parts (sub sys tems) can be ex cluded from the sys tem, but
they should be in con nec tion with the sys tem dur ing the op er a tion. The cal cu la tion of the
to tal en tropy gen er a tion and exergy de struc tion of the sys tem is nec es sary for the def i ni -
tion of the real work pro duced in real di rect ther mo dy namic cy cles (power sys tems) or
con sumed in re verse ones (re frig er a tion ma chines and heat pumps). To solve the pres ent
prob lem we will in tro duce the “ideal cy cles” (i. e. re vers ible cy cle-sam ples [7-8]) and
cre ate a meth od ol ogy to com pare the ideal and real cy cles. The real pro cesses dif fer from
ideal ones be cause of some tech ni cal rea sons [8-9]. For ex am ple:

– it is not possible to realize a theoretical process in real conditions of operation,
– any energy conversion system working by ideal cycle cannot be efficient for a long

time, and
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– any energy conversion system working by ideal cycle is dangerous (there is an
opportunity for breakdown) and unreliable in behavior.

The de vi a tion of the real cy cle from the ideal one (from the view point of exergy
anal y sis) is due to exergy de struc tions. The exergy de struc tions can be de fined by a pro -
ce dure of step-by-step cal cu la tions of all el e ments of an en ergy con ver sion sys tem. The
equa tion of exergy bal ance for k-th el e ment of the sys tem is:

E E Ek k kF P= + D (1)

where the value DEk is the sum of exergy destruction EDk and exergy losses ELk in k-th
element [6]. The concept of exergy destruction describes irreversibilities as a result of the 
replacement of an ideal element on the real one. For an ideal element EDk = 0. The
concept of exergy losses describes the heat contact between an element and the
environment (ELk). The value ED for the k-th element of an energy conversion system is
determined according to the exergy theory by Gouy-Stodola theorem [5-6]:

E T Sk kD env gen= (2)

Us ing the en tropy-cy cle method (ECM) ev ery one can an swer thor oughly to the
ques tion about the great est pos si ble en ergy (exergy) ef fi ciency of an en ergy con ver sion
sys tem and show the ways for its fur ther im prove ment. The ECM can be used for anal y -
sis, syn the sis of sche matic so lu tion, and op ti mi za tion of any en ergy con ver sion sys tem.
Let us con sider step-by-step the ba sic points of the en tropy method, cy cles method and, at 
the end, the ECM (pro posed by au thors) as ones of the sec ond law meth ods of ap plied
ther mo dy nam ics.

Entropy method

If an en ergy con ver sion sys tem con sists of a set of el e ments k = 1, 2, …, n, then
us ing the ad di tive prop erty of the en tropy, we can write:

S S k
k

n

gen tot gen= å
=1

(3)

Sim i larly, the value of exergy de struc tion, eq. (2), is:

E E k
k

n

D tot D= å
=1

(4)

and

E T S k
k

n

D tot env gen= å
=1

(5)

112

THERMAL  SCIENCE: Vol. 10 (2006), No. 1, pp. 111-124



The value Sgenk can be writ ten in gen eral form as al ge braic sum of en tropy and
heat flows through the bound ary of the k-th el e ment, fig. 1:

S m s m s
Q

T
k k k k ki i i i

i

ii

gen in in out out
add

addadd

ADD
= - + å

=1out

OUT

in

IN

ii

åå
=1

(6)

and
 S s m sk k k ki i i

i

gen tot in out out out
out

OUT add

a

= - å +
=

m
Q

Ti

i

1 ddadd

ADD

in

IN

iii =====
ååååå

11111 k

n

k

n

k

n
(7)

where m m
i iin outand  are inlet (ini) and outlet (outi) flows; ini = 1, 2, …, IN; outi = 1, 2, …, 

OUT. The values of Q
iadd are heat flows from external bodies; addi = 1, 2, …, ADD.

T
iadd are temperatures corresponding to heat flows  Q

iadd .

The value of the real cy cle work can be de ter mined:
– for direct cycle (produced work)

W W Ereal ideal D tot= - (8a)

– for inverse cycle (consumed work)

W W Ereal ideal D tot= + (8b)

To take into ac count the in flu ence of the exergy destruction in k-th el e ment of
en ergy con ver sion sys tem on the exergy destruction of the sys tem, the contribution of
exergy de struc tion (en tropy gen er a tion) can be writ ten in the form:

y
E S

S
k

k k
D

D

D tot

gen 

gen tot

* = =
E

(9)

then

y y k
k

n

D tot D
* *= =å

=1
1 (10)
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Figure 1. Thermodynamic model of k-th element
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The to tal ra tio of exergy de struc tion is:

y
E

E
y

k
k

n

k
k

n

D tot

D

F tot
D=

å
= å=

=

1

1
(11)

The exergy ef fi ciency of en ergy con ver sion sys tem is:

e= = -
å

= -=
E

E

E

E
y

k
k

n

P tot

F tot

D

F tot
D tot1 11 (12)

Cycles method

The Cy cles Method (CM) was pro posed for a first time in Odessa State Acad -
emy of Re frig er a tion in the 1950-s by  Martinovsky [7] and an ex ten sion of the method
was made later by Melzer [10]. The thermodynamic ef fi ciency of the cy cle in any stage of 
the ther mo dy namic anal y sis is:

h=
COP

COP

examinated cycle

ideal cycle

(13)

The CM is a step-by-step tran si tion from ideal cy cle to real cy cle by in tro duc ing
of irreversibilities stemmed from the real con di tions of each pro cess. The ba sic points of
the CM are ideal cy cle ® model cy cle ® real cy cle.

The ideal cy cle is a re vers ible cy cle com posed of the min i mal nec es sary num ber
of com po nents (for ideal cy cle h = 1). The tra di tional ideal cy cle is Car not-cy cle. The
model cy cle is the cy cle with the min i mal nec es sary num ber of com po nents in clud ing all
irreversibilities. The real cy cle de scribes the real sys tem con tain ing full set of ba sic and
ad di tional com po nents and their irreversibilities. The CM is per fect base for re search, as
well as a strong meth od olog i cal tool. The CM is widely used in ed u ca tional pro cess. The
stu dents can eas ily un der stand why the real cy cle dif fers from ideal one, and which are
the rea sons for irreversibilities to oc cur. The im ple men ta tion of the CM for anal y sis of
real ther mo dy namic cy cle of sim ple va por-com pres sor re frig er a tion ma chine is shown in
fig. 2. Let us con sider each stage of cre ation of real ther mo dy namic cy cle of va por-com -
pres sor re frig er a tion ma chine and heat pump.

Cy cle 1. Ideal cy cle (Car not-cy cle). Tem per a tures of heat res er voirs are Tenv and
Tcold:

– specific cold capacities
q T scold coldarea b- - - a= =( )1 4 D (14a)

– specific heat capacities

q T shot envarea b- -3- a= =( )2 D (15a)
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– work of cycle 1

w T T scycle env coldarea - - -1 1 2 3 4= = -( ) ( )D (16a)

– COP of cycle 1 (inverse reversible Carnot-cycle)

COP
q

w

T

T T
cycle

cold

cycle

cold

env cold
1

1

= =
-

(17a)

– thermodynamic efficiency
h = 1 (18a)

Cy cle 2. Endo-re vers ible Car not-cy cle. The tem per a tures of the heat res er voirs
(TC and TE) are ba sis of  work tem per a tures of re frig er at ing ma chine. The Cy cle 2 cor re -
sponds to sche matic so lu tion of sim ple re frig er a tion ma chine with 4 el e ments: com pres -
sor, con denser, ex pander, and evap o ra tor, fig. 3a. Heat trans fer from a heat res er voir to a
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Figure 2. Cycles method of thermodynamic analysis of vapor-compressor
refrigeration machine (temperature of heat sources are Tcold and Tenv) or heat
pump (temperature of heat sources must be change to Tenv and Thot)

Figure 3. Refrigeration machine (heat pump) schematic solution:
(a) with expander (correspond to cycle 1, cycle 2, and cycle 3 on fig. 2); (b) with throttle valve
(correspond to cycle 4, cycle 5, and cycle 6 on fig. 2)



working fluid of a re frig er a tion machines is pos si ble if any fi nite tem per a ture dif fer ence
ex ists. Thus, the heat ex change sur face must have real sizes. The ba sic work ing tem per a -
tures of the refrigeration ma chine are as fol lows:

– evaporation temperature of the working fluid T T TE cold E= - D , and
– condensation temperature of the working fluid T T TC env C= - D

where DTE and  DTC depend on the design of the evaporator or condenser, respectively.
Let us rewrite eqs. (14a)-(18a) taking into account the values DTE and  DTC:

– cold capacities

q T sE E= area b- - - a( )1 4 = D (14b)

– specific heat capacities

q T sC C= area b- - - a( )2 3 = D (15b)

– work of cycle 2

w T T scycle C Earea - - -2 1 2 3 4= = -( ) ( )D (16b)

– COP of cycle 2 (inverse endo-reversible Carnot-cycle)

COP
q

w

T

T T
cycle

E

cycle

E

C E
2

2

= =
-

(17b)

– thermodynamic efficiency

h= <
COP

COP

cycle

ideal  cycle

2
1 (18b)

Cy cle 3. Endo-re vers ible Car not-cy cle for real work ing fluid. Cy cle 1 and Cy cle
2 are de picted not to take into ac count the real work ing fluid prop er ties (on T-s di a gram
the sat u rated curves are missing). The pro cesses 4-1 and 2-3 are iso ther mal and there fore
the Car not-cy cle should be lo cated in the zone of damp va por (be tween sat u rated curves). 
From the clas si cal ther mo dy nam ics view point, Cy cle 2 and Cy cle 3 are sim i lar and:

COP COPcycle cycle2 3= (19)

The Cy cle 3 can not be used in the prac tice be cause of the fol low ing rea sons:
Rea son 1: com pres sion pro cess 1-2 in the zone of damp va por is not pos si ble.

There is a the ory of hy drau lic im pact, fig. 4
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– the process 1-2 is dry compression, i. e. it starts and
finishes in the zone of the superheat vapor. Dry
compression is an obligatory condition of trouble-free
and long-term compressor work,

– the pro cess 1'-2' is mois ture com pres sion. This com pres -
sion re gime is a safe mode of work but not rec om mended 
for prac ti cal op er a tion, and

– the process 1"-2" is hydraulic impact. This is the
roughest failure for the refrigeration machines and heat
pumps.
Rea son 2: adi a batic ex pan sion in the zone of the damp

va por is im pos si ble – the the ory of re place ment the ex -
pander with throt tle valve, fig. 5. The ex pander is an el e -
ment for adi a batic ex pan sion. The ex pander is sim i lar to the
com pres sor by cap i tal and op er a tional costs. The po ten tially 
work that can be pro duced by ex pander is:

w sEX area - -d= ( )3 4 (20)

The work of re frig er a tion ma chine cy cle with ex pander
is:

w w wcycle CM EX= - (21)

In va por com pres sion re frig er a tion ma chines the
work pro duced in the ex pander, wEX, is less than the work
nec es sary to over come the fric tion in the ex pander. Thus,
the ex pander should be re placed by any other el e ment for
ex pan sion, for ex am ple, by throt tle valve, fig. 3b. The re -
place ment of the ex pander with a throt tle valve is pos i tive from cap i tal and op er a tion
costs view point. Let us con sider this re place ment from ther mo dy nam ics view point. Pro -
cess 3-4s is ex pan sion, pro cess 3-4h is throt tling. T Ts h4 4= , but, h hs h4 4< , i. e. the spe cific
cold ca pac i ties of re frig er a tion ma chine with throt tle valve is less than the spe cific cold
ca pac i ties of re frig er a tion ma chine with ex pander:

Dq s h

h s

E area a - - -c area a - - - b

area b- - -c

= - =

=

( ) ( )

( )

1 4 1 4

4 4
(22)

The cy cle work of re frig er a tion ma chine with throt tle valve is equal to the com -
pres sor work:

w wcycle CM area - - -d= = ( )1 2 3 (23)
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Figure 4. Theory of
 hydraulic impact

Figure 5. Cycle with
 expander (1-2-3-4s) and
 cycle with throttle valve
 (1-2-3-4h)



COP of re frig er a tion ma chine with throt tle valve is, fig. 5:

COP
q

w

q

w

h h

h h
h

cycle
E

cycle

E

CM
3

3

4 1

2 1

= = =
-

-
(24)

Cy cle 4. Cy cle with throt tle valve, dry com pres sion and heat trans fer pro cesses
at iso ther mal con di tions. The cy cle 4 is also im pos si ble in prac tice be cause of the pres -
ence of two parts in the com pres sion pro cess:

– 1-2 is adiabatic compression (possible in practice), and
– 2-2¢¢ is isothermal compression (impossible in practice).

Cy cle 5. Model cy cle. The model cy cle for va por-com pres sor re frig er a tion ma -
chines and heat pumps is Plank-cy cle [11]. In the damp va por zone, the iso bars co in cide
with the iso therms, there fore to con struct the cy cle it is nec es sary to de ter mine val ues of
the pres sures ac cord ing to the iso therms (for each work ing fluid):

T p T pE E C Cand® ®

In this case there is an ad di tional ir re vers ibil ity. This is the ad di tional heat from
super heat va por af ter com pres sor (shaded area in cy cle 5 in fig. 2). It is ob vi ous that the
tem per a ture at the end of com pres sion, T2, dif fers from the tem per a ture of con den sa tion,
TC, T2 > TC. The Plank-cy cle is im pos si ble in prac tice since it is im pos si ble to fix strongly
point 1 and point 3 in the sat u rated curves (in real op er a tion con di tions).

Cy cle 6. Real re frig er a tion ma chine cy cle. Cy cle 6 is shown in fig. 2 where point 
1 is in the zone of super heat va por, point 3 is in the zone of over cooled liq uid, the real
com pres sion pro cess is 1-2 not sim i lar to the the o ret i cal com pres sion pro cess 1-2s. The
char ac ter of the polytrack 1-2 de pends on var i ous de sign char ac ter is tics of the com pres -
sor (the most im por tant fac tor is the cool ing sys tem of the cyl in ders).

Entropy-cycle method

Fig ure 6 de picts a graph i cal in ter pre ta tion of the ECM. Let us con sider the ECM
for re frig er a tion ma chines and heat pumps sep a rately.

Refrigeration machine

Fig ure 6a de picts a real cy cle of va por-com pres sor re frig er at ing ma chine
1-2-2s-2¢-3-4-1. The work of the cy cle is:

w q q h hreal C E area e - - - - a - b- - -d -e= - = ¢ = -( )2 2 3 4 1 2 1 (25)
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Let us con struct ideal Car not-cy cle be tween the same tem per a tures of the heat
sources (Tcold, Tenv) as real one and to de fine the exergy de struc tion of the real cy cle. The
ideal Car not-cy cle is m1-m2-m3-m4. The gen eral equa tion for com par i son of the cy cles is
as fol lows: the pos i tive ef fect (prod uct in exergy anal y sis) must be con stant [7-8]. Thus,
the spe cific cold ca pac ity of the ideal Car not-cy cle must be equal to spe cific cold ca pac -
ity of real cy cle [7-8]:

area - - - - area c -d - - -c( ) ( )4 5 4 1 51 4m m = (26)

then
h h T s s1 4 5 4- = -cold ( ) (27)

s s
h h

T
5 4

1 4= +
-

cold

(28)

The work of an ideal Car not-cy cle is the min i mal pos si ble work:

w m m m mmin ( )= area - - -1 2 3 4 (29)

The spe cific ex tra work of real cy cle in com par i son with the ideal Car not-cy cle
- with con di tion eq. (26) is:

e w w m mD tot real ideal 2area a - b- - -c -e - - - - a= - = ¢( )3 2 2 3 (30)
or

e e e w eD tot F P real cold= - = - (31)

where
e q

T

T
cold cold

env

cold

= -
æ

è
çç

ö

ø
÷÷1 (32)
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        Figure 6. Entropy-cycle method for inverse real cycles: (a) refrigeration machine;
        (b) heat pump



For the re frig er a tion ma chine cy cle (heat pump also) shown in fig. 6, it is pos si -
ble to in tro duce a value of spe cific exergy de struc tion (tra di tion ally not used in gen eral
exergy the ory [5-6]) since the mass flow rate of the work ing fluid through all el e ments re -
mains con stant. Let us cre ate a meth od ol ogy to de ter mine the exergy destruction of each
el e ment of sim ple va por-com pres sor re frig er a tion ma chine - by eq. (6) and fig. 1. The to -
tal num ber of the el e ments is n = 4.

Compressor: k m m s s s s Q= = = = = =1 1 01 1 1 2 1 1 1, ; , ,in out out in add
       then  s s sgen1 2 1= -
       and  e T s s n nD env area d -e - - -d1 2 1 3 2= - =( ) ( )

Condenser:  
    

k m m s s s s

Q q h h Tk

= = = = =

= = -

2 12 2 2 3 2 2

2 2 3

, ; , ,

;

in out out in

add add env2 =T                

                     then  s s s
h h

T
gen

env
2 3 2

2 3= - +
-

Let us re con struct the area equal to ex tra work trough ir re vers ibil ity (exergy
de struc tion) in the con denser. The exergy de struc tion in the con denser is
area(n1-n3-2-2¢-3-n1). It is equal to an ad di tional area(e-f-n4-n3-e) to the ideal Car -
not-cy cle. The un known value of sf can be de ter mined from h h T s sf2 3 3- = -env ( ).
Thus, s s h h Tf = + -3 2 3( ) cp. The value of sf  is nec es sary to de ter mine sgen2, there fore
sgen1 = sf  - s2 and fi nally eD2 = Tenv(sf  - s1) =  area(e-f-n4-n3-e).

Throttle valve: k = 3, min3 = mout3 = w;   sin3 =s3,   sout3 = s4,   Qadd3 = 0
          then  sgen3 = s4 - s3

          and  eD3 = Tenv(s4 - s3) = area(a-b-m3-n1-a).

Evaporator:  k = 4,   min4 = mout4 = 1;  sout4 = s1,  sin4 = s4,   Qadd4 = -qE = -(h1 - h4); 
   Tadd4 = Tcold                 

                     then s s s h
h

T
gen

cold
4 1 4 1

4= - + -

The value sgen4 for the ideal cy cle is sgen4 = s1 - s5, there fore eD4 = Tenv(s1 - s5) =
area(c-d-n2-m2-c). Fi nally, for the real re frig er a tion ma chine:

w e e e e e h hreal cold D D D D= + + + + = -1 2 3 4 2 1

If the val ues of sgenk, eDk are known, then the val ues of  y yD tot
*

D tot,   can be cal cu -
lated and e can be cal cu lated for the real cy cle.
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Heat pump

Fig ure 6b de picts the real cy cle of va por-com pres sor heat pump 1-2-2s-2¢-3-4-1.
The work of the cy cle is:

w q q h hreal C E area e - - - - a - b- - -d -e= - = ¢ = -( )2 2 3 4 1 2 1 (33)

Let us con struct an ideal Car not-cy cle to de fine the value of EDtot of an real heat
pump cy cle. The tem per a ture lev els of the heat sources for heat pump are Thot and Tenv.
The pos i tive ef fect of a heat pump is the heat of con den sa tion, there fore the spe cific heat
ca pac ity of an ideal Car not-cy cle must be equal to the spe cific heat ca pac ity of the real:

q h h T s sfC hot= - = -2 3 3( ) (34)

where
s s

h h

T
f = +

-
3

2 3

hot

The ideal Car not cy cle is m1-m2-m3-m4. The ex tra work (exergy de struc tion) of a
real heat pump cy cle is de ter mined by eq. (31). To an a lyze the heat pump cy cle by ECM
we will keep the meth od ol ogy pro posed for re frig er a tion ma chine cy cle. The to tal num -
ber of the el e ments is n = 4.

Compressor:  k = 1,  min1 = mout1 = 1;   sout1 = s2, sin1 = s1,   Qadd1 = 0
                      then sgen1 = s2 - s1

                      and  eD1 = Tenv (s2 - s1) = area(d-e-n1-n2-d).

Condenser:   k = 2,  min2 = mout2 = 1;   sout2 = s3, sin2 = s2,    Qadd2 = qk = h2 - h3;    Tadd2 = Thot

              
    

                    then e T s s
h h

T

h h

T
s fD env

hot env

where2 3 2
2 3 2 3= - +

-é

ë
ê

ù

û
ú

-
= -( ) , s3,

      and eD2 = Tenv(sf  - s2) = area(e-f-m1-n1-e). 

Throttle valve:  k = 3,   min3 = mout3 = w;   sin3 = s3,   sout3 = s4,    Qadd3 = 0
                         then  sgen3 = s4 -  s3

           and eD3 = Tenv (s4 - s3) = area(a-b-m4-n4-a).

Evaporator:  k = 4,  min4 = mout4 = 1;   sout4 = s1,  sin4 = s4,   Qadd4 = -qE = - (h1 - h4); 
   Tadd4 = Tenv

            
        

                    then e T s s
h h

T
n nD env

env

area - - - -4 1 4
1 4

2 44 1 4= - +
-é

ë
ê

ù

û
ú =( ) ( )
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This area can be re con structed by re plac ing it with the equiv a lent area (e-d-n2-n3-e).
The value of sC is de ter mined from T s s h h T T s senv env env c[( ) ( ) ] ( )1 4 1 4 1- + - = - , thus 
s s h h Tc env= + -4 1 4( ) . The spe cific exergy of the heat pro duced in a heat pump is 
e q T Thot C env hot= -[ ( )]1 . The value of the real spe cific work con sumed in a heat pump cy -
cle is:

w w e e e e ek
k

n

real ideal D D D D D- = = + + +å
=

1 2 3 4
1

(35a)

or

w h h
T

T
T s s s sreal

env

hot
env= - -

æ

è
çç

ö

ø
÷÷+ - + -( ) [( ) (2 3 2 1 31 2

4 3 1 4 2 1

)]

[( ) ( )]

T

T

T s s s s h h

env

hot

env

+

+ - + - = -

(35b)

Conclusions

The En tropy-Cy cle Method cre ated for com pres sor re frig er a tion ma chines and
heat pumps can be trans formed for heat us ing re frig er a tion ma chines and heat pumps (i.
e. ejec tion and sorp tion) [12]. This pa per con sid ers the use ful ness of the de tailed meth od -
ol ogy of the method. All irreversibilities can be de scribed qual i ta tively  and quan ti ta -
tively in a real cy cle to carry out real en gi neer ing cal cu la tions and de sign op ti mi za tion.
The Cy cle Method is a gen eral method for ther mo dy namic anal y sis in ed u ca tional pro -
cess of Re frig er a tion Ma chine De part ment of Odessa State Acad emy of Re frig er a tion.
This method is used in the course “The o ret i cal bases of re frig er a tion en gi neer ing” for the
bach e lors. The En tropy Cy cle Method is one of the meth ods of ther mo dy namic anal y sis
of all types of re frig er a tion ma chines and heat pumps used for sci en tific work in Re frig er -
a tion Ma chine De part ment.

Nomenclature

COP - coefficient of performance, [-]
E - exergy, [W]
e - specific exergy, [J/kg]
h - specific enthalpy, [J/kg]
m - mass flow rate, [kg/s]
p - pressure, [Pa]
Q - heat rate, [W]
q - specific heat, [J/kg]
S - entropy, [J/K]
s - specific entropy, [J/kgK]
T - temperature, [K]
W - work, [J]
w - specific work, [J/kg]
y –  exergy destruction ratio, [–]
y* –  contribution of exergy destruction (entropy generation), [–]
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Greek symbols

e -  exergy efficiency, [-]
h –  thermodynamic efficiency, [-]

Subscripts

C -  condenser
CM -  compressor
cold -  cold source
D -  destruction
E -  evaporator
EX -  expander
env -  environmental
F –  fuel
gen -  generated
hot -  hot source
i -  flow
in -  inlet
k -  element of system
L -  losses
n -  number of elements
out -  outlet
P –  product
tot –  total
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