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Exergonomic Optimization of an 
Air-Conditioning System 
In this paper, exergonomic theory is applied to an air-conditioning system for optimi
zation purposes. The investigation is addressed to an all-air system with air recircula
tion. The thermodynamic cycle includes a mixing plenum, a cooling and heating 
coil, chiller, and heater. The thermodynamic model is stated according to recent 
formulations of exergy for moist air streams, while the economic model is based on 
cost balance equations and real cost data for mechanical equipment. The objective 
function to minimize includes the following decision variables: fresh to total air rate, 
coefficient of performance for the chiller, inlet temperature of water for the cooling 
and the heating coils, temperature difference of the same streams. For the exergo
nomic optimization, the authors followed the approach proposed by Tsatsaronis 
(1984). The optimum configuration is obtained through an iterative procedure aimed 
at the design improvement. The results show that there is considerable room for 
improvement with respect to a system based on typical design parameters. 

Introduction 
Modern literature on thermodynamic aspects of energy sys

tems is strongly oriented towards exergy (availability) analysis. 
Although a large number of published papers analyze energy 
conversion systems according to the second law, little attention 
is paid to humid air processes and air-conditioning devices. A 
clear feeling of it rises, for instance, from a report recently 
produced at the Twente University (Netherland) on exergy and 
related techniques (CorneUssen, 1995). 

On the other hand, all the air treatment apparatuses as such 
(heating and cooling coils, humidifiers, air washers, etc.), and 
namely the assembly for air conditioning as a whole, are af
fected by very poor exergy efficiency. So they need improve
ments that should be suggested by the second law insight. 

Fundamentals of availability analysis for humid air were 
stated in the seminal work by Wepfer et al. (1979). Since then, 
the subject was almost neglected, although reference was made 
to it in introductory books on exergy analysis, such as Moran 
(1989), Kotas (1995), Bejan (1988), and others. 

The most recent literature on thermodynamic analysis of en
ergy system records the introduction of exergonomic theory. 
It enjoyed a rather fast distribution, and, due to substantial 
contributions from many researchers (Valero, 1990; Tsatsa
ronis, 1984; Frangopoulos, 1990; Von Spakovsky, 1990), quite 
a high degree of formalization has already been achieved. So 
far, such a powerful methodology has been applied almost ex
clusively to power plants and chemical plants. 

In this paper, we want to make use of exergonomics for 
optimizing a thermodynamic cycle for air conditioning. To this 
aim we will follow the approach proposed by Tsatsaronis 
(1990) fundamentally because, instead of minimizing rather 
automatically a predetermined objective function, it is based on 
an iterative procedure which stimulates the designer to exert a 
careful control of decision variables at every step. 

The Thermodynamic Model 
The air-conditioning apparatus under consideration is an all-

air system with air recirculation. The thermodynamic cycle is 
given in Fig. I, while the block diagram is reported in Fig. 2. 
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The equipment arrangement is classical: psychrometric states 
for indoor and outdoor air are referred to as A and E, respec
tively (Fig. 1). The recirculated air (A) mixes adiabatically 
with the outdoor flow (E), resulting in the thermodynamic state 
M. Such a stream is conveyed to the cooling and dehumidifying 
section where it is treated down to R. This task is accomplished 
by a cooling coil (CC) fed by chilled water (streams 6 and 
7 in Fig. 2) provided by an electrically driven chiller (CL). 
Condensate (labeled 15 in Fig. 2) is released to the environ
ment. The air flow, leaving the CC, moves to the heating coil 
(HC) where, at constant specific humidity, it is heated up to / 
and made ready for entering the conditioned space. The heating 
coil is provided with hot water (labeled 8 and 9 in Fig. 2) 
produced in a boiler (BL), fed by conventional fuel and com
bustion air (streams 12 and 13). Exhaust gas from the boiler 
is, of course, released to the atmosphere (stream 14). 

For modeling the physical system, it is necessary to know 
energy and exergy at the inlet and outlet section of every single 
component. We shall provide the computational tools in the 
following, by summarizing from a previous work (Cammarata 
etal., 1994). 

Enthalpy for moist air is a function of temperature T, and 
specific humidity Xj 

h{Ti, Xi) = (Ci„ -t- XiCp^)T, + x,l (1) 

To give exphcit formulas for exergy of humid air streams, it 
is necessary to introduce the definition of the ultimate dead 
state: it is that physical state in which the system attains its 
mechanical, thermal, and chemical equilibrium with the envi
ronment. 

It can be demonstrated (Moran, 1989) that for the exergy of 
of humid air streams, the following expression holds: 

eiTi, Xi, Pi) = (C,,„ -I- XiCp,) T, - To - To In 
Ti 

+ (I -\- Xi)RJ'o In — 

+ RJo (1 -I- x;-) In ^ + x\n^ 
1 4- Xi XQ 

(2) 

Therefore, for any given mechanical component, at the /th sec
tion, energy and exergy flows can be expressed as follows: 
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Fig. 1 Thermodynamic cycle in the psychrometric chart 

Erii = m,h{Ti, x-,) 

E; - m,eiT,, Xi, p,) 

(3) 

(4) 

For water feeding cooling and heating coil, specific enthalpy 
and exergy are given by 

hiTi) = C,^T,CC) 

e ( r , ) = Cj T, - T o - T o l n - f 
To 

(5) 

(6) 

r „ = ( l - I3)T, + PTE 

XM =: (I - P)X^ + PXE (10) 

The cooling coil (CC) has the following governing equations: 

T, = T, + BF( r„ - T,) 

Xr = X, = Xg + BF(A:„ - XR) (11) 

TT==n + AT,y (12) 

Taking into account the bypass factor (BF), the energy bal
ance on the (CC) yields 

(1 -BF)(h„-h,) 
(13) 

For the heating coil (HC), the following relationships hold 

T^ = T^-I\T^, (14) 

_ {Cpa + XrCp„)(Ti — TV) 

Cpw(Ti — Tg) 
(15) 

The electric power requirement for chiller operation can be 
assessed as follows: 

P = 
COP 

(16) 

Finally, for the exhaust gas released by the boiler, we have 

h(T,) ^ Cp,iT, - T,) (7) 

II 
To 

e(T,, X,, Pi) = CiJ Ti - To - To In 

xf PI + R,To'Lxi\n^ +RJoln'^ (8) 
J -̂O Po 

The Physical Model 
The energy balance for the conditioned space (Q, = sensible 

heat) provides the air mass flow rate conveyed to the room 

e.v 
(Cpa + X/,Cp„){T/^ — Ti) 

Assuming the mixing plenum is adiabatic, we have 

(9) 

Reference Design Data 
The reference design data are reported in Table 1. These are 

assumed to be typical values for an air-conditioning system of 
the type under consideration and represent the starting point for 
the optimization procedure. 

It is worth mentioning that such a plant is aimed at extracting 
from the conditioned space the sensible heat Q,, = 30 kW with 
the following restriction: T, & 18°C, due to thermal comfort 
requirements. 

By applying the previously stated formulas to the reference 
design data, it is possible to obtain the results shown in columns 
three and four of Table 2. 

Premises to the Economic Model: "Fuel" and "Prod
uct" 

In order to carry out the economic model and the exergo-
nomic optimization, it is necessary to state the concept of' 'prod-

Nomenclature 

B F : 
BL: 

c •• 

CC = 
Cf -• 

CL = 

Cj-

COP: 

D-
e : 
E--

En : 
f •• 

h-
HC 

bypass factor 
boiler 
exergetic cost ($/GJ) 
cooling coil 
fuel cost ($/GJ) 
electricity cost ($/GJ) 
chiller 
global cost ($/h)(objective func
tion) 

: coefficient of performance 
: specific heat (J/(Kg K)) 
exergetic cost rate ($/h) 
specific exergy (kJ/kg) 

• exergy flow (kW) 
: specific energy (kJ/Kg) 
• exergonomic factor 
• entalpy (kJ/kg) 
: heating coil 
: interest rate (percent) 

/ = net capital cost ($) 
/ = latent heat of vaporization 

(kJ/Kg) 
m = mass flow rate (Kg/s) 

MX = mixing plenum 
N = no. of years 
P = electric power (kW) for chiller 

operation 
p = pressure (Pa) 
r = relative cost difference 
T= temperature (°C) 

Z = capital cost ($) 
Z = capital cost rate ($/h) 
X = specific humidity 
X= xlQ.dll 
a = rfiiJm 
P — rhglm 
e = exergetic efficiency 

a = maintenance factor 
T - annual time of plant operation 

Subscripts 
a = air 
c = cool water through CL and CC 
D = exergy destroyed 
/ = fuel 
h = hot water through BL and HC 
i = (th section 

in = inlet 
k - kth plant component 
L - exergy lost to environment 

out = outlet 
P = product 
V = water vapor 

w = water (saturated) 
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Fig. 2 Block diagram for the HVAC 

Table 1 Reference design data 

TE 

TA 

To 

TR 

Te 
AT,, 
Ts 

ATg, 

COP 

32 

25 

32 

10 

5 

3 

60 

8 

2.5 

"C I (PE 

°C i (PA 

°C ; BF 
»c p 
°C : PE 

°c i Cp, 

C Cpv 

C Cp„ 

Pa 

; Qs 

70% 

50% 

10% 

30% 

101.325 

1.000 

1.870 

4.186 

1.2 

30 

kPa 

kJ/(kgK) 

kJ/(kgK) 

kJ/(kgK) 

kg/m' 

kW 

Table 2 Mass flow rate (ni), exergy (^), specific exergetic cost (c), and 
cost flow (D) for streams in Fig. 2 at reference design conditions 

j: N. Stream 

1 Fig;,.? 
1 
2 

i; 3 
4 

jj 5 
6 
7 
8 
9 
10 

11 
12 
13 

1 14 
15 

: Stream 

AirE 
Air A 
AirM 
AirF 
Air I 

H2OT6 

H2OT7 

• HjOTg 

H2OT9 

PCL : 

Q , 
PBL : 

Comb. Air 
Exhaust 
Condens. i 

m 
..kg./.?... 
1.266 
2.954 
4.220 
4.220 
4.220 
5.831 
5.831 
0.805 
0.805 

0.001 
0.013 
0.013 

0 

E 
kW 
0 

1.810 
1.189 
6.112 
4.506 

26.453 
16.734 
4.081 
2.116 
48.822 
11.976 
23.859 
0.000 
0.520 

0 

c 
$/MJ I 

0 
1.512 j 
2.302 j 
1.004 j 
1.657 i 
0.314 i 
0.314 : 
0.212 i 

0.212 i 

0.046 ; 
0 

0.015 i 

0 
0 
0 

D 
_ m i 

d I 
9.852 i 
9.852 i 
9.817 i 
11.945 j 
13.285 î  
8.404 i 
1.382 i 
0.717 I 
3.55421 

0 ii 
0.563 \ 

0 \ 
0 !: 
0 I 

uct" and "fuel" for any system component. We define "prod
uct" as the useful product or commodity produced by every 
system unit and "fuel" as the resource provided to this aim. 
Related to product and fuel, there is an exergy flow. For exam
ple, as far as the heating and cooling coils are concerned, the 
"product" (Ep) will be the net exergy flow associated with the 
treated air stream (the commodity); the "fuel" will be the net 
exergy flow (Ef) associated with the supply water stream. 

Exergy may also be lost (£/,), e.g., released to the environ
ment as waste, or destroyed (ED) by irreversibilities (also re
ferred to as anergy). On the basis of the previous definitions, it 
is possible to state the exergy balance and the exergy efficiency, 
respectively, as follows: 

Er = Ep + EL + SD e = EpIEp 

Consequently 

En + EL 1 

(17) 

(18) 

The most meaningful data for the case under study are col
lected in Table 3, while a pictorial representation of exergy and 
anergy is given in Fig. 3. 

The Economic Model 
Modeling the economic aspects is the most crucial part of 

this and similar studies. Cost information is required for every 
system unit. Ideally, cost data are obtained from in-field investi-

Table 3 Exergy of fuel (ip) and products (fp) for various components 
at reference design 

CC 
CL 
HC 
BL 

System 

EFOCW) 

9.7189 
48.8217 
1.9643 

23.8589 
72.6806 

Ep (kW) 
4.9235 
9.7189 
1.6058 
1.9643 
2.6963 

8(%) 
50.659 
19.907 
81.752 
8.233 
3.710 
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Fig. 3 Exergy and anergy flows in air handling units (light streams: anergy; shaded 
streams: exergy) 

gation; in reality, such data are not always available or reliable 
and may not be in the required form for optimization. 

In Figs. 4 and 5 are reported data obtained from an Italian 
producer for boilers and chillers, respectively. Dots represent 
real data, while continuous lines plot the best-fit equations, 
given by: 

• For chillers 

ZoF = (c, + C2COP) + (C3 + c,COV)PaF 

+ (C5 + c,CO?)Pl, + (C7 + c^CO?)Pl, (19) 

with 

c, = 95351.76 $ C5 = 13.96386 $ /KW' 

C2 = -11734.5$ C6 = -1.89039 $/KW^ 

c^ = -1899.73 $/KW c^ = -0.03221 $ /KW' 

C4 = 284.6479 $/KW c^ = 0.004538 $ /KW' 

COP = 3 refers to an air-cooled condenser and COP = 

36000 -

COP = 4 

a 
30000 --

24000-

18000 

P(kW} 

Fig. 4 Cost data for chillers 

10 12 14 16 1 20 22 

P(kW) 

Fig. 5 Cost data for boilers 

30 

4 to a water-cooled condenser. The last one includes the 
cost of cooling tower and circulation pump. 

For boilers 

ZBL = Ci + C2 Exp(c3 Exp(c4P)) (20) 

c, = 1406.25 $ C2 = 6.25 10"" $ 

C3 = 0.4055 C4 = 9.531 10"' kW~' 

According to the Tsatsaronis (Tsatsaronis and Pisa, 1994) 
method of optimization, for each component, it is necessary to 
adopt a cost equation of the following type: 

with 

1 = B 
1 - e (4)" (21) 

Such a relationship means that the net capital cost / is propor
tional to the exergy of "product" or commodity {Ep) and to 
the term e/( 1 — e), which expresses the ratio of exergy of the 
produced commodity to the globally lost exergy (see Eq. (18)). 
Therefore, / is proportional to the size of the component and 
to its thermodynamic quality. 

By using regression techniques, it was possible to derive the 
following values of B, m, n for various components (Table 4): 

• The capital annual costs (excluding fuel costs) are ob
tained by adding the capital, operating, and maintenance costs 
as follows: 

Z = (CRF + a)I + LOTEP + R (22) 

where CRF = (7(1 - (1 + ; ' ) " ) is the capital recovery factor; 
a and w are two coefficients that account for that part of the 
operating and maintenance cost, respectively, depending on I 
and on the plant size; r is the annual time of plant operation at 
nominal capacity and R the remaining costs. As a result, for 

Table 4 Constants to be used In Eq. (21) 

Comp. 

CC 
CL 
HC 
BL 

B 
$/kW" 
861.84 
3598 
307.73 
2154 

n 

0.35 
0.181 
0.20 
0.024 

m 

0.750 
0.001 
0.820 
0.0067 
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Scole faclor: 
1 1 = 13.^ t/h 

Fig. 6 Cost flows in the air handling units 

any kth component, the operating and maintenance cost rate 
(excluding fuel) will be 

Mixing plenum (MX): 

Z i = ZJT (23) 

• Thermoeconomic optimization is aimed at minimizing the 
total cost, which is obtained by adding to the previously stated 
cost rate the fuel consumption cost. Thus, for the whole system 
we have 

CT = Zee + ^CL + ZHC + Z B L + CfPsL + CelPcL ( 2 4 ) 

referred also to as "objective function" (OF). 
Such a function can be minimized through either analytical 

(such as Lagrange multipliers) or numerical methods (search 
methods). In any case, it is necessary to define the decision 
variables. These are as follows: 

/3, COP, BF, Te, AT^i, T„ ATj, (25) 

The method used to minimize Eq. (24) is outlined in the follow
ing. 

Exergy Cost Equations 
Exergy cost equations can be stated very much like mass, 

energy, and exergy balances for each component. They are cost 
balances stated by assigning a cost value to the exergy of each 
material and energy stream through the component. Let c,($/ 
kJ) and ZJ, ($/h) be, respectively, the cost per exergy unit and 
the cost flow rate associated with the /th stream. Thus 

til = Cii, (26) 

The cost balance for each unit can be stated as follows: 

Z + I A,i„ = I A-,cu, (27) 

Since the air-conditioning apparatus is described in terms of 
5 components (MX, CC, HC, CL, BL) and 14 streams (see 
Fig. 1), nine additional equations are required to calculate the 
cost flow rates for all streams in the system. These can be based 
on the following assumptions: 

(0 The exergetic cost of material flows released to the 
environment by the component is zero (e.g., exhaust gas). 

(H) Every output flows that is not an exhausted stream has 
the same exergy cost as the input (e.g., water streams through 
CCorHC). 

Since there exist three kinds of exergy (thermal, mechanical, 
and chemical exergy), costs should be associated to each kind 
of exergy. In the following, superscript Ch means chemical 
exergy, M mechanical, PH physical (i.e., mechanical -I- ther
mal) exergy. The exergy cost equations are reported as follows: 

Cooling coil (CC) 

/ 5 ? " - D 

Heating coil (HC) 

DT-

Chiller(CL): 

Boiler (BL): 

Z)^"-D 

o r + DT - ZJ?" = 0 

D^" = 0 

T + Df" - zj?" - i>'^ = -^cc 

c?" = c7 

m^ = 0 

- D?" + Zir - ZiS" = -inc 
„PH _ „PH 
C j — Cg 

cT = c?" 

- ZJ[, + DT - or = -ZcL 

Dio = c^tEcL 

D[, = 0 

"̂ + m^ + D^f - Z)̂ ? = -̂ BL 

z5g = c.̂ gH 

Z)̂ ? = 0 

Z3̂ " = 0 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

By solving the previous set of balance equations, it possible to 
determine the exergetic costs c, and the cost flows D, = c, E, 
for each stream. The results for the reference design are included 
in Table 2, while a flow diagram is given in Fig. 6, 

Exergonomic Optimization 
After calculating the cost rate D, associated with each stream, 

it is possible to proceed to the assessment of the cost effective
ness through the exergonomic variables listed in the forthcom
ing. 

Let us mention first the average cost per exergy unit of fuel 
(cF.k) and the average cost per exergy unit of product (cp^), 
respectively, defined as 
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Table 5 Relevant exergonomic variables Thus 

Comp. 

CC 
CL 
HC 
BL 

Cp 

S/MJ 
0.31389 
0.0455 

0.21162 
0.01475 

Cp 

$/MJ 
0.69035 
0.31389 
0.82814 
0.21162 

r 
% 

1.19934 
5.89873 
2.91331 
13.3471 

f 
% 

5.42743 
40.1874 
19.5245 
16.8226 

DD 
$/h 

5.41882 
4.44336 
0.27308 
1.13501 

Z 
$/h 

0.31098 
2.98545 
0.06625 
0.22955 

_ Dl\k _ Dp.k 
CF.k - -f- '̂ '•.* ~ J-, 

(43) 

Ep_t and EP_M appear in Table 3, while Dfj, and Dp,, are the 
net cost flow, respectively, for the ' ' fuel ' ' stream and the ' 'prod
uct' ' stream. For instance, taking data from Table 2, for the CC 
is Dp = D(,,-) - D(M) = 22.088 - 9.852 = 12.236 ( $ / h ) . From 
Table 3, Ep = 4.9 ( k W ) ; thus, C,, = Dp/Ep = 0.69 ( $ / M J ) . 
Further, from Table 2, Dp = (26.453 - 16.734) 0.314 3.6 = 
10.98 ( $ / h ) ; Ep = 9.7 ( k W ) ; thus, Cp = Dp/Ep = 0.314 ( $ / 
M J ) . This last result could be read directly from Table 2, since 
the entering and exiting fuel flows through the CC have the 
same exergy cost. 

Another useful exergonomic variable is the cost flow rate 
associated with the destroyed exergy DD.k, which can be as
sessed by either 

DL,k = Cp,kEL.k if Ep,t is imposed 

DD.k = Cp,i,Ep,,,i if Epj, is imposed (44) 

Finally, the relative cost difference (r*) and the exergetic factor 
( / t ) are defined as follows: 

rk 
Cp,k - Cp,k 

fk 
Zk + Doll 

(45 ) 

All the relevant exergonomic data are reported in Table 5; 
namely, the higher the values of r^ . / j . and D,j,j., the larger the 
room for improvement. Hence, in our case, the most critical 
items seem to be the CC and the CL. 

Now, let us consider the exergonomic balance 

Dp Dp + Z 

(Cp - Cp)Ep = Cp(Ep + EL) + Z 

which, combined with Eq. (45) and taking into account Eq. 
( 1 8 ) , results in 

1 
n = 

e* 

e* 

Zk 

CpEpj, 
(46) 

Such a relationship shows that r, identifies the real cost 
sources in the component, i.e., the cost rate of exergy destruction 
D o t and the cost rate associated with the investment cost Zj.. 
Further, by combining Eqs. (46 ) , ( 2 1 ) , and ( 2 2 ) , yields (drop
ping the subscript k) 

^^^±^ C-^YE, .EP..^ 
1 - e T \ e / T 

r = -I- -. (47) 
e CpEp 

which, considered as a function of (1 — e) /e , shows a minimum 
corresponding to 

1 

+ F , 

^o..^in,+ \)F, (48) 

rik 

Do.k — Cp_kEp,i,Ft; Fk 
(CRF + ff)5t.«i 

T(^r,kEp,k 
(49) 

The variable F, expresses the exergonomic similarity, originally 
stated by Szargut (1971) . 

It is then possible to adopt an optimization strategy which 
could not aim at calculating the global optimum of a predeter
mined objective function by means of direct mathematical meth
ods, as conventional approaches do, but tries to find a " g o o d " 
solution for the overall system design. The exergonomic optimi
zation can thus be carried out by means of an iterative procedure 
in which the variables r""^, ef^, Do.k are used to determine 
the changes in the component 's design. The criterion is aimed 
at improving the cost effectiveness of the overall design, i.e., 
at reducing the costs of the final products. Engineering judg
ments and critical evaluations must be employed when deciding 
on the changes to adopt from one iteration step to the next. 

A substantial help in this direction is offered by the functions 

Table 6 

; Variable 

i P ! 
BF 

\ T« (°C) \ 

iAT67 CQl 

\ Ts CC) I 
iAT89 (°C)i 

COP i 

Comp. 
CC 
CL 

HC 

BL 

j o.F. ($/h); 

Case 1 

30% ; 

10% \ 

7 

5 

60 

8 

2.5 

Ar i Ae 

% } % 

13 i: -42 
38 \ -63 

8.4 1 -14 

23 1-89 

13.180 

Case 2 

25% i 
10% ; 

7 

5 

60 

8 

2.5 

Ar ; Ae 
% : % 
13 : -41 
39 \ -62 

8.4 -14 

23 i -89 

12.862 

Case 3 

25% 

12% 

5 

8 

70 

8 

2.8 

AT i Ae 

% i % 
18 ! -42 
46 i -54 

15 ; -37 
19 i -85 

11.822 

Case 4 ; 

20% 1 
12% i 

5 
6 

75 

8 

3.0 

Ar ! Ae 

% '••• % 

23 i -43 
50 ; -48 

18 i -44 

19 j -84 

11.237 

Case 5 

20% ; 

12% ; 

5 

6 

80 

8 
3.2 

Ar ; Ae 

% ; % 
25 i -43 
52 i -45 

22 ; -49 

19 : -83 

10.919 

Case 6 \ 

20% : 

12% i 

5 

6 

82 

8 

3.6 

Ar i Ae 

% ; % 
26 I -42 
56 ; -38 

23 : -51 

19 :-82 

10.333 

Case 7 ; 

20% ; 

12% i 

5 

5 

85 

8 

4.0 

Ar ; Ae i 

% i % ; 
29 : -43 \ 

59 \ -30 : 

25 ; -53 i 

19 : -81 i 

9.780 1 
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Table 7 

\ Variable i 

1 P 
BF 

\T, CQi 
1^67 r c ) i 
JTg CO); 

JATs, (°C)| 
COP \ 

Comp. 

cc 
CL 

i HC 
BL i 

1 O.F. ($/h) i 

Case 2 
25% 
10% 

7 

5 
60 

8 
2.5 

AT i Ae 
% i % 

i2!7r-4i; 
39.2 \ -62 
8.39 i -14 
22.7 ! -89 

12.862 

i ABF 
25% 
12% 

1 7 
5 
60 
8 

2.5 
j Ar As 

i % i % 
i 12;9i -41 
39.8: -62 

1 8.28 1 -15 
i 20.3 -89 

1 12.608 

\ ^ T , 
25% 
10% 

5 

5 
60 
8 

2.5 
1 Ar i As 

i % i % 
1 R 9 r - 4 5 
\ 42.4 1 -58 
18.39; -14 
i 22.7 i -89 

; 12.669 

\A(^^1. 
25% 
10% 

7 

8 
60 
8 

2.5 
i Ar ; As 
; % i % 
; JQ'^|_3y 
38.5 i -63 

; 8.39! -14 
:22.7j -89 

! 12.880 

1 ATs 
25% 
10% 

7 

5 
70 
8 

2.5 
; Ar i As 

i % 1 % 
r 17 r - 4 i ' 
i39.2i -62 
: 15.2i -36 
[21.81-86 

1 12.848 

lAi^^)... 
25% 
10% 

7 

5 
60 
25 
2,5 

; Ar ; As 

; % i % 
[5!73| -41 ; 
i 39.2 1-62 
il.55i 1.57 
i23.4j -92 

i 12.903 

1 A COP i 
25% 1 
10% 

; 7 

\ 5 
i 60 i 

8 
2.8 

i Ar :i As i 

% i % i 
i i2 ;7 | :4o i 
\ 43 AI -57 i 
|8.39| -14 \ 
!22.7i -89 J 

i 12.227 \ 

_ OPT _ OPT 

An = '' -Jj^ 100 Ae, = ^ i - ^ 1 0 0 (50) 

Optimum design for any single component generally corre
sponds to the minimum value of Ar, and Ae,, while the overall 
system design is not obtained when all components operate at 
the lowest possible value of Ar, and Ae,: the effects of any 
change in system variables must always be checked on the 
global cost function (the objective function, Eq. (24)). 

If the change of a decision variable is accompanied by a 
positive effect on the objective function, this variable is candi
date for a similar change in the next iteration step; otherwise, 
the variable remains unchanged. 

When a change in a decision variable results in opposite 
trends in the optimization of two or more components, the con
tradictory effects can be corrected by adjusting the step size of 
that variable. Anyway, the impact on the objective function 
must be considered before deciding on further changes. 

The Results 

Table 6 summarizes the results for the optimization of the 
case under study. The column referred to as Case 1 contains 
the reference design data and related exergonomic variables; 
the following columns relate to further optimization steps. Go
ing from Cases 1 through 7, the objective function (OF) is 
monotonically decreasing, thus showing a continuous improve
ment in the design. The passage from one given configuration 
to an improved one is suggested by numerical values assumed 
by the exergonomic variables. For instance. Case 2 is obtained 
from Case 1 simply by reducing (5 from 30 percent to 25 percent. 
The deviations in Ae and Ar are not great, but the OF reduces 
significantly; thus, the change can be accepted for future steps. 
To proceed with the optimization, it is necessary to study the 
sensitivity of the whole system to each decision variable. To 
this aim the variables of Case 2 were submitted to slight changes 
one at a time, with the results summarized in Table 7. 

Table 8 

Variable i 

P 
BF 

16 CC)| 

AT67 (°C)i 
Ts (°C)i 

AT89 (°C)i 
COP i 

Comp. 
CC 
CL 
HC 
BL 

Case 3 
25% 
12% 
5 

8 
70 
8 

2.8 
Ar ; Ae i 

% i % ^ 
"\iiT'-^ 
46.1 i -54 
15 i -37 \ 

19.5 i -85 ; 

: AP 
20% 
12% 

5 

8 
70 
8 

2.8 
Ar i As 

i % i % 

!i'8!9r-4i" 
i47.n -53 

15 \ -37 
19.8 i -85 

i AT, 
25% 
12% 

6 

8 
70 
8 

2.8 
; Ar : As 

i % i % 
T\(,W-^ 
144.61 -57 
; 15 1 -37 
i 19.51 -85 

i A(AT57) 
25% 
12% 

5 

6 
70 
8 

2.8 
i Ar ! As 

: % 1 % 
i"i8!'9T-45" 
146.6; -53 
i 15 \ -37 
\ 19.5 i -85 

[ ^Tg 
25%' " 
12% 

5 

8 
75 
8 

2.8 
i Ar As 

i % ; % 
| - 2Q;JT :42 ' 

146.1 : -54 
i 18.3 \ -44 
119.1: -84 

1 ACATg,) 
25% 
12% 

5 

8 
70 
20 
2.8 

i Ar ; As i 

i % i % ! 
[8;35r-42'' 
146.1 1 -54 
\ 2.76 i -25 : 
: 20 ; -87 \ 

\ ACOP 
25% 
12% 

5 

8 
70 
8 

3.0 
Ar i As 
% i % 

• |^-g |-42 
48.41 -51 
15 \ -37 

19.5: -85 

iO.F. ($/h)i 11.822 i 11.586 11.906 11.813 11.820 11.828 11.468 
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Those new values inducing positive trends to the OF will be 
accepted (namely BF, Te, ATeT, Tg, COP), and the others 
rejected (ATgg). This new asset gives raise to design configura
tion, referred to as Case 3 (Table 8), for which the same proce
dure can be repeated. This time the adopted new values belong 
to 0, AT^T, Tg, COP, being the other unchanged. With these 
data, one can build up Case 4 and proceed further. 

The optimization process ends when further trials do not 
produce significant design improvement. For the case under 
study, that happens with the variable set of Case 7. 

The comparison between the OF of the base case (Case 1) 
and that of the final design (Case 7) shows how large is the 
improvement achieved and how beneficial the optimization. 

Conclusions 

The exergonomic method is a valuable tool for optimizing 
the design of complex systems. In this paper, an attempt was 
made to apply this approach to a typical air-conditioning unit. 

The results show how far is the improved design from the 
reference design, although based on typical data. 

The optimization was achieved through an iterative procedure 
rather than through the search of a the global optimum of a 
predetermined function by means of direct mathematical meth
ods. This requires engineering judgments and critical evalua
tions at every step of the optimization process, but allows the 
designer to carry out an energy-conscious design. 

Further investigations are in progress, aimed at the compari
son with other optimization procedures such as Lagrangian 

methods, search methods, genetic algorithms, and so on. The 
results will be reported in a future paper. 
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